
F

F

F

1

2

3

F11 F12

F51 F55 F15

F7F6 F8 F9 F10

F56

F14F13

F33F34

F69

F68

F67

F80

F46

FORM NPP-1   CERTIFICATE HOLDER’S DATA REPORT FOR FABRICATED

NUCLEAR PIPING SUBASSEMBLIES*

As Required by the Provisions of the ASME Code, Section III, Division 1

Pg. 1 of

1.  Fabricated and certified by
(name and address of NPT Certificate Holder)

(name and address)

(name and address of Purchaser)

(CRN)(Certificate Holder’s serial no.) (drawing no.)

(class) (Code Case no.)[Addenda (if applicable) (date)](edition)

(National Bd. no.) (year built)

2.  Fabricated for

3.  Location of installation

4.  Type

5.  ASME Code, Section III, Division 1:

6.  Shop hydrostatic test at (if performed)

7.  Description of piping

8.  Certificate Holder’s Data Reports properly identified and signed by commissioned inspectors have been furnished for the following items of this

report

9.  Remarks

(07/11)

                              , and state that to the best of my knowledge and belief, the Certificate Holder has fabricated this piping subassembly in 
accordance with the ASME Code, Section III, Division 1.
By signing this certificate neither the inspector nor his employer makes any warranty, expressed or implied, concerning the piping subassembly 
described in this Data Report. Furthermore, neither the inspector nor his employer shall be liable in any manner for any personal injury or property 
damage or a loss of any kind arising from or connected with this inspection.

CERTIFICATE OF SHOP COMPLIANCE

CERTIFICATE OF SHOP INSPECTION

We certify that the statements made in this report are correct and that the fabrication of the described piping subassembly conforms to the rules 

for construction of the ASME Code, Section III, Division 1.

NPT Certificate of Authorization No. Expires

Date Name Signed
(NPT Certificate Holder) (authorized representative)

I, the undersigned, holding a valid commission issued by the National Board of Boiler and Pressure Vessel Inspectors and employed by 

of have inspected the piping subassembly described in this Data Report on

Date Signed Commission

*Supplemental information in the form of lists, sketches, or drawings may be used provided: (1) size is 81/2 � 11; (2) information in items 1 through 4 on this Data Report 
is included on each sheet; and (3) each sheet is numbered and the number of sheets is recorded at the top of this form.

(Authorized Nuclear Inspector) [National Board Number and Endorsement]
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F6

F56

F51

F34 F33

F70

F71

F67

F55

                                                                                        and that to the best of my knowledge and belief the Certificate Holder has fabricated this 

piping subassembly in accordance with the ASME Code, Section III, Division 1.

By signing this certificate neither the inspector nor his employer makes any warranty, expressed or implied, concerning the piping subassembly 

described in this Data Report. Furthermore, neither the inspector nor his employer shall be liable in any manner for any personal injury or property 

damage or a loss of any kind arising from or connected with this inspection.

                                                                                                                                                           , not included in the Certificate of Shop Inspection, 
have been inspected by me on

                                                                                        have compared the statements in this Data Report with the described piping subassembly 

and state that parts referred to as data items

Certificate Holder’s Serial No.

10. Description of field fabrication

11. Pneu., hydro., or comb. test pressure at temp. (if performed)

FORM NPP-1 (Back — Pg. 2 of )

CERTIFICATE OF FIELD FABRICATION COMPLIANCE

We certify that the statements made in this report are correct and that the field fabrication of the described piping subassembly conforms with 

the rules for construction of the ASME Code, Section III, Division 1.

NPT Certificate of Authorization No. Expires

Date Name Signed
(Certificate Holder) (authorized representation)

CERTIFICATE OF FIELD FABRICATION INSPECTION

I, the undersigned, holding a valid commission issued by the National Board of Boiler and Pressure Vessel Inspectors and employed by

of

Date Signed Commission
(Authorized Nuclear Inspector) [National Board Number and Endorsement]

(07/11)
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F56

F1

F2

F3

F8 F8 F7

F14F13F12F11

F15

F15

F83 F83

F104

F100

F6 F9 F102F102F102

F15

F15

F15

F15

F15

FORM NPV-1   CERTIFICATE HOLDER’S DATA REPORT FOR NUCLEAR PUMPS OR VALVES*

As Required by the Provisions of the ASME Code, Section III, Division 1

(07/10)

Pg. 1 of

1.  Manufactured and certified by

2.  Manufactured for

3.  Location of installation

4.  Model No., Series No., or Type Drawing Rev. CRN

5.  ASME Code, Section III, Division 1

6.  Pump or valve

7.  Material
(a)  valve

(a)
Certificate
Holder’s

Serial No.

(b)
National

Board
No.

(c)
Body/Casing

Serial
No.

(d)
Bonnet/Cover

Serial
No.

(e)
Disk

Serial
No.

(b)  pump

Body

Casing

Nominal inlet size Outlet size

Bonnet

Cover

Disk

Bolting

Bolting

*Supplemental information in the form of lists, sketches, or drawings may be used provided: (1) size is 81/2 � 11; (2) information in items 1 through 4 on this Data Report 
is included on each sheet; and (3) each sheet is numbered and the number of sheets is recorded at the top of this form.

(name and address of N Certificate Holder)

(edition) [Addenda (if applicable) (date)] (class) (Code Case no.)

(name and address of Purchaser)

(name and address)
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F6

F81

F98

F106F105

F105

F103

F56

F49

F50

F69

F68

F67

Certificate Holder’s Serial No.

8.  Design conditions or valve pressure class
(pressure) (temperature)

9.  Cold working pressure

10.  Hydrostatic test .  Disk differential test pressure

11.  Remarks

FORM NPV-1 (Back — Pg. 2 of )

                                                     , and state that to the best of my knowledge and belief, the Certificate Holder has constructed this pump, or valve, 
in accordance with the ASME Code, Section III, Division 1.
By signing this certificate neither the inspector nor his employer makes any warranty, expressed or implied, concerning the component described 
in this Data Report. Furthermore, neither the inspector nor his employer shall be liable in any manner for any personal injury or property damage 
or a loss of any kind arising from or connected with this inspection.

CERTIFICATION OF DESIGN

CERTIFICATE OF COMPLIANCE

Design Specification certified by

Design Report certified by

P.E. State

P.E. State

Reg. no.

Reg. no.

We certify that the statements made in this report are correct and that this pump or valve conforms to the rules for construction of the           

ASME Code, Section III, Division 1.

N Certificate of Authorization No. Expires

Date Name Signed
 (N Certificate Holder) (authorized representative)

CERTIFICATE OF INSPECTION

I, the undersigned, holding a valid commission issued by the National Board of Boiler and Pressure Vessel Inspectors and employed by 

of have inspected the pump, or valve, described in this Data Report on

Date Signed Commission
(Authorized Nuclear Inspector) [National Board Number and Endorsement]

(07/11)
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F1

F2

F3

F8 F9 F10

F14F13F12F11

F82F104

F108

F84

F7F6

F6 F15

F65

F46

F49

F69

F50

F86 F66

F16

F83 F83

F85 F86 F87 F34 F33

F56

FORM NV-1   CERTIFICATE HOLDER’S DATA REPORT FOR PRESSURE OR VACUUM

RELIEF VALVES*

As Required by the Provisions of the ASME Code, Section III, Division 1

(07/10)

Pg. 1 of

1.  Manufactured and certified by

2.  Manufactured for

3.  Location of installation

4.  Valve Orifice size Nom. inlet size Outlet size

at6.  Type

7.  Identification

8.  Control ring settings

9.  Pressure retaining items

10.  Relieving capacity overpressure as certified by the National Board@

11.  Remarks

Design Specification certified by

Date

NV Certificate of Authorization No. Expires

Name Signed

Design Report certified by
P.E. State

CERTIFICATION OF DESIGN

CERTIFICATE OF COMPLIANCE

P.E. State
Reg. no.
Reg. no.

Body

Bonnet or Yoke

Support Rods

Nozzle

Disk

Spring Washers

Adjusting Screws

Spindle

Spring

Bolting

Other Items

Serial No. or Identification

* Supplemental information in the form of lists, sketches, or drawings may be used provided: (1) size is 81/2 � 11; (2) information in items 1 through 4 on this Data 
Report is included on each sheet; and (3) each sheet is numbered and the number of sheets is recorded at the top of this form.

(name and address of NV Certificate Holder)

(name and address of Purchaser)

(name and address)

5.  ASME Code, Section III, Division 1

Material Spec., Including Type or Grade Tensile Strength

(CRN) (National Bd. no.)

(date)

(year built)(drawing no.)

(authorization representative)(NV Certificate Holder)

(Cert. Holder’s serial no.)

(edition)

(model no., series no.)

(set pressure)

(steam or fluid)

(spring, pilot, or power operated) (blowdown) (rated temp.) (hydro. test., inlet)

[Addenda (if applicable) (date)] (class) (Code Case no.)

We certify that the statements made in this report are correct and that this valve conforms to the rules for construction of the ASME Code, Section III, 
Division 1.
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F56

F68

F6

F67

FORM NV-1  (Back — Pg. 2 of )

Certificate Holder’s Serial No.

Commission
(Authorized Nuclear Inspector) [National Board Number and Endorsement]

SignedDate

(07/11)

state that to the best of my knowledge and belief, the Certificate Holder has constructed this valve in accordance with the ASME Code, Section III, 
Division 1.
By signing this certificate neither the inspector nor his employer makes any warranty, expressed or implied, concerning the component described  
in this Data Report. Furthermore, neither the inspector nor his employer shall be liable in any manner for any personal injury or property damage     
or a loss of any kind arising from or connected with this inspection.

CERTIFICATE OF INSPECTION

I, the undersigned, holding a valid commission issued by the National Board of Boiler and Pressure Vessel Inspectors and employed by

of have inspected the valve described in this Data Report on and
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F56

F1

F2

F3

F8F7 F10F9

F14

F78

F13F12

F78

F46

F49

F50

F69

F69

F68

F67

F11

F39 F6

FORM NCS-1   CERTIFICATE HOLDER’S DATA REPORT FOR CORE SUPPORT STRUCTURES*

As Required by the Provisions of the ASME Code, Section III, Division 1

Pg. 1 of

1.  Manufactured and certified by

2.  Manufactured for

3.  Location of installation

4.  Type

5.  ASME Code, Section III, Division 1

6.  Manufactured in accordance with Specification Rev. Date

7.  List of Drawings (with last revision and date)

8.  Remarks

(name and address of N Certificate Holder)

(Design Report or Load Capacity Data Sheet)

(year built)(National Bd. no.)(drawing no.)(CRN)(structure) (C.H.’s serial no.)

(edition) [Addenda (if applicable) (date)] (class) (Code Case no.)

(name and address of Purchaser)

(name and address)

* Supplemental sheets in the form of lists, sketches, or drawings may be used provided: (1) size is 81/2 � 11;  (2) information in items 1 through 4 on this Data Report  is 
included on each sheet; and (3) each sheet is numbered and the number of sheets is recorded at the top of this form.

CERTIFICATION OF DESIGN

CERTIFICATE OF INTERNAL STRUCTURES

Design report certified by

Design specification certified by

P.E. State

P.E. State

Reg. no.

Reg. no.

The undersigned, having a valid Certification of Authorization, certify that the construction of the internal structures will not adversely affect the 
integrity of the core support structures.

N Certificate of Authorization No. Expires

Date Name Signed
 (N Certificate Holder) (authorized representative)

CERTIFICATE OF COMPLIANCE

We certify that the statements made in this report are correct and that this set of core support structures conforms to the rules of construction  
of the ASME Code, Section III, Division 1.

N Certificate of Authorization No. Expires

Date Name Signed
(N Certificate Holder) (authorized representative)

CERTIFICATE OF INSPECTION

I, the undersigned, holding a valid commission issued by the National Board of Boiler and Pressure Vessel Inspectors and employed by

have inspected the core support structure described in this Data Report on                                                                                                                                                                        , and state that to the best of my knowledge 
and belief, the Certificate Holder has constructed this item in accordance with the ASME Code, Section III, Division 1. By signing this certificate 
neither the inspector nor his employer makes any warranty, expressed or implied, concerning the item described in this Data Report. Furthermore, 
neither the inspector nor his employer shall be liable in any manner for any personal injury or property damage or a loss of any kind arising from 
or connected with this inspection.

Date Signed Commission
(Authorized Nuclear Inspector) [National Board Number and Endorsement]

(07/11)
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F56

F1

F2

F3

F97 F10

F14F13F12F11

F96

F64 F15 F7

F46

F8 F9

FORM NF-1   CERTIFICATE HOLDER’S DATA REPORT FOR SUPPORTS*

As Required by the Provisions of the ASME Code, Section III, Division 1

(07/10)

Pg. 1 of

1.  Manufactured by

2.  Manufactured for

3.  Location of installation

4.  Type

(a)
Support
I.D. No.

(1)

(2)

(3)

(4)

(b)
Material

Specification
No.

(c)
Canadian

Registration
No.

(d)
Applicable

Drawings With
Last Rev. & Date

(e)
National

Board
No.

5.  ASME Code, Section III, Division 1

6.  Identification

(5)

(6)

(7)

7.  Remarks

(8)

(9)

(10)

*Supplemental information in the form of lists, sketches, or drawings may be used provided: (1) size is 81/2 � 11; (2) information in items 1 through 4 on this Data 
Report is included on each sheet; and (3) each sheet is numbered and the number of sheets is recorded at the top of this form.

(name and address of NPT Certificate Holder)

(Design Report or Load Capacity Data Sheet) (Year built)(describe)

(edition) [Addenda (if applicable) (date)] (class) (Code Case no.)

(name and address of Purchaser)

(name and address)

60

2013 SECTION III APPENDICES

-
-
`
`
,
,
,
,
,
`
`
`
`
,
`
,
`
,
`
,
`
,
`
`
`
,
,
,
,
-
`
-
`
,
,
`
,
,
`
,
`
,
,
`
-
-
-



F56

F49

F50

F69

F68

F64

FORM NF-1 (Back — Pg. 2 of

CERTIFICATION OF DESIGN

)

and state that to the best of my knowledge and belief, the Certificate Holder has constructed these supports in accordance with the ASME Code, 
Section III, Division 1.

By signing this certificate, neither the inspector nor his employer makes any warranty, expressed or implied, concerning the component supports 
described in this Data Report. Furthermore, neither the inspector nor his employer shall be liable in any manner for any personal injury or property 
damage or a loss of any kind arising from or connected with this inspection.

Design Report certified by

Design Specification certified by P.E. State

Support I.D. Nos. through

Reg. No.

P.E. State Reg. No.

Date Signed Commission
(Authorized Nuclear Inspector)  [National Board Number and Endorsement]

I, the undersigned, holding a valid commission issued by the National Board of Boiler and Pressure Vessel Inspectors and employed by 
of

have inspected the supports described in this Data Report on  , ,

We certify that the statements made in this report are correct and that these supports conform to the rules for construction of the ASME Code, 
Section III, Division 1.

CERTIFICATION OF COMPLIANCE

CERTIFICATE OF INSPECTION

NPT Certificate of Authorization No. Expires

Date Name Signed
 (NPT Certificate Holder) (authorized representative)

(07/11)
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F1

F2

F3

F33

F14F13F12F11

F8F79

F15

F34

F46

F9 F10

F16 F17 F19 F20

F67

F68

F69

F56

(07/11)

Pg. 1 of

1.  Manufactured and certified by

2.  Manufactured for

3.  Location of installation

4.  Identification

6.  Mat’l. Spec.

7.  Shop hydrostatic test pressure at (if performed)

8.  Remarks

(name and address of NPT Certificate Holder)

(name and address of Purchaser)

(name and address)

5.  ASME Code, Section III, Division 1

(National Bd. no.) (year built)

(edition)

(lot, etc.) (drawing no.)

(SA or SB and no.) (tensile strength) (nominal thickness) (diameter ID) (pipe length and fitting type)

[Addenda (if applicable) (date)] (class) (Code Case no.)

FORM NM-1   CERTIFICATE HOLDER'S DATA REPORT FOR

TUBULAR PRODUCTS AND FITTINGS WELDED WITH FILLER METAL*

As Required by the Provisions of the ASME Code, Section III, Division 1

CERTIFICATE OF COMPLIANCE

We certify that the statements made in this report are correct and that the products defined in this report conform to the rules for construction      
of the ASME Code, Section III, Division 1. The radiographic film and a radiographic report showing film location are attached to the Certified 
Material Test Reports provided for the material covered by this report.

NPT Certificate of Authorization No. Expires

Date Name Signed
(NPT Certificate Holder) (authorized representative)

*Supplemental information in the form of lists, sketches, or drawings may be used provided: (1) size is 81/2 � 11; (2) information in items 1 through 4 on this Data Report       
is included on each sheet; and (3) each sheet is numbered and number of sheets is recorded at the top of this form.

                                             , and state that to the best of my knowledge and belief, the Certificate Holder has constructed this product in accordance 
with the ASME Code, Section III, Division 1.
By signing this certificate neither the inspector nor his employer makes any warranty, expressed or implied, concerning the products described     
in this Data Report. Furthermore, neither the inspector nor his employer shall be liable in any manner for any personal injury or property damage 
or a loss of any kind arising from or connected with this inspection.

CERTIFICATE OF INSPECTION

I, the undersigned, holding a valid commission issued by the National Board of Boiler and Pressure Vessel Inspectors and employed by

of have inspected the products described in this Data Report on

Date Signed Commission
(Authorized Nuclear Inspector) [National Board Number and Endorsement]
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F56

F1

F2

F3

F97F96 F10

F14F13F12F11

F8F7

F46

F15F64

FORM NS-1   CERTIFICATE HOLDER’S CERTIFICATE OF CONFORMANCE FOR WELDED SUPPORTS*

As Required by the Provisions of the ASME Code, Section III, Division 1 Pg. 1 of

1.  Manufactured by

2.  Manufactured for

3.  Location of installation

4.  Type

5.  ASME Code, Section III, Division 1

6.  Identification

(1)

(2)

(3)

(4)

(5)

(6)

(7)

(8)

(9)

(10)

7.  Remarks

(name and address of NS Certificate Holder)

(edition) [Addenda (if applicable) (date)] (class) (Code Case no.)

(name and address of Purchaser)

(name and address)

(Design Report or Load Capacity Data Sheet)(describe) (Year built)

* Supplemental information in the form of lists, sketches, or drawings may be used provided: (1) size is 81/2 � 11; (2) information in items 1 through 4 on this Certificate of 
Conformance is included on each sheet; and (3) each sheet is numbered and the number of sheets is recorded at the top of this form.

(a)
Support
I.D. No.

(b)
Material

Specification
No.

(c)
Canadian

Registration
No.

(d)
Applicable

Drawings With
Last Rev. & Date

(07/10)
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F56

F64

F49

F50

F69

FORM NS-1  (Back — Pg. 2 of )

Support I.D. Nos. through

Design Specification certified by P.E. State

CERTIFICATION OF DESIGN

CERTIFICATE OF CONFORMANCE

P.E. State

Reg. No.

Reg. No.Design Report certified by

(07/10)

We certify that the statements made in this report are correct and that these supports conform to the rules for construction of the ASME Code, 
Section III, Division 1.

Date

NS Certificate of Authorization No. Expires

Name Signed
(authorized representative)(NS Certificate Holder)
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F1

F2

F3

F9F6 F7 F10

F14F13F12F11

F31

F17F19

F77

F15 F16

F1

F15 F107

F17

F17

F38

F38

F1

F17

F15

F63

F59 F15

F8 F1 F6 F7 F9 F10

F20 F89 F17

F32

F78

F91 F90

F20

F56

F88 F8F5

F107

FORM C-1   CERTIFICATE HOLDER’S DATA REPORT

FOR CONCRETE REACTOR VESSELS AND CONTAINMENTS*

As Required by the Provisions of the ASME Code, Section III, Division 2

Pg. 1 of

1.  Constructed and certified by

2.  Constructed for

3.  Location

Type

4.

5.  ASME Code, Section III, Division 2

6.  Design conditions

7.  Nominal dimensions

9.  Type of post-tensioning system

(a)  Tendon material

(a)  Liner material Min. yield Bottom thickness

Dome thickness

(b)  Sleeve material Min. yield Number and sizes

Wall thickness

(b)  Fabricated by Installed by

Min. tensile Diameter or size Corrosion protection

10.  Liner and sleeves (if within constructor’s responsibility)

11.  Parts (fabricated, installed, or constructed by others) 

12.  Additional material excluding welding material

List each item and attach copy of Certificate Holder’s Data Report

Part Drawing & Rev. Name of CH
Manufacturer’s

 Serial No. CRN National Bd. No. Year Built

DimensionsMaterial SpecificationName of Supplier

Title No. Revision Date

8.  Construction specifications (list all construction specifications)

(a)  Drawing and revision

(b)  Design specification no. Revision Date

(c)  Foundation type Dome type

Design pressure Design temp.

(name and address of N Certificate Holder)

(edition) [Addenda (if applicable) (date)] (class)

(dome height)

(grout, grease, etc.)

(foundation top to
springline height)

(dome thickness)(wall thickness)(inside diameter)

(soil, rock bearing, piles, etc.) (spherical, elliptical, flat, etc.)

(Code Case no.)

(name and address of Owner)

(name and address)

(CRN)

(reactor vessel or containment) (construction reinforced or prestressed concrete) (drawing no.)

(National Bd. no.)(Certificate Holder’s serial no.) (year built)

* Supplemental information in the form of lists, sketches, or drawings may be used provided: (1) size is 81/2 � 11; (2) information in items 1 through 6 on this Data Report 
is included on each sheet; and (3) each sheet is numbered and the number of sheets is recorded at the top of this form.

(07/10)
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F 56 

F 6 

F 93 

F 46 

F 34 

F 69 

F 70 

F 71 

F 67 

F 50 

F 49 

F 48 

F 109 

F 96 

FORM C-1 (Back — Pg. 2 of ) 

Certificate Holder’s Serial No. 

CERTIFICATION OF DESIGN 

Design Report certified by P.E. State Reg. no. 

Design Specification on file at 

DESIGNER'S REPORT OF CERTIFICATION 

I, the undersigned, representing the Designer and employed by 
and evaluated the Construction Report for the component described in this Data Report. Following evaluation, the Construction Report has been 
certified and to the best of my knowledge and belief the Constructor has constructed this component in accordance with the rules of the ASME 
Code, Section III, Division 2, and the construction specification listed herein, and these construction specifications meet the requirements of the 
Design Specification. 

Date Signed 

P.E. State Reg. no. 

(authorized representative) 

CERTIFICATE OF CONSTRUCTION COMPLIANCE 

We certify that the statements made in this report are correct and that all details of materials, construction, and workmanship of this component 
conform to the rules for construction of the ASME Code, Section III, Division 2, and the Construction Specifications listed herein. 

Certificate of Authorization No. Expires 

Date Constructor Signed 
 (N Certificate Holder) (authorized representative) 

CERTIFICATE OF INSPECTION 

I, the undersigned, holding a valid commission issued by the National Board of Boiler and Pressure Vessel Inspectors and employed by  

of                                                                  , have inspected the concrete reactor vessel or containment described in this Constructor's Data Report   
and state that to the best of my knowledge and belief this component has been constructed in accordance with the ASME Code, Section III, Division 2.  
 
By signing this certificate neither the Authorized Inspector nor his employer makes any warranty, expressed or implied, concerning the component 
described in this report. Furthermore, neither the Authorized Inspector nor his employer shall be liable in any manner for any personal injury or 
property damage or a loss of any kind arising from or connected with this inspection. 

Date Signed Commission 
(Authorized Nuclear Inspector) [National Board Number and Endorsement] 

13.  Construction Report No. Date 

15.  Test Pressure Date tested 

16.  Remarks: 

14.  List of Penetrations 
    Attach a complete list of penetrations (i.e., personnel locks, equipment hatch, electrical, etc.) to this report. State the type, size, manufacturer, 

and serial number. 

Design Specification certified by P.E. State Reg. no. 

Design Report on file at 

have examined 

 

(07/11) 
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ð13Þ Table V-1000
Guide for Preparation of Data Report Forms

Applies to Form Ref. to
Circled
Nos. in
Forms Instructions for CompletionN‐1 N‐1A N‐2 N‐3 N‐5 N‐6 NPP‐1 NPV‐1 NV‐1 NCS‐1 NS‐1 NM‐1 C‐1

X X X X X X X X X X X X X (1) Name and address as listed on ASME Certificate of Authorization.
X X X X X X X X X X X X X (2 Name and address of purchaser.
X X X X X X X X X X X X X (3) Name, address, and unit number of power plant where item is to be installed.
X X … … … X … … … … … … … (4) Type of installation intended (horizontal or vertical).
X … … … … … … … … … … … X (5) Description or application of vessel (reactor vessel tank, jacketed, heat exch.,

containment, etc.).
X X X X X X X X X X … … X (6) Item serial no.
X X X X X X X X X X X … X (7) Canadian Registration No. for item.
X X X ... X X X X X X X X X (8) Indicate drawing numbers, including applicable revision number, that cover

general assembly and list of materials. For Canadian registered vessels, the
number of the drawing approved by provincial authorities.

X X X X X X X X X X … X X (9) National Board Number from Certificate Holder’s series of Numbers to be
stamped sequentially without skips or gaps.

X X X X X X X … X X … X X (10) Shall be the year certified by the Inspector on the Certificate Holder’s Data
Report.

X X X … X X X X X X X X X (11) ASME Code, Section III, Edition used for construction (e.g., 1986, etc.).
X X X … X X X X X X X X X (12) ASME Code, Section III, Addenda used for construction (e.g., A86, A87, etc.).
X X X … X X X X X X X X X (13) ASME Code Section III, Class 1, 2, 3, MC, CB, CC, or CS.
X X X … X X X X X X X X X (14) All Code Case Numbers and revisions used for construction, including design,

fabrication, and materials used, must be listed. Where more space is needed
use the “Remarks” section or list on a supplemental page. Code Cases used by
Material Manufacturers and Material Suppliers shall be listed on the Data
Report.

X X X … X X X X X … X X X (15) Material Specification Number. Show complete specification number and grade
of actual material used. Material is to be as designated in ASME Code, Section
III or as permitted in Code Cases.

X X X … … X … … X … … X X (16) For the “N” forms, Section II, Part D, “Min. Tensile Strength.” For Form C-1, the
ASTM specifications per Section III, Div. 2, CC-2400.

X X X … … X … … … … … X X (17) Nominal thickness.
X X X … … X … … … … … … … (18) Minimum thickness as specified by design.
X X X … … X … … … … … X X (19) Inside diameter.
X X X … X X … … … … … X X (20) Length or height overall, including heads.
X X … … … X … … … … … … … (21) Type of longitudinal joint (single butt welded or double butt welded joint).
X X … … … X … … … … … … … (22) Indicate postweld heat treatment (yes or no).
X X … … … X … … … … … … … (23) Indicate degree of radiographic examination (full, partial, spot, or none).
X X … … … X … … … … … … … (24) Weld joint efficiency as determined by design (%).
X X … … … X … … … … … … … (25) Type of girth joint (single butt welded or double butt welded).
X X … … … X … … … … … … … (26) Number of sections (courses) joined by girth welds.
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Table V-1000
Guide for Preparation of Data Report Forms (Cont'd)

Applies to Form Ref. to
Circled
Nos. in
Forms Instructions for CompletionN‐1 N‐1A N‐2 N‐3 N‐5 N‐6 NPP‐1 NPV‐1 NV‐1 NCS‐1 NS‐1 NM‐1 C‐1

X X … … … X … … … … … … … (27) Location of heads (top, bottom, ends, floating, or channel) and description of
head geometry in applicable space.

X X … … … X … … … … … … … (28) Diameter and number of bolts.
X X … … … … … … … … … … … (29) Other fastenings such as quick opening; describe fully or attach sketch.
X … … … … … … … … … … … … (30) Describe type of jacket closure geometry, including dimensions or attach

sketch (e.g., ogee and weld, bar, etc.).
X X X … X X … … … … … … X (31) Design Pressure specified in Design Specification.
X X X … X X … … … … … … X (32) Design Temperature specified in Design Specification.
X X X … X X X … X … … X … (33) Minimum pressure‐test temperature as specified in Design Specification.
X X X … X X X … X … … X X (34) Circle type of test used and specify test pressure (pneumatic, hydrostatic, or

combination test, as applicable).
X … … … … … … … … … … … … (35) Nominal diameter subject to pressure (refer to design documents).
X … … … … … … … … … … … … (36) Nominal thickness of tubesheet.
X … … … … … … … … … … … … (37) Method of tubesheet attachments (describe whether bolted, welded or other;

attach sketch as necessary).
X … … … … … … … … … … … X (38) Specify nominal outside diameter.
… … … … … … … … … X … … … (39) Describe type of core support structure component (e.g., bottom grid, fuel

support, top guide, etc.).
X … … … … … … … … … … … … (40) Nominal outside diameter of tubes.
X … … … … … … … … … … … … (41) Nominal wall thickness of tubes or gage size.
X … … … … X … … … … … … … (42) Number of tubes.
X … … … … … … … … … … … … (43) Actual tube configuration (straight or U‐tube, etc.).
X X … … … X … … … … … … … (44) Nozzles, inspection, and safety valve openings; list all openings, regardless of

size, penetrating pressure boundary.
X X … … … X … … … … … … … (45) Describe: (a) type of support (skirt, lugs, legs, etc.); (b) location of support (top,

bottom, side, etc.); (c) method of attachment (bolted, welded, etc.).
X X X X X X X X X X X X X (46) Describe any additional Code requirements, restrictions, or additional

information, including marking in lieu of stamping, not otherwise covered in
Data Report. Include any required tests or examination not performed when
Data Report is completed.

… … … … X … … … … … … … … (47) Specify the name and address of the organization where design information is
on file.

… … … … X … … … … … … … X (48) Specify the name and address of the organization where Design Report or
Design Specification is on file.

X X X … X X … X X X X … X (49) Enter the name of engineer who certified the Design Specification. Show state
of registration and number. List name of individual only, signature not
required. (Applies to Form N-2 only when Design Specification is required.)
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Table V-1000
Guide for Preparation of Data Report Forms (Cont'd)

Applies to Form Ref. to
Circled
Nos. in
Forms Instructions for CompletionN‐1 N‐1A N‐2 N‐3 N‐5 N‐6 NPP‐1 NPV‐1 NV‐1 NCS‐1 NS‐1 NM‐1 C‐1

X X X … X … … X X X X … X (50) Enter name of engineer who certified the Design Report. Show state of
registration and number. List name of individual only, signature not required
in space provided. (Applies to Form N-2 only when Design Report is
required.)

… … … X X … X … … … … … … (51) System name is identified in the Design Specification (main steam, feedwater,
safety injection, etc.).

… … … X … … … … … … … … … (52) Name of power plant designated by utility.
… … … X … … … … … … … … … (53) Number designation of unit.
… … … X … … … … … … … … … (54) Specify whether pump, valve, or safety relief valve.
… … … … … … X … … … … … … (55) Describe the piping, flanges, and fittings assembled and covered by Data Report

including material specification [see Note (15)] or as an alternative,
reference applicable sketch or drawing and attach to the Data Report.

X X X X X X X X X X X X X (56) When supplemental sheets are attached to the Data Report, each page is
sequentially numbered and the total number of sheets is identified on the top
right hand corner of the Data Report in the space provided.

… … … … … … … … … … … … … (57) Actual operating pressure for the system. (This may differ from the Design
Pressure in the design certification block on back of Form N-5.)

… … … … … … … … … … … … … (58) Actual operating temperature for the system. (This may differ from the Design
Pressure in the design certification block on back of Form N-5.)

… … … … X … … … … … … … X (59) Name of Material Manufacturer.
… … … … X … … … … … … … … (60) Name of person approving drawing or procedure.
… … … … X … … … … … … … … (61) List report or data sheet number as applicable.
… … … … X … … … … … … … … (62) Indicate valve, vessel, pump, or appurtenance.
… … … … X … … … … … … … X (63) Indicate piping subassembly or part.
… … … … X … … … … … X … … (64) List support identification number, model, or catalog item.
… … … … … … … … X … … … … (65) Indicate fluid used for National Board capacity test; the certified relieving

capacity; and the percent overpressure used during the capacity test or
pressure differential for vacuum relief valves.

… … … … … … … … X … … … … (66) Date of National Board capacity test certification.
X X X X X X X X X X … X X (67) The Inspector’s National Board Commission No. and Endorsement must be

shown.
X X X X X X X X X X … X … (68) This certificate is to be completed by the Certificate Holder and signed by the

Authorized Nuclear Inspector who performs the inspection.
X X X X X X X X X X X X X (69) Certificate of Compliance block is to show the name of the responsible

Certificate Holder as shown on his ASME Code Certificate of Authorization.
This should be signed in accordance with the organizational authority
defined in the Quality Assurance Program.
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Table V-1000
Guide for Preparation of Data Report Forms (Cont'd)

Applies to Form Ref. to
Circled
Nos. in
Forms Instructions for CompletionN‐1 N‐1A N‐2 N‐3 N‐5 N‐6 NPP‐1 NPV‐1 NV‐1 NCS‐1 NS‐1 NM‐1 C‐1

X … … … X X X … … … … … X (70) Certificate of Compliance block for field installation work or assembly is to be
signed by the Certificate Holder’s representative in charge of field
fabrication. This should be signed in accordance with organizational
authority defined in the Quality Assurance Program.

X … … … X X X … … … … … X (71) This certificate block is for the Authorized Inspector to sign for any field const
ruction or assembly work. See Note (67) for National Board Commission
Number requirements.

… … … … … X … … … … … … … (72) Specific gravity (density of fluid in relation to water, water being 1.0).
… … … … … X … … … … … … … (73) Maximum height of fluid in tank.
… … … … … X … … … … … … … (74) Temperature of test.
… … … … … X … … … … … … … (75) Impact test lateral expansion.
… … … … … X … … … … … … … (76) Minimum temperature [only when below −20°F (−29°C)] for design.
… … X … … … … … … … … … X (77) Identification number and title of Division 2 Construction Specification,

including applicable revision number and the date of the revision (applies to
Division 2 items only).

… … … … … … … … … X … … X (78) Design Specification identifying number, including applicable revision number
and the date of the revision.

… … … … … … … … … … … X … (79) Heat or lot identification number of material used for fabrication.
… … … … … … X … … … … … … (80) List items included in the piping subassembly for which Certificate Holder’s

Data Reports have been completed, including serial number or National
Board number and brief identifying description.

… … … … … … … X … … … … … (81) Valve pressure class designation per ASME B16.34.
… … … … … … … … X … … … … (82) Diameter of orifice opening.
… … … … … … … X X … … … X (83) Enter the nominal pipe size of inlet or outlet opening.
… … … … … … … … X … … … … (84) Indicate method of valve operation (spring, pilot operated, or power operated).
… … … … … … … … X … … … … (85) Set opening pressure of valve.
… … … … … … … … X … … … … (86) Difference between opening and reseating pressure.
… … … … … … … … X … … … … (87) Temperature rating of valve at the rated relieving capacity.
… … … … … … … … … … … … X (88) Concrete construction type (reinforced or prestressed).
… … … … … … … … … … … … X (89) Height of dome above springline.
… … … … … … … … … … … … X (90) Geometry of dome (spherical, ellipsoidal, conical, flat, etc.).
… … … … … … … … … … X … X (91) Foundation type and underlying substrata.
… … … … … … … … … … … … … (92) Date Design Report certified.
… … … … … … … … … … … … X (93) Construction report identification number and certification date.
… … … … … … … … … … … … X (94) Describe corrosion protection and coatings for post‐tensioning tendons.
… … … … … … … … … … … … … (95) List all penetrations (openings), regardless of size, passing through the

pressure boundary. State type (name), size, shape (circular, rectangular,
etc.), and serial number.

… … … … … … … … … … X … X (96) Type of support (plate and shell, linear, standard support).
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Table V-1000
Guide for Preparation of Data Report Forms (Cont'd)

Applies to Form Ref. to
Circled
Nos. in
Forms Instructions for CompletionN‐1 N‐1A N‐2 N‐3 N‐5 N‐6 NPP‐1 NPV‐1 NV‐1 NCS‐1 NS‐1 NM‐1 C‐1

… … … … … … … … … … X … … (97) Design Report or load capacity data sheet (indicate which).
… … … … … … … X … … … … … (98) Disk differential pressure. A pressure equal to 110% of the valve pressure

rating at 100°F (38°C).
… … … … … … … … … … X … … (99) Description of part (support) (snubber, sway brace, clevis, U‐bolt, threaded rod

with fastener, etc.).
… … … … … … … X … … … … … (100) Pump or valve (indicate which).
… … … … … … … … … … … … … (101) Brief description of service (feedwater, reactor cooling, safety injection,

component cooling, etc.).
… … … … … … … X … … … … … (102) Mark number (the unique identification assigned by the Material Manufacturer

to provide traceability to the CMTR).
… … … … … … … X … … … … … (103) Cold working pressure: the pressure at 100°F (38°C) as established by the

pressure‐temperature tables in ASME B16.34 (valves only).
… … … … … … … X … … … … … (104) Model number, series number, type (either a number traceable to the type or a

description of the type for example gate, globe, butterfly, etc.).
… … … … … … … X … … … … … (105) Pressure equal to or greater than the Design Pressure specified in the Design

Specification.
… … … … … … … X … … … … … (106) Coincident temperature per ASME B16.34 to pressure listed in Note (105). This

temperature shall be equal to or greater than the Design Temperature
specified in the Design Specification.

… … … … … … … … … … … … X (107) Minimum allowable yield strength specified in the appropriate Material
Specification.

… … … … … … … … X … … … … (108) Indicate final ring position(s) with respect to an indicated reference point.
… … … … … … … … … … … … X (109) Name of certifying Professional Engineer. Show state of registration and

registration number.

GENERAL NOTES:
(a) All blanks on the Data Report must contain an entry. If an entry is not applicable, enter “N/A” into the blank. Any quantity to which units apply shall be entered on

the Manufacturer’s Data Report with the chosen units.
(b) If space on Data Report is not sufficient for required information, either the remarks section is used or a supplementary sheet shall be attached and information

listed by line number.
(c) These instructions constitute a nonmandatory guide for completion of Data Reports for items constructed to Section III Editions and Addenda prior to the Winter

1984 Addenda.
(d) The NS‐1 Certificate is a Certificate of Conformance and is used in lieu of a Code Data Report form for welded supports.
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MANDATORY APPENDIX VI

ARTICLE VI-1000
ROUNDED INDICATIONS

VI-1100 ACCEPTANCE STANDARDS FOR
RADIOGRAPHICALLY DETERMINED
ROUNDED INDICATIONS IN WELDS

VI-1110 APPLICABILITY OF THESE STANDARDS

These standards are applicable to ferritic, austenitic,
and nonferrous material.

VI-1120 TERMINOLOGY
VI-1121 Rounded Indications

Indications with a maximum length of three times the
width or less on the radiograph are defined as rounded in-
dications. These indications may be circular, elliptical, con-
ical, or irregular in shape and may have tails. When
evaluating the size of an indication, the tail shall be in-
cluded. The indication may be from any source in the weld,
such as porosity, slag, or tungsten.

VI-1122 Aligned Indications

A sequence of four or more rounded indications shall be
considered to be aligned when they touch a line parallel to
the length of the weld drawn through the center of the two
outer rounded indications.

VI-1123 Thickness t

t is the thickness of the weld, of the pressure retaining
material, or of the thinner of the sections being joined,
whichever is least. If a full penetration weld includes a fil-
let weld, the thickness of the fillet weld throat shall be in-
cluded in t .

VI-1130 ACCEPTANCE CRITERIA
VI-1131 Image Density

Density within the image of the indication may vary and
is not a criterion for acceptance or rejection.

VI-1132 Relevant Indications (see
Table VI-1132-1 for Examples)

Only those rounded indications which exceed the fol-
lowing dimensions shall be considered relevant:
(a) 1/10t for t less than

1/8 in. (3 mm);

(b) 1/64 in. (0.4 mm) for t equal to 1/8 in. to
1/4 in. (3 mm

to 6 mm), inclusive;
(c) 1/32 in. (0.8 mm) for t greater than 1/4 in. to 2 in.

(6 mm to 50 mm), inclusive;
(d) 1/16 in. (1.5 mm) for t greater than 2 in. (50 mm).

VI-1133 Maximum Size of Rounded Indication
(See Table VI-1132-1 for Examples)

The maximum permissible size of any indication shall
be 1/4t or 5/32 in. (4 mm), whichever is less, except that
an isolated indication separated from an adjacent indica-
tion by 1 in. (25 mm) or more may be 1/3t or 1/4 in.
(6 mm), whichever is less. For t greater than 2 in.
(50 mm), the maximum permissible size of an isolated in-
dication shall be increased to 3/8 in. (10 mm).

VI-1134 Aligned Rounded Indications
Aligned rounded indications are acceptable when the

summation of the diameters of the indications is less than
t in a length of 12t (see Figure VI-1134-1). The length of
groups of aligned rounded indications and the spacing be-
tween the groups shall meet the requirements of
Figure VI-1134-2.

VI-1135 Spacing
The distance between adjacent rounded indications is

not a factor in determining acceptance or rejection, except
as required for isolated indications or groups of aligned
indications.

VI-1136 Rounded Indication Charts
(a) The rounded indications as determined from the

radiographic film shall not exceed that shown in the
charts.
(b) The charts in Figures VI-1136-1 through VI-1136-6

illustrate various types of assorted, randomly dispersed,
and clustered rounded indications for different weld
thicknesses greater than 1/8 in. (3 mm). These charts repre-
sent the maximum acceptable concentration limits for
rounded indications.
(c) The chart for each thickness range represents full‐

scale 6 in. (150 mm) radiographs and shall not be enlarged
or reduced. The distributions shown are not necessarily
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the patterns that may appear on the radiograph, but are
typical of the concentration and size of indications
permitted.

VI-1137 Weld Thickness t Less Than 1/8 in. (3 mm)
For t less than 1/8 in. (3 mm), the maximum number of

rounded indications shall not exceed 12 in a 6 in.
(150 mm) length of weld. A proportionally fewer number
of indications shall be permitted in welds less than 6 in.
(150 mm) in length.

VI-1138 Clustered Indications
The illustrations for clustered indications show up to

four times as many indications in a local area, as that
shown in the illustrations for random indications. The
length of an acceptable cluster shall not exceed the lesser
of 1 in. (25 mm) or 2t . Where more than one cluster is pre-
sent, the sum of the lengths of the clusters shall not exceed
1 in. (25 mm) in a 6 in. (150 mm) length of weld.

Table VI-1132-1
Maximum Size of Nonrelevant Indications and Acceptable Rounded Indications — Examples Only

Thickness t, in. (mm)

Maximum Size of Acceptable Rounded Indication,
in. (mm)

Maximum Size of
Nonrelevant

Indication, in. (mm)Random Isolated

< 1/8 (<3)
1/4t

1/3t
1/10t

1/8 (3) 0.031 (0.8) 0.042 (1.1) 0.015 (0.4)
3/16 (5) 0.047 (1.2) 0.063 (1.6) 0.015 (0.4)
1/4 (6) 0.063 (1.6) 0.083 (2.1) 0.015 (0.4)
5/16 (8) 0.078 (2.0) 0.104 (2.6) 0.031 (0.8)
3/8 (10) 0.091 (2.3) 0.125 (3.2) 0.031 (0.8)
7/16 (11) 0.109 (2.8) 0.146 (3.7) 0.031 (0.8)
1/2 (13) 0.125 (3.2) 0.168 (4.3) 0.031 (0.8)
9/16 (14) 0.142 (3.6) 0.188 (4.8) 0.031 (0.8)
5/8 (16) 0.156 (4.0) 0.210 (5.3) 0.031 (0.8)
11/16 (17) 0.156 (4.0) 0.230 (5.8) 0.031 (0.8)
3/4–2, incl. (19–50, incl.) 0.156 (4.0) 0.250 (6.4) 0.031 (0.8)
>2 (>50) 0.156 (4.0) 0.375 (9.5) 0.063 (1.6)
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Figure VI-1134-1
Aligned Rounded Indications

L1

L2

Lx

GENERAL NOTE: Sum of L1to Lx shall be less than t in a length of 12 t .
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Figure VI-1134-2
Groups of Aligned Rounded Indications

L1 3L2 L2 3L3 L3 3L3 L4 

Maximum Group Length Minimum Group Spacing

L = 1/4 in. (6 mm) for t less than 3/4 in. (19 mm) 3L where L is the length of the longest adjacent
group being evaluated.L = 1/3 t for t equal to

3/4 in. to 21/4 in. (19 mm to 57 mm)

L = 3/4 in. (19 mm) for t greater than 21/4 in. (57 mm)

GENERAL NOTE: The sum of the group lengths shall be less than t in a length of 12 t .
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Figure VI-1136-1
Charts for t Equal to 1/8 in. to

1/4 in. (3 mm to 6 mm), Inclusive

1 in. (25 mm)

(a) Random Rounded Indications [Typical
concentration and size permitted in
any 6 in. (150 mm) length of weld.]

(b) Isolated Indication (Maximum size
per Table VI-1132-1.)

(c) Cluster

1 in. (25 mm)

Figure VI-1136-2
Charts for t Over 1/4 in. to 3/8 in. (6 mm to 10 mm), Inclusive

(a) Random Rounded Indications [Typical
concentration and size permitted in
any 6 in. (150 mm) length of weld.]

(b) Isolated Indication (Maximum size
per Table VI-1132-1.)

(c) Cluster

1 in. (25 mm) 1 in. (25 mm)
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Figure VI-1136-3
Charts for t Over 3/8 in. to

3/4 in. (10 mm to 19 mm), Inclusive

(a) Random Rounded Indications [Typical
concentration and size permitted in
any 6 in. (150 mm) length of weld.]

(b) Isolated Indication (Maximum size
per Table VI-1132-1.)

(c) Cluster

1 in. (25 mm) 1 in. (25 mm)
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Figure VI-1136-4
Charts for t Over 3/4 in. to 2 in. (19 mm to 50 mm), Inclusive

(a) Random Rounded Indications [Typical
concentration and size permitted in
any 6 in. (150 mm) length of weld.]

(b) Isolated Indication (Maximum size
per Table VI-1132-1.)

(c) Cluster

1 in. (25 mm) 1 in. (25 mm)
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Figure VI-1136-5
Charts for t Over 2 in. to 4 in. (50 mm to 100 mm), Inclusive

(a) Random Rounded Indications [Typical
concentration and size permitted in
any 6 in. (150 mm) length of weld.]

(b) Isolated Indication (Maximum size
per Table VI-1132-1.)

(c) Cluster

1 in. (25 mm) 1 in. (25 mm)
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Figure VI-1136-6
Charts for t Over 4 in. (100 mm)

(a) Random Rounded Indications [Typical
concentration and size permitted in
any 6 in. (150 mm) length of weld.]

(b) Isolated Indication (Maximum size
per Table VI-1132-1.)

(c) Cluster

1 in. (25 mm) 1 in. (25 mm)
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MANDATORY APPENDIX XI
RULES FOR BOLTED FLANGE CONNECTIONS FOR CLASS 2 AND 3

COMPONENTS AND CLASS MC VESSELS

ARTICLE XI-1000
INTRODUCTION

XI-1100 GENERAL REQUIREMENTS

XI-1110 SCOPE
(a) The rules in Mandatory Appendix XI apply specifi-

cally to the design of bolted flange connections for Class
2 and 3 components and Class MC vessels, and are to be
used in conjunction with the applicable requirements in
Subsections NC, ND, and NE. These rules provide only
for hydrostatic end loads and gasket seating loads. For a
discussion of design considerations for bolted flange con-
nections, see Mandatory Appendix XII.

(b) Only circular flanges designated Class RF are cov-
ered by the rules of Mandatory Appendix XI. The design
procedures for Class RF flanges, as defined in XI-3211,
are given in XI-3200. For Class FF f langes , see
Nonmandatory Appendix L.

(c) The flange design methods stipulated in this Appen-
dix are primarily applicable to circular flanges under in-
ternal pressure. However, Class RF flanges may be used
under external pressure when designed in accordance
with XI-3260.

XI-1120 ELEMENTS INVOLVED IN FLANGE
DESIGN

XI-1121 General Considerations
This method of designing a flange involves the selection

of the gasket material, type and dimensions, flange facing,
bolting, hub proportions, flange width, and flange
thickness.2 Flange dimensions shall be such that the stres-
ses in the flange, calculated in accordance with XI-3240,
do not exceed the allowable flange stresses specified in
XI-3250 for Class RF flanges. All calculations shall use di-
mensions in the corroded condition.

XI-1122 Conditions for Which Design Calculations
Shall Be Made

In the design of a bolted flange connection, complete
calculations shall be made for two separate and indepen-
dent sets of conditions which are defined in the following
subparagraphs.

XI-1122.1 Design Conditions. The Design Conditions
are those required to resist the hydrostatic end force of
the Design Pressure tending to part the joint and to main-
tain on the gasket or joint contact surface sufficient com-
pression to assure a tight joint, all at the Design
Temperature. The minimum load is a function of the De-
sign Pressure, the gasket material, and the effective gasket
or contact area to be kept tight under pressure [as calcu-
lated by eq. XI-3221.1(1) and determines one of the two
requirements for the amount of bolting Am1 . This load is
also used for the design of the flange in eq. XI-3223(3).

XI-1122.2 Gasket Seating Conditions. The gasket
seating conditions are those existing when the gasket or
joint contact surface is seated by applying initial load with
the bolts when assembling the joint, at atmospheric tem-
perature and pressure. The minimum initial load consid-
ered to be adequate for proper seating is a function of
the gasket material and the effective gasket or contact area
to be seated [as calculated by eq. XI-3221.2(2) and deter-
mines the other of the two requirements for the amount of
bolting Am2 . For the design of the flange, this load is mod-
ified in eq. XI-3223(4) to take account of the Design Con-
ditions when they govern the amount of bolting required
Am , as well as the amount of bolting actually provided Ab .
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XI-1123 Bolted Flange Connections to External
Piping

It is recommended that bolted flange connections con-
forming to the standards3 listed in NC‐3362, ND‐3362,
and NE‐3362, as applicable, be used for connections to ex-
ternal piping. These standards may be used for other
bolted flange connections within the limits of size in the
standards and the pressure–temperature ratings per-
mitted in Subsection NC, ND, or NE.
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ARTICLE XI-2000
MATERIALS FOR BOLTED FLANGE CONNECTIONS

XI-2100 MATERIAL REQUIREMENTS

XI-2110 GENERAL REQUIREMENTS
Materials used in the construction of bolted flange con-

nections shall comply with the material requirements gi-
ven in Subsection NC, ND, or NE, as applicable.

XI-2120 HEAT TREATMENT OF FLANGES
Flanges made from ferritic steel and designed in accor-

dance with this Appendix shall be given a normalizing or
full annealing heat treatment when the thickness of the
flange section exceeds 3 in. (75 mm).

XI-2130 WELDABILITY OF FLANGES AND
POSTWELD HEAT TREATMENT

Material on which welding is to be performed shall be
proved of good weldable quality. Satisfactory qualification
of the welding procedure under Section IX is considered as
proof. Welding shall not be performed on steel that has a
carbon content greater than 0.35%. All welding on flange
connections shall comply with the requirements for post-
weld heat treatment given in Subsection NC, ND, or NE, as
applicable.

XI-2140 FABRICATED HUBBED FLANGES
Fabricated hubbed flanges shall be in accordance with

(a) through (c).
(a) Hubbed flanges may be fabricated from a hot‐rolled

or hot‐forged billet. The axis of the finished flange shall be
parallel to the long axis of the original billet. (This is not
intended to imply that the axis of the finished flange and
the original billet must be concentric.)

(b) Hubbed flanges, except as permitted in (a), shall not
be machined from plate or bar stock material unless the
material has been formed into a ring and, further, pro-
vided that

(1) in a ring formed from plate, the original plate sur-
faces are parallel to the axis of the finished flange (this is
not intended to imply that the original plate surface be
present in the finished flange).

(2) the joints in the ring are welded butt joints that
conform to the requirements of the applicable Subsection.
The thickness to be used to determine postweld heat
treatment and radiography requirements shall be the les-
ser of t or (A − B)/2, when these symbols are as defined in
XI-3130.

(c) The back of the flange and the outer surface of the
hub shall be examined by the magnetic particle method
(NC‐2545) or the liquid penetrant method (NC‐2546) to
ensure that these surfaces are free from defects.

XI-2150 BOLTING MATERIALS
Bolts, studs, nuts, and washers shall comply with the re-

quirements of the applicable Subsection. It is recom-
mended that bolts and studs not be smaller than 1/2 in.
(13 mm). If bolts or studs smaller than 1/2 in. (13 mm)
are used, ferrous bolting material shall be of alloy steel.
Precautions shall be taken to avoid overstressing small
diameter bolts.
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ARTICLE XI-3000
DESIGN REQUIREMENTS

XI-3100 GENERAL REQUIREMENTS

XI-3110 SCOPE

(a) The rules of XI-3200 apply to Class RF flanges as de-
fined in XI-3212.
(b) The flange design methods given in XI-3210 through

XI-3250 apply to Class RF flanges under internal pressure.
The flange design methods for Class RF flanges under ex-
ternal pressure or under both internal and external pres-
sure are given in XI-3260.

XI-3120 TYPES OF FLANGES

For purposes of computation, there are three types as
described in (a), (b), and (c).
(a) Loose Type Flanges. This type covers those designs in

which the flange has no direct connection to the nozzle
neck, vessel, or pipe wall and designs where the method
of attachment is not considered to give the mechanical
s t r e n g t h equ i v a l e n t t o i n t e g r a l a t t a c hmen t .
Figure XI-3120-1 sketches (1), (1a), (2), (3), and (4) show
typical loose type flanges and the location of the loads and
moments; welds and other details of construction shall sa-
tisfy the dimensional requirements given in the referenced
sketches.
(b) Integral Type Flanges. This type covers designs

where the flange is cast or forged integrally with the noz-
zle neck, vessel, or pipe wall, butt welded thereto, or at-
tached by other forms of arc or gas welding of such a
nature that the flange and nozzle neck, vessel, or pipe wall
is considered to be the equivalent of an integral structure.
In welded construction, the nozzle neck, vessel, or pipe
wall is considered to act as a hub. Figure XI-3120-1
sketches (5), (6), (6a), (6b), and (7) show typical integral
type flanges and the location of the loads and moments;
welds and other details of construction shall satisfy the di-
mensional requirements given in the referenced sketches.
(c) Optional Type Flanges. This type covers designs

where the attachment of the flange to the nozzle neck, ves-
sel, or pipe wall is such that the assembly is considered to
act as a unit, which shall be calculated as an integral flange,
except that for simplicity the designer may calculate the
construction as a loose type flange provided none of the
following values are exceeded:

Figure XI-3120-1 sketches (8), (8a), (8b), and (9) show
typical optional type flanges. Welds and other details of
construction shall satisfy the dimensional requirements
given in those sketches.

XI-3130 NOMENCLATURE
The nomenclature defined below and shown in

Figure XI-3120-1 is used in the equations for the design
of flanges.

A = outside diameter of flange or, when slotted holes
extend to the outside of the flange, the diameter
to the bottom of the slots

Ab = actual total cross‐sectional area of bolts at root of
thread or section of least diameter under stress

Am = total required cross‐sectional area of bolts taken
as the greater of Am1 and Am2

Am1 = total cross‐sectional area of bolts at root of thread
or section of least diameter under stress, required
for the Design Conditions

= Wm1/Sb
Am2 = total cross‐sectional area of bolts at root of thread

or section of least diameter under stress, required
for gasket seating

= Wm2/Sa
B = inside diameter of flange (when B is less than

20g1 it will be optional for the designer to substi-
tute B 1 for B in the equation for longitudinal
stress SH)

B1 = B + g1, for loose type hub flanges and also for in-
tegral type flanges when f < 1

= B + g0, for integral type flanges when f ≥ 1
b = effective gasket or joint contact surface seating

width2

b0 = basic gasket seating width (Table XI-3221.1-2)
C = bolt circle diameter
Cb = effective width factor

= 0.5 for U.S. Customary calculations
= 2.52 for SI calculations

c = basic dimension used for the minimum sizing of
welds; equal to tn or tD , whichever is less

d = factor, as follows:

= for integral type flanges

84

2013 SECTION III APPENDICES

-
-
`
`
,
,
,
,
,
`
`
`
`
,
`
,
`
,
`
,
`
,
`
`
`
,
,
,
,
-
`
-
`
,
,
`
,
,
`
,
`
,
,
`
-
-
-



Figure XI-3120-1
Types of Flanges

Gasket

Gasket

Gasket

Loose-Type Flanges

t

t

h

h

r

r

hD

hD

hG

hG

HD

HT
HG

HD

B

B

G

G

C

C

go

go

g1

g1

HG + HT

tI  � tn

hT

tI

W

W

A

A

(1)

To be taken at mid-point of
contact between flange and
lap independent of gasket
location

Screwed Flange With or
Without Hub

(2)

Full Penetration Weld,
Single or Double

min. = 0.7 c

min. = 0.7 cmax. = c + 1/4 in. (c + 6 mm)

1/2 t
(max.)

For hub tapers 6 deg or less, use go = g1

(4) [Note (1)]
(3) [Note (1)]

min. = 0.7 c

This weld may be machined to a
corner radius to suit standard
lap joint flanges

(1a)
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Figure XI-3120-1
Types of Flanges (Cont'd)

Gasket Gasket

Gasket

min. = c

min. = cmin. = c

max. = c + 1/4 in.
(c  + 6 mm) min. = 0.7 c

min. = c but not
less than 1/4 in. (6 mm)

Slope
1:3 (max.)

Uniform Thickness

Weld

Weld

h � 1.5 go 1.5 go (min.)

1.5 go (min.)

h

h

Integral-Type Flanges [Note (2)]

t t

t

r r
R

R

R

hD

hD

hD

hG
hG

hG

hT
hT

h

hT

HT
HT

HT

HG
HG

HG

HD

HD

HD
B

B

BG
G

G

C

C

C

g1 go

go

go

go

g1

g1 = go

W

W

W
A A

A

/2

g1 /2

g1

g1

g1

g1

/2

(6a)

(6b)

(6)

(7)

(8)

(8a) (8b) (9)

Full Penetration and Backchip

(5)

Where hub slope adjacent
to flange exceeds 1:3
use sketches (6a) or (6b)

0.25 go but not less than 1/4 in. (6 mm), the
minimum for either leg. This weld
may be machined to a corner radius
as permitted in sketch (5) in which
case g1 = go

Optional-Type Flanges  [Notes (3) and (4)]

NOTES:
(1) Loadings and dimensions not shown are the same as for sketch (2).
(2) Fillet radius r to be at least 0.25 go but not less than

3/16 in. (5 mm). Added thickness greater than 1/16 in. (1.5 mm) for raised face, tongue and
groove, “O” rings, and ring joint facings shall be in excess of the required minimum flange thickness t ; those less than or equal to 1/16 in.
(1.5 mm) may be included in the required minimum flange thickness.

(3) These may be calculated as either loose or integral type [(c)].
(4) Loading and dimensions not shown are the same as for sketch (2) for loose type flanges or (7) for integral type.
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= for loose type flanges

e = factor, as follows:

= F/h0 for integral type flanges
= FL/h0 for loose type flanges

F = factor for integral type flanges (Figure XI-3240-2)
FL = factor for loose type flanges (Figure XI-3240-4)
f = hub stress correction factor for integral flanges

from Figure XI-3240-6 (when greater than 1, this
is the ratio of the stress in the small end of hub to
the stress in the large end; for values below limit
of Figure use f = 1)

G = diameter at location of gasket load reaction; ex-
cept as noted in sketch (1) of Figure XI-3120-1,
G is defined as follows for Class RF flanges (see
Table XI-3221.1-2):
(a) when b0 ≤ 1/4 in. (6 mm), G is the mean dia-

meter of gasket contact face, in. (mm);
(b) when b0 > 1/4 in. (6 mm), G is the outside

diameter of gasket contact face less 2b
g0 = thickness of hub at small end
g1 = thickness of hub at back of flange
H = total hydrostatic end force

= 0.785G2P
HD = hydrostatic end force on area inside of flange

= 0.785B2P
HG = gasket load (difference between flange design

bolt load and total hydrostatic end force)
= W − H

Hp = total joint contact surface compression load
= 2b × 3.14GmP

HT = difference between total hydrostatic end force
and the hydrostatic end force on area inside of
flange

= H − HD

h = hub length
hD = radial distance from the bolt circle to the circle on

which HD acts, as prescribed in Table XI-3230-1
hG = radial distance from gasket load reaction to the

bolt circle
= (C − G)/2

h0 = factor equal to

hT = radial distance from the bolt circle to the circle on
which HT acts, as prescribed in Table XI-3230-1

K = ratio of outside diameter of flange to inside dia-
meter of flange

= A/B
L = factor

=

MD = component of moment due to HD

= HDhD
MG = component of moment due to HG

= HGhG

M0 = total moment acting upon the flange, for the De-
sign Conditions or gasket seating, as may apply
(XI-3230)

MT = component of moment due to HT

= HThT
m = gasket factor obtained from Table XI-3221.1-12

N = width used to determine the basic gasket seating
width b0, based upon the possible contact width
of the gasket (Table XI-3221.1-2)

P = Design Pressure (for flanges subject to external
pressure see XI-3260 for Class RF flanges)

R = radial distance from bolt circle to point of inter-
section of hub and back of flange (integral and
hub flanges)

= (C − B)/2 − g1

Sa = allowable bolt stress at atmospheric temperature
(given in Section II, Part D, Subpart 1, Table 3)

Sb = allowable bolt stress at Design Temperature (gi-
ven in Section II, Part D, Subpart 1, Table 3)

Sf = allowable design stress for material of flange at
Design Temperature (Design Condition) or atmo-
spheric temperature (gasket seating), as applic-
able (given in Section II, Part D, Subpart 1,
Tables 1A and 1B, as applicable)

Sn = allowable design stress for material of nozzle
neck, vessel, or pipe wall at Design Temperature
(Design Condition) or atmospheric temperature
(gasket seating) as applicable (given in Section
II, Part D, Subpart 1, Tables 1A and 1B, as
applicable)

SH = calculated longitudinal stress in hub
SR = calculated radial stress in flange
ST = calculated tangential stress in flange
T = factor involving K (Figure XI-3240-1)
t = flange thickness

tD = two times the thickness g0 , when the design is
calculated as an integral flange, or two times the
thickness of shell or nozzle wall required for in-
ternal pressure when the design is calculated as
loose flange, but not less than 1/4 in. (6 mm)

tn = nominal thickness of shell or nozzle wall to which
flange or lap is attached, less corrosion allowance

U = factor involving K (Figure XI-3240-1)
V = factor for integral type flanges (Figure XI-3240-3)
VL = factor for loose type flanges (Figure XI-3240-5)
W = flange design bolt load for the Design Conditions

or gasket seating as applicable (XI-3223)
Wm1 = minimum required bolt load for the Design Condi-

tions (XI-3220)
Wm2 = minimum required bolt load for gasket seating

(XI-3220)
w = width used to determine the basic gasket seating

width b 0 , based upon the contact width
between the flange facing and the gasket
(Table XI-3221.1-2)

Y = factor involving K (Figure XI-3240-1)
y = gasket or joint contact surface unit seating load2
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Z = factor involving K (Figure XI-3240-1)

XI-3200 CLASS RF FLANGE DESIGN

XI-3210 GENERAL REQUIREMENTS
XI-3211 Definition of Class RF Flanges
Class RF flanges are circular flanges having gaskets

which are entirely within the circle enclosed by the bolt
holes and which have no contact outside this circle.

XI-3212 Acceptability
The requirements for acceptability of Class RF flange

design are given in (a) and (b).
(a) The design shall be such that the general design re-

quirements of NC‐3100, ND‐3100, or NE‐3100, as appro-
priate, and the specific design requirements of this
Subarticle are met.
(b) The designs shall be limited to the types of flanges

defined in XI-3120.

XI-3220 BOLT LOADS AND BOLT AREAS
XI-3221 Determination of Bolt Loads
In the design of a bolted flange connection, calculations

shall be made for each of the two conditions, namely, De-
sign Loadings and gasket seating loads, and the more se-
vere condition shall control. In the design of flange pairs
used to contain a tubesheet of a heat exchanger, or any si-
milar design where the flanges and/or gaskets may not be
the same, loads shall be determined for the most severe
condition of Design Loadings and/or gasket seating loads
applied to each side at the same time. This most severe
condition may be gasket seating on one flange with Design
Loadings on the other, gasket seating on each flange at the
same time, or Design Loadings on each flange at the same
time.

XI-3221.1 Bolt Load for Design Conditions. The re-
quired bolt load for the Design Conditions Wm1 shall be
sufficient to resist the hydrostatic end force H exerted
by the Design Pressure on the area bounded by the dia-
meter of gasket reaction and, in addition, to maintain on
the gasket or joint contact surface a compression load
Hp which experience has shown to be sufficient to ensure
a tight joint. This compression load is expressed as a multi-
plem of the internal pressure. Its value is a function of the
gasket material and construction.2 The required bolt load
for the Design Conditions Wm1 is determined in accor-
dance with eq. (1):

ð1Þ

XI-3221.2 Bolt Load for Gasket Seating Condition.
Before a tight joint can be obtained, it is necessary to seat
the gasket or joint contact surface properly by applying a
minimum initial load under atmospheric temperature con-
ditions without the presence of internal pressure, which is

a function of the gasket material and the effective gasket
area to be seated. The minimum initial bolt load Wm2 re-
quired for this purpose shall be determined in accordance
with eq. (2):

ð2Þ

The need for providing sufficient bolt load to seat the
gasket or joint contact surfaces in accordance with
eq. (2) will prevail on many low pressure designs and with
facings and materials that require a high seating load and
where the bolt load computed by eq. XI-3221.1(1) for the
Design Conditions is insufficient to seat the joint. Accord-
ingly, it is necessary to furnish bolting and to pretighten
the bolts to provide a bolt load sufficient to satisfy both
of these requirements, each one being individually inves-
tigated. When eq. (2) governs, flange proportions will be
a function of the bolting instead of internal pressure.

XI-3221.3 Bolt Load When Self‐Energizing Gaskets
Are Used. Bolt loads for flanges using gaskets of the self‐
energizing type differ from those shown in XI-3221.2 as
stipulated in (a) and (b).

(a) The required bolt load for the Design Conditions
Wm1 shall be sufficient to resist the hydrostatic end force
H exerted by the Design Pressure on the area bounded by
the outside diameter of the gasket. Hp is to be considered
as zero for all self‐energizing gaskets except certain seal
configurations which generate axial loads which shall be
considered.

(b) Wm2 = 0. Self‐energizing gaskets may be considered
to require an inconsequential amount of bolting force to
produce a seal. Bolting, however, shall be pretightened
to provide a bolt load sufficient to withstand the hydro-
static end force H .

XI-3222 Total Required and Actual Bolt Areas Am
and Ab

The total cross‐sectional area of bolts Am required for
both the Design Conditions and gasket seating is the great-
er of the values for Am1 and Am2 , where Am1 = Wm1/Sb
and Am2 =Wm2/Sa . A selection of bolts to be used shall be
made such that the actual total cross‐sectional areas of
bolts Ab will not be less than Am .

XI-3223 Flange Design Bolt Load W

The bolt loads used in the design of the flange shall be
the values obtained from eqs. (3) and (4). For Design
Conditions,

ð3Þ
For gasket seating,

ð4Þ
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Table XI-3221.1-1
Gasket Materials and Contact Facings

Gasket Factors m for Operating Conditions and Minimum Design Seating Stress y

Gasket Material
Gasket
Factorm

Min. Design
Seating Stress y,

psi (MPa) Sketches

Facing Sketch and
Column in

Table XI-3221.1-2

Self‐energizing types (0 rings, metallic, elastomer, other
gasket types considered as self‐sealing)

0 0 (0) … …

Elastomers without fabric or high percent of asbestos fiber: (1a),(1b),(1c),(1d), (4),
(5); Column IIBelow 75A Shore Durometer 0.50 0 (0)

Below 75A Shore Durometer 1.00 200 (1.4)

Asbestos with suitable binder for operating conditions: (1a),(1b),(1c),(1d), (4),
(5); Column II1/8 in. (3 mm) thick 2.00 1,600 (11)

1/16 in. (1.5 mm) thick 2.75 3,700 (26)
1/32 in. (0.8 mm) thick 3.50 6,500 (45)

Elastomers with cotton fabric insertion 1.25 400 (2.8) (1a),(1b),(1c),(1d), (4),
(5); Column II

Elastomers with asbestos fabric insertion (with or without
wire reinforcement): … …

3‐ply 2.25 2,200 (15) …

2‐ply 2.50 2,900 (20) (1a),(1b),(1c),(1d), (4),
(5); Column II

1‐ply 2.75 3,700 (26) …

Vegetable fiber 1.75 1,100 (8) (1a),(1b),(1c),(1d), (4),
(5); Column II

Spiral‐wound metal, asbestos filled: (1a),(1b); Column II
Carbon 2.50 10,000 (69)
Stainless or Monel 3.00 10,000 (69)

Corrugated metal, asbestos inserted; or corrugated metal,
jacketed asbestos filled:

(1a),(1b); Column II

Soft aluminum 2.50 2,900 (20)
Soft copper or brass 2.75 3,700 (26)
Iron or soft steel 3.00 4,500 (31)
Monel or 4% to 6% chrome 3.25 5,500 (38)
Stainless steels 3.50 6,500 (45)

Corrugated metal: (1a),(1b),(1c),(1d),
Column IISoft aluminum 2.75 3,700 (26)

Soft copper or brass 3.00 4,500 (31)
Iron or soft steel 3.25 5,500 (38)
Monel or 4% to 6% chrome 3.50 6,500 (45)
Stainless steels 3.75 7,600 (52)

Flat metal, jacketed asbestos filled: (1a),(1b),(1c) [Note
(1)], (1d) [Note (1)],
(2)[Note (1)];
Column II

Soft aluminum 3.25 5,500 (38)
Soft copper or brass 3.50 6,500 (45)
Iron or soft steel 3.75 7,600 (52)
Monel 3.50 8,000 (55)
4‐6% chrome 3.75 9,000 (62)
Stainless steels 3.75 9,000 (62)

Grooved metal: (1a),(1b),(1c),(1d), (2),
(3); Column IISoft aluminum 3.25 5,500 (38)

Soft copper or brass 3.50 6,500 (45)
Iron or soft steel 3.75 7,600 (52)
Monel or 4‐6% chrome 3.75 9,000 (62)
Stainless steels 4.25 10,100 (70)
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In addition to the minimum requirements for safety,
eq. (4) provides a margin against abuse of the flange from
overbolting. Since margin against such abuse is needed
primarily for the initial bolting up operation, which is done
at atmospheric temperature and before application of in-
ternal pressure, the flange design is required to satisfy this
loading only under such conditions.4

XI-3230 FLANGE MOMENTS

(a) In the calculation of flange stresses, the moment of a
loading acting on the flange is the product of the load and
its moment arm. The moment arm is determined by the re-
lative position of the bolt circle with respect to that of the
load producing the moment (Figure XI-3120-1). No con-
sideration shall be given to any possible reduction in mo-
ment arm due to cupping of the flanges or due to inward
shifting of the line of action of the bolts as a result thereof.

(b) For the Design Conditions, the total flange moment
M0 is the sum of the three individual moments MD, MT,
andMG , as defined in XI-3130, and based on the flange de-
sign bolt load of eq. XI-3223(3) with moment arms as gi-
ven in Table XI-3230-1.

(c) For gasket seating, the total flange moment M0 is
based on the flange design bolt load of eq. XI-3223(4),
which is opposed only by the gasket load, in which case:

ð5Þ

XI-3240 CALCULATION OF FLANGE STRESSES

The stresses in the flange shall be determined for both
the Design Conditions and gasket seating, whichever con-
trols, in accordance with the equations in (a) or (b).
(a) For integral type flanges and all hub type flanges
Longitudinal hub stress

ð6Þ

Radial flange stress

ð7Þ

Tangential flange stress

ð8Þ

(b) For loose type ring flanges including optional type
calculated as loose type having a rectangular cross section

ð9Þ

XI-3250 ALLOWABLE FLANGE DESIGN STRESSES

The flange stresses calculated by the equations in
XI-3240 shall not exceed the values given in (a)
through (f).
(a) The longitudinal hub stress SH shall not be greater

than the smaller of 1.5S f or 1.5Sn for optional type flanges
designed as integral [Figure XI-3120-1 sketches (8), (8a),

Table XI-3221.1-1
Gasket Materials and Contact Facings

Gasket Factors m for Operating Conditions and Minimum Design Seating Stress y (Cont'd)

Gasket Material
Gasket
Factorm

Min. Design
Seating Stress y,

psi (MPa) Sketches

Facing Sketch and
Column in

Table XI-3221.1-2

Solid flat metal: (1a),(1b),(1c),(1d), (2),
(3),(4),(5); Column ISoft aluminum 4.00 8,800 (61)

Soft copper or brass 4.75 13,000 (90)
Iron or soft steel 5.50 18,000 (124)
Monel or 4% to 6% chrome 6.00 21,800 (150)
Stainless steels 6.50 26,000 (180)

Ring joint: (6), Column I
Iron or soft steel 5.50 18,000 (124)
Monel or 4% to 6% chrome 6.00 21,800 (150)
Stainless steels 6.50 26,000 (180)

GENERAL NOTE: This Table gives a list of many commonly used gasket materials and contact facings with suggested design values of m
and y that have generally proved satisfactory in actual service when using effective gasket seating width b given in Table XI-3221.1-2. The
design values and other details given in this Table are suggested only and are not mandatory.

NOTE:
(1) The surface of a gasket having a lap should not be against the nubbin.
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Table XI-3221.1-2
Effective Gasket Width

… Column I Column II

Facing Stretch
(Exaggerated) Basic Gasket Seating Width,b0

(1a)

(1b)
[Note (1)]

(1C) w≤N

(1d)
[Note (1)]

w≤N

(2) 1/64 in. (0.4mm) Nubbin w≤N/2

(3) 1/64 in. (0.4mm) Nubbin w≤N/2

(4)
[Note (1)]

(5)
[Note (1)]

(6) …

b

G
HG

hG

Gasket
  face

O.D. contact face

For bo    1/4 in. (6 mm) For bo    1/4 in. (6 mm)

Location of Gasket Load Reaction

HG
hGG

C
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(8b), and (9)], and also for integral type flanges
[Figure XI-3120-1 sketch (7)] where the neck material
constitutes the hub of the flange.
(b) The longitudinal hub stress SH shall not be greater

than the smaller of 1.5Sf or 1.5Sn for integral type flanges
with hub welded to the neck, pipe, or vessel wall
[Figure XI-3120-1 sketches (6), (6a), and (6b)].
(c) The radial flange stress S R shall not be greater

than Sf .
(d) The tangential flange stress ST shall not be greater

than Sf .
(e) Also (SH + SR)/2 shall not be greater than S f and

(SH + ST)/2 shall not be greater than Sf .
(f) In the case of loose type flanges with laps, as shown

in Figure XI-3120-1 sketches (1) and (1a), where the gas-
ket is so located that the lap is subjected to shear, the
shearing stress shall not exceed 0.8Sn for the material of
the lap, as defined in XI-3130. In the case of welded
flanges, shown in Figure XI-3120-1 sketches (3), (4), (7),
(8), (8a), and (8b), where the nozzle neck, vessel, or pipe
wall extends near to the flange face and may form the gas-
ket contact face, the shearing stress carried by the welds
shall not exceed 0.8Sn . The shearing stress shall be calcu-
lated on the basis ofWm1 orWm2 (as defined in XI-3130),

whichever is greater. Similar cases where flange parts are
subjected to shearing stress shall be governed by the same
requirements.

XI-3260 FLANGES SUBJECT TO EXTERNAL
PRESSURE

XI-3261 Flanges for External Pressure Only

The design of flanges for external pressure5 only shall
be based on the equations given in XI-3240 for internal
pressure except that for Design Conditions,

ð10Þ

for gasket seating,

ð11Þ

In eqs. (10) and (11):

See XI-3130 for definitions of other symbols.

XI-3262 Flanges for Both External and Internal
Pressure

When flanges are subject at different times during ser-
vice to external or internal pressure, the design shall satis-
fy the external pressure design requirements6 given in
XI-3261 and the internal pressure design requirements gi-
ven elsewhere in this Appendix.

Table XI-3221.1-2
Effective Gasket Width (Cont'd)

GENERAL NOTES:
(a) Effective Gasket Seating Width:

b = b0 when b0 ≤ 1/4 in. (6 mm)

b = when b0 > 1/4 in. (6 mm)

(b) The gasket factors listed only apply to flanged joints in which the gasket is contained entirely within the inner edges of bolt holes.

NOTE:
(1) Where serrations do not exceed 1/64 in. (0.4mm) depth and 1/32 in. (0.8 mm) width spacing, sketches (1b) and (1d) shall be used.

Table XI-3230-1
Moment Arms for Flange Loads

Flange Type hD hT hG

Integral type flanges [see
Figure XI-3120-1 sketches
(5), (6), (6a), (6b), (7), (8),
(8a), (8b), and (9)]

R + 0.5g1

Loose type, except lap joint
flanges [Figure XI-3120-1
sketches (2), (3), and (4)];
and optional type flanges
[Figure XI-3120-1
sketches (8), (8a), (8b),
and (9)]

Lap joint flanges
[Figure XI-3120-1
sketches (1) and (1a)]
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ð13Þ Table XI-3240-1
Flange Factors in Formula Form

Integral Flange [Note (1)] Loose Hub Flange [Note (2)]

For F (Figure XI-3240-2) use: For FL (Figure XI-3240-4) use:

For V (Figure XI-3240-3) use: For VL (Figure XI-3240-5) use:

For f (Figure XI-3240-6) use: For f (Figure XI-3240-6) use:

Equations

(1) A = (g1/g0) − 1 (2) C = 43.68(h/h0)
4

(3) C1 = 1/3 + A/12 (4) C2 = 5/42 + 17A/336

(5) C3 = 1/210 + A/360 (6) C4 = 11/360 + 59A/5040 + (1 + 3A)/C

(7) C5 = 1/90 + 5A/1008 − (1 + A)3/C (8) C6 = 1/120 + 17A/5040 + 1/C

(9) C7 = 215/2772 + 51A/1232 + (60/7 + 225A/14 + 75A2/7 + 5A3/2)/C (10) C8 = 31/6930 + 128A/45,045 + (6/7 + 15A/7 + 12A2/7 + 5A3/11)/C

(11) C9 = 533/30,240 + 653A/73,920 + (1/2 + 33A/14 + 39A2/28 + 25A3/84)/C (12) C10 = 29/3780 + 3A/704 − (1/2 + 33A/14 + 81A2/28 + 13A3/12)/C

(13) C11 = 31/6048 + 1763A/665,280 + (1/2 + 6A/7 + 15A2/28 + 5A3/42)/C (14) C12 = 1/2925 + 71A/300,300 + (8/35 + 18A/35 + 156A2/385 + 6A3/55)/C

(15) C13 = 761/831,600 + 937A/1,663,200 + (1/35 + 6A/35 + 11A2/70 + 3A3/70)/C (16) C14 = 197/415,800 + 103A/332,640 − (1/35 + 6A/35 + 17A2/70 + A3/10)/C

(17) C15 = 233/831,600 + 97A/554,400 + (1/35 + 3A/35 + A2/14 + 2A3/105)/C (18) C16 = C1C7C12 + C2C8C3 + C3C8C2 − (C3
2C7 + C8

2C1 + C2
2C12)

(19) C17 = [C4C7C12 + C2C8C13 + C3C8C9 − (C13C7C3 + C8
2C4 + C12C2C9)]/C16 (20) C18 = [C5C7C12 + C2C8C14 + C3C8C10 − (C14C7C3 + C8

2C5 + C12C2C10)]/C16

(21) C19 = [C6C7C12 + C2C8C15 + C3C8C11 − (C15C7C3 + C8
2C6 + C12C2C11)]/C16 (22) C20 = [C1C9C12 + C4C8C3 + C3C13C2 − (C3

2C9 + C13C8C1 + C12C4C2)]/C16

(23) C21 = [C1C10C12 + C5C8C3 + C3C14C2 − (C3
2C10 + C14C8C1 + C12C5C2)]/C16 (24) C22 = [C1C11C12 + C6C8C3 + C3C15C2 − (C3

2C11 + C15C8C1 + C12C6C2)]/C16

(25) C23 = [C1C7C13 + C2C9C3 + C4C8C2 − (C3C7C4 + C8C9C1 + C2
2C13)]/C16 (26) C24 = [C1C7C14 + C2C10C3 + C5C8C2 − (C3C7C5 + C8C10C1 + C2

2C14)]/C16

(27) C25 = [C1C7C15 + C2C11C3 + C6C8C2 − (C3C7C6 + C8C11C1 + C2
2C15)]/C16 (28) C26 = −(C/4)1/4

(29) C27 = C20 −C17 − 5/12 − [C17(C/4)
1/4] (30) C28 = C22 − C19 − 1/12 − [C19(C/4)

1/4]

(31) C29 = − (C/4)1/2 (32) C30 = −(C/4)3/4

(33) C31 = 3A/2 + C17(C/4)
3/4 (34) C32 = 1/2 + C19(C/4)

3/4

(35) C33 = 0.5C26C32 + C28C31C29 − (0.5C30C28 + C32C27C29) (36) C34 = 1/12 + C18 − C21 + C18(C/4)
1/4

(37) C35 = −C18(C/4)
3/4 (38) C36 = (C28C35C29 − C32C34C29)/C33

(39) C37 = [0.5C26C35 + C34C31C29 − (0.5C30C34 + C35C27C29)]/C33 (40) E1 = C17C36 + C18 + C19C37

(41) E2 = C20C36 + C21 + C22C37 (42) E3 = C23C36 + C24 + C25C37
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Table XI-3240-1
Flange Factors in Formula Form (Cont'd)

Integral Flange [Note (1)] Loose Hub Flange [Note (2)]

(43) E4 = 1/4 + C37/12 + C36/4 −E3/5 − 3E2/2 −E1 (44) E5 = E1 (1/2 + A/6) + E2 (1/4 + 11A/84) + E3 (1/70 + A/105)

(45) E6 = E5 − C36 (7/120 + A/36 + 3 A/C) − 1/40 − A/72 − C37 (1/60 + A/120 + 1/C)

NOTES:
(1) Except for the case when g1 = g0 , the values used in the Integral Flange equations are determined by using Eqs. (1) through (45), which are based on the values of g1 , g0 , h , and

h0 (see XI-3130 for definitions). When g1 = g0 , Eqs. (1) through (45) are not required and should not be used. For this case (g1 = g0), F = 0.908920, V = 0.550103, and f = 1.
(2) The values used in the Loose Hub Flange equations are determined by using Eqs. (1) through (5), (7), (9), (10), (12), (14), (16), (18), (20), (23), and (26), which are based on the

values of g1 , g0 , h , and h0 (see XI-3130 for definitions).
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Figure XI-3240-1
Values of T, U, Y, and Z (Terms Involving K)

GENERAL NOTE: The calculation of values of T, U, Y, and Z for values of K outside the boundaries of the graph is acceptable.
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Figure XI-3240-2
Values of F (Integral Flange Factors)

GENERAL NOTE: See Table XI-3240-1 for equations.

96

2013 SECTION III APPENDICES

--``,,,,,````,`,`,`,`,```,,,,-`-`,,`,,`,`,,`---



Figure XI-3240-3
Values of V (Integral Flange Factors)

GENERAL NOTE: See Table XI-3240-1 for equations.
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Figure XI-3240-4
Values of FL (Loose Hub Flange Factors)

GENERAL NOTE: See Table XI-3240-1 for equations.

Figure XI-3240-5
Values of VL (Loose Hub Flange Factors)

GENERAL NOTE: See Table XI-3240-1 for equations.
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Figure XI-3240-6
Values of f (Hub Stress Correction Factor)

99

2013 SECTION III APPENDICES

-
-
`
`
,
,
,
,
,
`
`
`
`
,
`
,
`
,
`
,
`
,
`
`
`
,
,
,
,
-
`
-
`
,
,
`
,
,
`
,
`
,
,
`
-
-
-



MANDATORY APPENDIX XII

ARTICLE XII-1000
DESIGN CONSIDERATIONS FOR BOLTED FLANGE CONNECTIONS

XII-1100 CONSIDERATIONS

(a) The primary purpose of the rules for bolted flange
connections in Mandatory Appendix XI is to ensure safety,
but there are certain other practical matters to be taken
into consideration in order to obtain a serviceable design.
One of the most important of these is the proportioning of
the bolting, i.e., determining the number and size of the
bolts.
(b) In the great majority of designs the practice that has

been used in the past should be adequate: to follow the de-
sign rules in Mandatory Appendix XI and tighten the bolts
sufficiently to withstand the test pressure without leakage.
The considerations presented in the discussion in (c)
through (m) will be important only when some unusual
feature exists, such as a very large diameter, a high Design
Pressure, a high temperature, severe temperature gradi-
ents, an unusual gasket arrangement, and so on.
(c) The maximum allowable stress values for bolting gi-

ven in Section II, Part D, Subpart 1, Table 3 are design va-
lues to be used in determining the minimum amount of
bolting required under the rules. However, a distinction
must be kept carefully in mind between the design value
and the bolt stress that might actually exist or that might
be needed for conditions other than the Design Pressure.
The initial tightening of the bolts is a prestressing opera-
tion, and the amount of bolt stress developed must be
within proper limits to ensure, on the one hand, that it is
adequate to provide against all conditions that tend to pro-
duce a leaking joint and, on the other hand, that it is not so
excessive that yielding of the bolts or flanges can produce
relaxation that also can result in leakage.
(d) The first important consideration is the need for the

joint to be tight in the hydrostatic test. An initial bolt stress
of somemagnitude greater than the design value therefore
must be provided. If it is not, further bolt strain develops
during the test, which tends to part the joint and thereby
to decompress the gasket enough to allow leakage. The
test pressure is usually 11/2 times the Design Pressure,
and on this basis it may be thought that 50% extra bolt
stress above the design value will be sufficient. However,
this is an oversimplification because, on the one hand,
the safety factor against leakage under test conditions in
general need not be as great as under Design Conditions.

On the other hand, if a stress–strain analysis of the joint
is made, it may indicate that an initial bolt stress still high-
er than 11/2 times the design value is needed. Such an ana-
lysis is one that considers the changes in bolt elongation,
flange deflection, and gasket load that take place with
the application of internal pressure, starting from the pre-
stressed condition. In any event, it is evident that an initial
bolt stress higher than the design value may and, in some
cases, must be developed in the tightening operation, and
it is the intent of Subsections NC, ND, and NE that such a
practice is permissible, provided it includes necessary
and appropriate provision to ensure against excessive
flange distortion and gross crushing of the gasket.
(e) It is possible for the bolt stress to decrease after in-

itial tightening, because of slow creep or relaxation of the
gasket, particularly in the case of the softer gasket materi-
als. This may be the cause of leakage in the hydrostatic
test, in which case it may suffice merely to retighten the
bolts. A decrease in bolt stress can also occur in service
at elevated temperatures, as a result of creep in the bolt
or flange or gasket material, with consequent relaxation.
When this results in leakage under service conditions, it
is common practice to retighten the bolts, and sometimes
a single such operation or perhaps several repeated at
long intervals is sufficient to correct the condition. To
avoid chronic difficulties of this nature, however, it is ad-
visable when designing a joint for high temperature ser-
vice to give attention to the relaxation properties of the
materials involved, especially for temperatures where
creep is the controlling factor in design.
(f) In the other direction, excessive initial bolt stress

can present a problem in the form of yielding in the bolting
itself and may occur in the tightening operation to the ex-
tent of damage or even breakage. This is especially likely
with bolts of small diameter and with bolt materials hav-
ing a relatively low yield strength. The yield strength of
mild carbon steel, annealed austenitic stainless steel, and
certain of the nonferrous bolting materials can easily be
exceeded with ordinary wrench effort in the smaller bolt
sizes. Even if no damage is evident, any additional load
generated when internal pressure is applied can produce
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further yielding with possible leakage. Such yielding can
also occur when there is very little margin between initial
bolt stress and yield strength.

(g) An increase in bolt stress, above any that may be due
to internal pressure, might occur in service during startup
or other transient conditions, or perhaps even under nor-
mal service. This can happen when there is an appreciable
differential in temperature between the flanges and the
bolts or when the bolt material has a different coefficient
of thermal expansion than the flange material. Any in-
crease in bolt load due to this thermal effect, superposed
on the load already existing, can cause yielding of the bolt
material, whereas any pronounced decrease due to such
effects can result in such a loss of bolt load as to be a direct
cause of leakage. In either case, retightening of the bolts
may be necessary, but it must not be forgotten that the ef-
fects of repeated retightening can be cumulative and may
ultimately make the joint unserviceable.

(h) In addition to the difficulties created by yielding of
the bolts as described above, the possibility of similar dif-
ficulties arising from yielding of the flange or gasket mate-
rial, under like circumstances or from other causes, should
also be considered.

(i) Excessive bolt stress, whatever the reason, may
cause the flange to yield even though the bolts may not
yield. Any resulting excessive deflection of the flange, ac-
companied by permanent set, can produce a leaking joint
when other effects are superposed. It can also damage the
flange by making it more difficult to effect a tight joint
thereafter. For example, irregular permanent distortion
of the flange due to uneven bolt load around the circum-
ference of the joint can warp the flange face and its gasket
contact surface out of a true plane.

(j) The gasket, too, can be overloaded, even without ex-
cessive bolt stress. The full initial bolt load is imposed en-
tirely on the gasket, unless the gasket has a stop ring or the
flange face detail is arranged to provide the equivalent.
Without such means of controlling the compression of
the gasket, consideration must be given to the selection
of gasket type, size, and material that will prevent gross
crushing of the gasket.

(k) From the foregoing, it is apparent that the bolt stress
can vary over a considerable range above the design stress
value. The design stress values for bolting have been set at
a conservative value to provide a factor against yielding.
At elevated temperatures, the design stress values are
governed by the creep rate and stress rupture strength.
Any higher bolt stress existing before creep occurs in op-
eration will have already served its purpose of seating the
gasket and holding the hydrostatic test pressure, all at at-
mospheric temperature, and is not needed at the Design
Pressure and Temperature.

(l) Theoretically, the margin against flange yielding is
not as great. The design values for flange materials may
be as high as five‐eighths or two‐thirds of the yield
strength. However, the highest stress in a flange is usually
the bending stress in the hub or shell and is more or less
localized. It is too conservative to assume that local yield-
ing is followed immediately by overall yielding of the en-
tire flange. Even if a plastic hinge should develop, the
ring portion of the flange takes up the portion of the load
that the hub and shell refuse to carry. Yielding is far more
significant if it occurs first in the ring but the limitation in
the rules on the combined hub and ring stresses provides
a safeguard. In this connection, reference should be made
to Notes G10 and G8 of Section II, Part D, Subpart 1, Tables
1A and 1B, respectively, which provides guidance in the
case of high alloy materials to which a strain limiting fac-
tor may have to be applied.

(m) Another very important item in bolting design is
the question of whether the necessary bolt stress is actu-
ally realized and what special means of tightening, if any,
must be employed. Most joints are tightened manually by
ordinary wrenching and it is advantageous to have designs
that require no more than this. Some pitfalls must be
avoided, however. The probable bolt stress developed
manually, when using standard wrenches, is

(U.S. Customary Units)

(SI Units)

where S is the bolt stress (psi, MPa) and d is the nominal
diameter of the bolt (in., mm). It can be seen that smaller
bolts will have excessive stress unless judgment is exer-
cised in pulling up on them. On the other hand, it will be
impossible to develop the desired stress in very large bolts
by ordinary hand wrenching. Impact wrenches may prove
serviceable, but, if not, resort may be had to such methods
as preheating the bolt or using hydraulically powered bolt
tensioners. With some of these methods, control of the
bolt stress is possible by means inherent in the procedure,
especially if effective thread lubricants are employed, but
in all cases the bolt stress can be regulated within reason-
able tolerances by measuring the bolt elongation with sui-
table extensometer equipment. Ordinarily, simple
wrenching without verification of the actual bolt stress
meets all practical needs, and measured control of the
stress is employed only when there is some special or im-
portant reason for doing so.
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MANDATORY APPENDIX XIII

ARTICLE XIII-1000
DESIGN BASED ON STRESS ANALYSIS

XIII-1100 GENERAL REQUIREMENTS

XIII-1110 SCOPE
This Appendix is applicable only to the design of Class 2

vessels meeting the requirements of NC‐3200 and contain-
ments meeting the requirements of WC‐3200.
(a)When a fatigue evaluation is not required (NC‐3219

or WC‐3219), a vessel or a vessel part may be designed
using the stress analysis methods given in this Appendix.
When a fatigue evaluation is required, this Appendix shall
be used together with Mandatory Appendix XIV, Design
Based on Fatigue Analysis for vessels designed in accor-
dance with NC‐3200 or WC‐3200.
(b) Use of the analytical methods contained in the Arti-

cles of this Appendix following this Article is an acceptable
way of obtaining solutions to problems for which these
procedures are applicable. Other techniques, analytical
or experimental (Mandatory Appendix II), may be used
provided they are either more accurate or more conserva-
tive than those contained herein.

XIII-1120 DESIGN ACCEPTABILITY
XIII-1121 Requirements for Design Acceptability
The requirements for the acceptability of a design are

given in (a) and (b).
(a) The design shall be such that the stresses shall not

exceed the limits described in XIII-1140.
(b) For configurations where compressive stresses oc-

cur, in addition to the requirement in (a), the critical buck-
ling stress shall be taken into account. For the case of
external pressure, see NC‐3240 or WC‐3133.

XIII-1122 Basis for Determining Stresses
The equivalent stress at any point in a vessel is the value

of stress deduced from the stress condition at the point by
means of a theory of failure for comparison with the me-
chanical properties of the material obtained in tests under
uniaxial load. The theory of failure, used in the rules of this
Appendix for combining stresses, is the maximum shear
stress theory. The maximum shear stress at a point is
equal to one‐half the difference between the algebraically
largest and the algebraically smallest of the three principal
stresses at the point.

XIII-1123 Terms Relating to Stress Analysis

Terms used in this Appendix relating to stress analysis
are defined in (a) through (af).
(a) Stress Intensity.7 Stress intensity is defined as twice

the maximum shear stress, which is the difference be-
tween the algebraically largest principal stress and the al-
gebraically smallest principal stress at a given point.
Tensile stresses are considered positive, and compressive
stresses are considered negative.
(b) Gross Structural Discontinuity. Gross structural dis-

continuity is a geometric or material discontinuity that af-
fects the stress or strain distribution throughout the entire
wall thickness of the pressure retaining member. Gross
discontinuity‐type stresses are those portions of the actual
stress distributions that produce net bending and mem-
brane force resultants when integrated throughout the
wall thickness. Examples of a gross structural discontinu-
ity are head‐to‐shell junctions, flange‐to‐shell junctions,
nozzles, and junctions between shells of different dia-
meters or thicknesses.
(c) Local Structural Discontinuity. Local structural dis-

continuity is a geometric or material discontinuity that af-
fects the stress or strain distribution throughout a
fractional part of the wall thickness. The stress distribu-
tion associated with a local discontinuity causes only very
localized deformation or strain and has no significant ef-
fect on the shell‐type discontinuity deformations. Exam-
ples are small fillet radii, small attachments, and partial
penetration welds.
(d) Normal Stress. Normal stress is the component of

stress normal to the plane of reference. This is also re-
ferred to as direct stress. Usually the distribution of nor-
mal stress is not uniform through the thickness of a
part, so this stress is considered to have two components,
one uniformly distributed and equal to the average stress
across the thickness under consideration and the other
varying from this average value across the thickness.
(e) Shear Stress. Shear stress is the component of stress

tangent to the plane of reference.
(f) Membrane Stress. Membrane stress is the compo-

nent of normal stress that is uniformly distributed and
equal to the average stress across the thickness of the sec-
tion under consideration.
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(g) Bending Stress. Bending stress is the component of
normal stress that varies across the thickness. The varia-
tion may or may not be linear.

(h) Primary Stress. Primary stress is any normal stress
or shear stress developed by an imposed loading that is
necessary to satisfy the laws of equilibrium of external
and internal forces and moments. The basic characteristic
of a primary stress is that it is not self-limiting. Primary
stresses that considerably exceed the yield strength will
result in failure or, at least, in gross distortion. Primary
membrane stress is divided into general and local cate-
gories. A general primary membrane stress is one that is
so distributed in the structure that no redistribution of
load occurs as a result of yielding. Examples of primary
stress are

(1) general membrane stress in a circular cylindrical
shell or a spherical shell due to internal pressure or to dis-
tributed loads

(2) bending stress in the central portion of a flat head
due to pressure

Refer to Table XIII-1130-1 for examples of primary
stress.

(i) Secondary Stress. Secondary stress is a normal stress
or a shear stress developed by the constraint of adjacent
material or by self‐constraint of the structure. The basic
characteristic of a secondary stress is that it is self‐
limiting. Local yielding and minor distortions can satisfy
the conditions that cause the stress to occur and failure
from one application of the stress is not to be expected. Ex-
amples of secondary stress are

(1) general thermal stress [see (m)]
(2) bending stress at a gross structural discontinuity

Refer to Table XIII-1130-1 for examples of secondary
stress.

(j) Local Primary Membrane Stress. Cases arise in which
a membrane stress produced by pressure or other me-
chanical loading and associated with a discontinuity
would, if not limited, produce excessive distortion in the
transfer of load to other portions of the structure. Conser-
vatism requires that such a stress be classified as a local
primary membrane stress even though it has some charac-
teristics of a secondary stress.

A stressed region may be considered local if the dis-
tance over which the membrane stress intensity exceeds
1.1Sm does not extend in the meridional direction more
than , where R is the minimum midsurface radius
of curvature and t is the minimum thickness in the region
considered. Regions of local primary stress intensity invol-
ving axisymmetric membrane stress distributions which
exceed 1.1Sm shall not be closer in the meridional direc-

tion than , where RL is defined as (R1 + R2)/2

and tL is defined as (t1 + t2)/2 where t1 and t2 are the
minimum thicknesses at each of the regions considered,
and R1 and R2 are the minimum midsurface radii of cur-
vature at these regions where the membrane stress inten-
sity exceeds 1.1Sm . Discrete regions of local primary

membrane stress intensity, such as those resulting from
concentrated loads acting on brackets, where the mem-
brane stress intensity exceeds 1.1Sm shall be spaced so
that there is no overlapping of the areas in which the
membrane stress intensity exceeds 1.1Sm .

(k) Peak Stress. Peak stress is that increment of stress
that is additive to the primary plus secondary stresses
by reason of local discontinuities or local thermal stress
[see (m)(2)] including the effects, if any, of stress concen-
trations. The basic characteristic of a peak stress is that it
does not cause any noticeable distortion and is objection-
able only as a possible source of a fatigue crack or a brittle
fracture. A stress that is not highly localized falls into this
category if it is of a type that cannot cause noticeable dis-
tortion. Examples of peak stress are

(1) the thermal stress in the austenitic steel cladding
of a carbon steel part

(2) certain thermal stresses that may cause fatigue
but not distortion

(3) the stress at a local structural discontinuity
(4) surface stresses produced by thermal shock

(l) Load Controlled Stress. Load controlled stress is the
stress resulting from the application of a loading, such
as internal pressure, inertial loads, or gravity, whose mag-
nitude is not reduced as a result of displacement.

(m) Thermal Stress. Thermal stress is a self‐balancing
stress produced by a nonuniform distribution of tempera-
ture or by differing thermal coefficients of expansion.
Thermal stress is developed in a solid body whenever a
volume of material is prevented from assuming the size
and shape that it normally would under a change in tem-
perature. For the purpose of establishing allowable stres-
ses, two types of thermal stress are recognized, depending
on the volume or area in which distortion takes place, as
described in (1) and (2) below.

(1) General thermal stress is associated with distor-
tion of the structure in which it occurs. If a stress
of this type, neglecting stress concentrations, exceeds
twice the yield strength of the material, the elastic analysis
may be invalid and successive thermal cycles may
produce incremental distortion. Therefore, this type is
classified as secondary stress in Table XIII-1130-1 and
Figure XIII-1141-1. Examples of general thermal stress are

(-a) stress produced by an axial temperature dis-
tribution in a cylindrical shell

(-b) stress produced by the temperature difference
between a nozzle and the shell to which it is attached

(-c) the equivalent linear stress8 produced by the
radial temperature distribution in a cylindrical shell

(2) Local thermal stress is associated with almost
complete suppression of the differential expansion and
thus produces no significant distortion. Such stresses shall
be considered only from the fatigue standpoint and are
therefore classified as peak stresses in Table XIII-1130-1
and Figure XIII-1141-1. In evaluating local thermal stres-
ses the procedures of XIII-1151.1(b) shall be used. Exam-
ples of local thermal stress are
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(-a) the stress in a small hot spot in a vessel wall
(-b) the difference between the actual stress and

the equivalent linear stress resulting from a radial tem-
perature distribution in a cylindrical shell

(-c) the thermal stress in a cladding material that
has a coefficient of expansion different from that of the
base metal
(n) Total Stress. Total stress is the sum of the primary,

secondary, and peak stress contributions. Recognition of
each of the individual contributions is essential to estab-
lishment of appropriate limitations.
(o) Service Cycle. Service cycle is defined as the initiation

and establishment of new conditions followed by a return
to the conditions that prevailed at the beginning of the cy-
cle. The types of service conditions that may occur are
further defined in the Design Specification as required
by NCA-2142 and WA-2123.
(p) Stress Cycle. Stress cycle is a condition in which the

alternating stress difference (XIV-1212) goes from an initi-
al value through an algebraic maximum value and an alge-
braic minimum value and then returns to the initial value.
A single service cycle may result in one or more stress cy-
cles. Dynamic effects shall also be considered as stress
cycles.
(q) Fatigue Strength Reduction Factor. Fatigue strength

reduction factor is a stress intensification factor which ac-
counts for the effect of a local structural discontinuity
(stress concentration) on the fatigue strength. Values for
some specific cases, based on experiment, are given else-
where and in Subsection NC or Subsection WC. In the ab-
sence of experimental data, the theoretical stress
concentration factor may be used.
(r) Shakedown. Shakedown of a structure occurs if, after

a few cycles of load application, ratcheting ceases. The
subsequent structural response is elastic, or elastic‐ plas-
tic, and progressive incremental inelastic deformation is
absent. Elastic shakedown is the case in which the subse-
quent response is elastic.
(s) Deformation. Deformation of a component part is an

alteration of its shape or size.
(t) Inelasticity. Inelasticity is a general characteristic of

material behavior in which the material does not return to
its original shape and size after removal of all applied
loads. Plasticity and creep are special cases of inelasticity.
(u) Creep . Creep is the special case of inelasticity that

relates to the stress induced time‐dependent deformation
under load. Small time‐dependent deformations may oc-
cur after the removal of all applied loads.
(v) Plasticity. Plasticity is the special case of inelasticity

in which the material undergoes time‐independent nonre-
coverable deformation.
(w) Plastic Analysis. Plastic analysis is that method

which computes the structural behavior under given loads
considering the plasticity characteristics of the materials
including strain hardening and the stress redistribution
occurring in the structure.

(x) Plastic Analysis — Collapse Load. A plastic analysis
may be used to determine the collapse load for a given
combination of loads on a given structure. The following
criterion for determination of the collapse load shall be
used. A load‐deflection or load‐strain curve is plotted with
load as the ordinate and deflection or strain as the abscis-
sa. The angle that the linear part of the load‐deflection or
load‐strain curve makes with the ordinate is called θ . A
second straight line, hereafter called the collapse limit line,
is drawn through the origin so that it makes an angle
ϕ = tan−1 (2 tan θ) with the ordinate. The collapse load
is the load at the intersection of the load‐deflection or
load‐strain curve and the collapse limit line. If this method
is used, particular care should be given to ensure that the
strains or deflections that are used are indicative of the
load carrying capacity of the structure.
(y) Plastic Instability Load. The plastic instability load

for members under predominantly tensile or compressive
loading is defined as that load at which unbounded plastic
deformation can occur without an increase in load. At the
plastic tensile instability load the true stress in the
material increases faster than strain hardening can
accommodate.
(z) Limit Analysis. Limit analysis is a special case of plas-

tic analysis in which the material is assumed to be ideally
plastic (nonstrain‐hardening). In limit analysis the equili-
brium and flow characteristics at the limit state are used
to calculate the collapse load. The two bounding methods
which are used in limit analysis are the lower bound ap-
proach, which is associated with a statically admissible
stress field, and the upper bound approach, which is asso-
ciated with a kinematically admissible velocity field. For
beams and frames the term mechanism is commonly used
in lieu of kinematically admissible velocity field.
(aa) Collapse Load — Lower Bound. If, for a given load,

any system of stresses can be found which everywhere sa-
tisfies equilibrium, and nowhere exceeds the material
yield strength, the load is at or below the collapse load.
This is the lower bound theorem of limit analysis which
permits calculations of a lower bound to the collapse load.
(ab) Limit Analysis — Collapse Load. The methods of

limit analysis are used to compute the maximum load that
a structure assumed to be made of ideally plastic material
can carry. At this load, which is termed the collapse load,
the deformations of the structure increase without bound.
(ac) Plastic Hinge. A plastic hinge is an idealized concept

used in Limit Analysis. In a beam or a frame, a plastic hinge
is formed at the point where the moment, shear, and axial
force lie on the yield interaction surface. In plates and
shells a plastic hinge is formed where the generalized
stresses lie on the yield surface.
(ad) Strain Limiting Load. When a limit is placed upon a

strain, the load associated with the strain limit is called the
strain limiting load.
(ae) Test Collapse Load. Test collapse load is the collapse

load determined by tests according to the criteria given in
II-1430 of Section III.
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(af) Ratcheting. Ratcheting is a progressive incremental
inelastic deformation or strain which can occur in a com-
ponent that is subjected to variations of mechanical stress,
thermal stress, or both.

XIII-1130 DERIVATION OF STRESS INTENSITIES

One requirement for the acceptability of a design
[XIII-1121(a)] is that the calculated stress intensities shall
not exceed specified allowable limits. These limits differ
depending on the stress category (primary, secondary,
etc.) from which the stress intensity is derived. This para-
graph describes the procedure for the calculation of the
stress intensities which are subject to specified limits.
The steps in the procedure are given in (a) through (f).

(a) At the point on the vessel which is being investi-
gated, choose an orthogonal set of coordinates, such as
tangential, longitudinal, and radial, and designate them
by the subscripts t, l, and r . The stress components in
these directions are then designated σ t , σ r , and σ l for di-
rect stresses and τ t l , τ l r , and τ r t for shear stresses.

(b) Calculate the stress components for each type of
loading to which the part will be subjected and assign each
set of stress values to one or a group of the following
categories:9

(1) g en e r a l p r ima r y memb ran e s t r e s s P m

[XIII-1123(f) and XIII-1123(h)]

(2) local primary membrane stress PL [XIII-1123(j)]

(3) primary bending stress P b [XIII-1123(g) and
XIII-1123(h)]

(4) secondary stress10 Q [XIII-1123(i)]

(5) peak stress F [XIII-1123(k)]

(c) Group the stress components in accordance with
(b). Figure XIII-1141-1 is to provide assistance in assign-
ing the stress values to the appropriate category. At any
rectangular box calculate the algebraic sum of the values
of σ t which result from the different types of loadings
and which have entered the box, and similarly for the
other five stress components. The result is a set of six
stress components in each box.

(d) Translate the stress components in the t, l, and r di-
rections into principal stresses σ1 , σ2 , and σ3 . (In many
pressure vessel calculations, the t, l, and r directions
may be so chosen that the shearing stress components
are zero and so σ 1 , σ 2 , and σ 3 are identical to σ t , σ l ,
and σ r .)

(e) Calculate the stress differences S12 , S23 , and S31

from the relations

The stress intensity S is the largest absolute value of
S12 , S23 , and S31 .

(f) The stress intensity calculated as in the preceding
(e) from the stress components in any rectangle in
Figure XIII-1141-1 shall not exceed the allowable values
of XIII-1140 which are shown in the circle adjacent to
the rectangle in Figure XIII-1141-1.

NOTE: Membrane stress intensity is derived from the stress compo-
nents averaged across the thickness of the section. The averaging
shall be performed at the component level, in step (b) or (c) above.

XIII-1140 BASIC STRESS INTENSITY LIMITS
XIII-1141 Five Basic Limits

The five basic stress intensity limits which are to be sa-
tisfied are given in XIII-1142 through XIII-1146
(Figure XIII-1141-1).

XIII-1142 General Primary Membrane Stress
Intensity

This stress intensity is derived from the average value
across the thickness of a section of the general primary
stresses [XIII-1123(h)] produced by

(a) Design Pressure and specified Design Mechanical
Loads for Design Loadings

(b) coincident pressure and mechanical loads asso-
ciated with each Service Loading as specified in the Design
Specification, but excluding all secondary and peak
stresses.

Averaging is to be applied to the stress components
prior to the determination of the stress intensity values.
The allowable value of this stress intensity is kSm , with
Sm as given in Section II, Part D, Subpart 1, Tables 2A
and 2B. Values of k , reflecting the specific Design or Ser-
vice Limit under consideration, are given in Table NC‐
3217‐1 or Table WC‐3217‐1 as appropriate.

XIII-1143 Local Membrane Stress Intensity

This stress intensity is derived from the average value
across the thickness of a section of the local primary stres-
ses [XIII-1123(j)] produced by

(a) Design Pressure and specified Design Mechanical
Loads for Design Loadings

(b) coincident pressure and mechanical loads asso-
ciated with each Service Loading as specified in the Design
Specification, but excluding all thermal and peak stresses.

Averaging is to be applied to the stress components
prior to the determination of the stress intensity values.
The allowable value of this stress intensity is 1.5kSm , with
Sm as given in Section II, Part D, Subpart 1, Tables 2A and
2B. Values of k , reflecting the specific Design or Service
Limit under consideration, are given in Table NC‐3217‐1
or Table WC‐3217‐1 as appropriate.
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Table XIII-1130-1
Classification of Stress Intensity in Vessels for Some Typical Cases

Vessel Component Location Origin of Stress Type of Stress Classification

Cylindrical or spherical shell Shell plate remote from
discontinuities

Internal pressure General membrane Pm

Gradient through plate
thickness

Q

Axial thermal gradient Membrane Q

Bending

Junction with head or flange Internal pressure Membrane PL

Bending Q [Note (1)]

Any shell or head Any section across entire
vessel

External load or moment, or
internal pressure

General membrane averaged
across full section

Pm

External load or moment Bending across full section

Near nozzle or other opening External load or moment, or
internal pressure

Local membrane PL

Bending Q

Peak (fillet or corner) F

Any location Temperature difference
between shell and head

Membrane

QBending

Dished head or conical head Crown Internal pressure Membrane Pm

Bending Pb

Knuckle or junction to shell Internal pressure Membrane PL [Note (2)]

Bending Q

Flat head Center region Internal pressure Membrane Pm

Bending Pb

Junction to shell Internal pressure Membrane PL

Bending Pb or Q [Note (1)]

Perforated head or shell Typical ligament in a uniform
pattern

Pressure Membrane (averaged through
cross section)

Pm

Bending (averaged through
width of ligament, but
gradient through plate)

Pb

Peak F

Isolated or atypical ligament Pressure Membrane Q

Bending F

Peak F
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Table XIII-1130-1
Classification of Stress Intensity in Vessels for Some Typical Cases (Cont'd)

Vessel Component Location Origin of Stress Type of Stress Classification

Nozzle (XIII-1170) Within the limits of
reinforcement defined by
NC‐3334 or WC‐3230

Pressure and external loads and
moments, including those
attributable to restrained free
end displacements of the
attached piping

General membrane Pm

Bending (other than gross
structural discontinuity
stresses) averaged through
nozzle thickness

Outside the limits of
reinforcement defined by
NC‐3334 or WC‐3230

Pressure and external axial,
shear, and torsional loads
other than those attributable
to restrained free end
displacements of the attached
piping

General membrane stresses Pm

Pressure and external loads and
moments other than those
attributable to restrined free
end displacements of the
attached piping

Membrane PL

Bending Pb

Pressure and all external loads
and moments

Membrane PL

Bending Q

Peak F

Nozzle wall Gross structural discontinuities Local membrane PL

Bending Q

Peak F

Differential expansion Membrane Q

Bending

Peak F

Cladding Any Differential expansion Membrane F

Bending

Any Any Radial temperature distribution
[Note (4)]

Equivalent linear stress [Note
(3)]

Q

Nonlinear portion of stress
distribution

F

Any Any Any Stress concentration (notch
effect)

F

NOTES:
(1) If the bending moment at the edge is required to maintain the bending stress in the middle to acceptable limits, the edge bending is classified

as Pb . Otherwise, it is classified as Q .
(2) Consideration shall also be given to the possibility of wrinkling and excessive deformation in vessels with a large diameter‐thickness ratio.
(3) Consider possibility of thermal stress ratchet.
(4) Equivalent linear stress is defined as the linear stress distribution that has the same net bending moment as the actual stress distribution.
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ð13Þ Figure XIII-1141-1
Stress Categories and Limits of Stress Intensity

Primary Secondary 

Membrane 

Plus Bending Bending Peak Local Membrane General Membrane 

Stress 

Category 

Pm PL Pb F 

Symbol 

[Note (1)] 

Legend

Combination 
of stress 
components and 
allowable limits 
of stress 
intensities 

Description 
(For examples,  
see Table 
XIII-1130-1) 

Average primary 
stress across solid 
section. Excludes 
discontinuities and 
concentrations. 
Produced by 
pressure and 
mechanical loads. 

Average stress 
across any solid 
sections. Considers 
discontinuities but 
not concentrations. 
Produced by 
pressure and 
mechanical loads. 

Component of 
primary stress 
proportional to 
distance from 
centroid of solid 
section. Excludes 
discontinuities and 
concentrations. 
Produced by 
pressure and 
mechanical loads. 

Self-equilibrating 
stress necessary 
to satisfy continuity 
of structure. Occurs 
at structural 
discontinuities. Can 
be caused by 
pressure, mechanical 
loads, or by 
differential thermal 
expansion. Excludes 
local stress 
concentrations.  

Increment added 
to primary or 
secondary stress 
by a concentration 
(notch). 

(1) 

Certain thermal 
stresses which may 
cause fatigue but 
not distortion of 
vessel shape. 

(2) 

Use Design and Service Loads as appropriate.

Q 

[Note (2)] 

Use Service Loads only.

Pm kSm 

PL 

PL 	 Pb 

PL 	 Pb 	 Q 3Sm 

Note (4)

Note (3) 

1.5kSm 

1.5kSm 

PL 	 Pb 	 Q 	 F Sa 

Calculated Value
Allowable Value

NOTES:
(1) The symbols Pm, PL, Pb, Q, and F do not represent single quantities but rather sets of six quantities representing the six stress components σ t ,

σ l , σ r , τ l t , τ l r , and τ r t .
(2) The stresses in category Q are those parts of the total stress which are produced by thermal gradients, structural discontinuities, etc., and do

not include primary stresses which may also exist at the same point. It should be noted, however, that a detailed stress analysis frequently
gives the combination of primary and secondary stresses directly and, when appropriate, this calculated value represents the total of Pm (or
PL) + Pb + Q and not Q alone. Similarly, if the stress in category F is produced by a stress concentration, the quantity F is the additional stress,
produced by the notch, over and above the nominal stress. For example, if a plate has a nominal stress intensity S and has a notch with a
stress concentration factor K , then Pm = S, Pb = 0, Q = 0, F = Pm (K −1), and the total stress intensity equals Pm + Pm (K −1) = KPm .

(3) This limitation applies to the range of stress intensity. When the secondary stress is due to a temperature excursion at the point at which the
stresses are being analyzed, the value of Sm shall be taken as the average of the Sm values tabulated in Section II, Part D, Subpart 1, Tables 2A
and 2B for the highest and the lowest temperature of the metal during the transient. When part or all of the secondary stress is due to me-
chanical load, the value of Sm shall be taken as the Sm value for the highest temperature of the metal during the transient.

(4) Sa is obtained from the fatigue curves (Section III Appendices, Mandatory Appendix I, Figures I-9.1 through I-9.8). The allowable stress in-
tensity for the full range of fluctuation is 2 Sa .
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XIII-1144 Primary Membrane Plus Primary
Bending Stress Intensity

This stress intensity is derived from the highest value
across the thickness of a section of the general or local pri-
mary membrane stresses plus primary bending stresses
produced by

(a) Design Pressure and specified Design Mechanical
Loads for Design Loadings

(b) coincident pressure and mechanical loads asso-
ciated with each Service Loading as specified in the Design
Specification, but excluding all secondary and peak
stresses.

For solid rectangular sections, the allowable value of
this stress intensity is 1.5kSm , with Sm as given in Section
II, Part D, Subpart 1, Tables 2A and 2B. Values of k , reflect-
ing the appropriate Design or Service Limit under consid-
eration, are given in Table NC‐3217‐1 or Table WC‐3217‐1
as appropriate. For other than solid rectangular sections, a
value of α times the limit established in NC‐3217(b) or
WC‐3217(b) may be used, where the factor α is defined
as the ratio of the load set producing a fully plastic section
to the load set producing initial yielding in the extreme fi-
bers of the section. In the evaluation of the initial yield and
fully plastic section capacities, the ratios of each individual
load in the respective load set to each other load in that
load set shall be the same as the respective ratios of the
individual loads in the specified design load set. The value
of α shall not exceed the value calculated for bending only
(Pm = 0). In no case shall the value of α exceed 1.5. The
propensity for buckling of the part of the section
that is in compression shall be investigated. The α factor
is not permitted for Level D Service Limits when
inelastic component analysis is used as permitted in
Nonmandatory Appendix F.

XIII-1145 Primary Plus Secondary Stress
Intensity

This is the stress intensity, derived from the highest va-
lue at any point across the thickness of a section, of the
general or local primary membrane stresses plus primary
bending stresses plus secondary stresses produced by
specified service pressure and other specified mechanical
loads and by general thermal effects. The effects of gross
structural discontinuities but not of local structural dis-
continuities (stress concentrations) shall be included.
The allowable value of this stress intensity is 3Sm [Note
(3) of Figure XIII-1141-1].

XIII-1146 Peak Stress Intensity

This is the stress intensity, derived from the highest va-
lue at any point across the thickness of a section, of the
combination of all primary, secondary, and peak stresses
produced by specified service pressures and other me-
chanical loads and by general and local thermal effects
and including the effects of gross and local structural dis-
continuities. The allowable value of this stress intensity is

dependent on the range of the stress difference from
which it is derived and on the number of times it is to
be applied. The stress intensity is to be compared with
the allowable value obtained by the methods of analysis
for cyclic operation described in XIV-1200 through the
use of the fatigue curves.

XIII-1150 PLASTIC ANALYSIS, LIMIT ANALYSIS,
AND SHAKEDOWN ANALYSIS

XIII-1151 Plastic Analysis

(a) Certain of the allowable stresses permitted in these
design criteria are such that the maximum stress calcu-
lated on an elastic basis may exceed the yield strength of
the material. The limit on primary plus secondary stress
intensity of 3Sm (XIII-1145) has been placed at a level
which ensures shakedown to elastic action after a few re-
petitions of the stress cycle except in regions containing
significant local structural discontinuities or local thermal
stresses. These last two factors are considered only in the
performance of a fatigue evaluation.

(b) The limits on local membrane stress intensity
(XIII-1143) and primary membrane plus primary bending
stress intensity of 1.5kSm (XIII-1144) have been placed at
a level which conservatively ensures the prevention of col-
lapse as determined by the principles of limit analysis. The
following subparagraphs provide guidance in the applica-
tion of plastic analysis and some relaxation of the basic
stress limits which are allowed if plastic analysis is used.

XIII-1151.1 Value of Poisson’s Ratio.
(a) In evaluating stresses for comparison with any

stress limits other than fatigue allowables, stresses shall
be calculated on an elastic basis using the elastic value
of Poisson’s ratio.

(b) In evaluating stresses for comparison with fatigue
allowables, the elastic equations shall be used, except that
the numerical value substituted for Poisson’s ratio shall be
determined from the expression:

where

Sa = alternating stress intensity determined in
XIV-1221.3(a) or XIV-1221.3(b) prior to the elastic
modulus adjustment in XIV-1221.3(d).

Sy = the yield strength of the material at the mean value
of the temperature of the cycle

XIII-1151.2 Plastic Analysis Procedures. The limits
on local membrane stress intensity (XIII-1143), primary
plus secondary stress intensity (XIII-1145), thermal stress
ratchet in shell (XIV-1410), and thermal stress in noninte-
gral connections (XIV-1420) need not be satisfied at a spe-
cific location if at that location the procedures of the
following (a), (b), and (c) are used.
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(a) In evaluating stresses for comparison with the stress
limits of XIII-1142, XIII-1144 (general primary membrane
plus primary bending stress intensity only), XIII-1180,
NC‐3216.3(a), XIII-1160, and XIII-1121(b), the stresses
are calculated on an elastic basis.
(b) In lieu of satisfying the specific requirements of

XIII-1143, XIII-1145, NC‐3216.3(b), and XIV-1420 at a
specific location, the structural action is calculated on a
plastic basis and the design shall be considered to be ac-
ceptable if shakedown occurs, as opposed to continuing
deformation, and if the deformations which occur prior
to shakedown do not exceed specified limits.
(c) In evaluating stresses for comparison with fatigue

allowables, the numerically maximum principal total
strain range which occurs after shakedown shall be multi-
plied by one‐half of the modulus of elasticity of the mate-
rial at the mean value of the temperature of the cycle.

XIII-1152 Limit Analysis

The limits on local membrane stress intensity
(XIII-1143) and primary membrane plus primary bending
stress intensity need not be satisfied at a specific location
if it can be shown by means of limit analysis or by tests
that the specified mechanical and thermal loadings do
not exceed two‐thirds the lower bound collapse load.

XIII-1153 Shakedown Analysis

The 3Sm stress intensity limit on the range of primary
plus secondary stress intensity (XIII-1145) may be ex-
ceeded provided that the range of primary plus secondary
membrane plus bending stress intensity, excluding ther-
mal bending stresses, shall be ≤3Sm and that the following
requirements of (a) through (e) are met.
(a) The value of Sa used for entering the design fatigue

curve is multiplied by the factor Ke , where

Ke = 1.0, for Sn ≤ 3Sm
= 1.0 + [(1 − n)/n(m − 1)][(Sn)/(3Sm) − 1], for

3Sm < Sn < 3mSm
= 1/n , for Sn ≥ 3mSm

Sn = range of primary plus secondary stress intensity

The values of the material parameters m and n are gi-
ven for the various classes of permitted materials in
Table XIII-1153(a)-1.
(b) The rest of the fatigue evaluation stays the same as

required in Mandatory Appendix XIV, except that the pro-
cedure of XIII-1151.1 need not be used.
(c) The component meets the thermal ratcheting re-

quirement of Appendix XIV-1400.
(d) The temperature does not exceed those listed in

Table XIII-1153(a)-1 for the various classes of permitted
materials.
(e) The material shall have a specified minimum yield

strength to specified minimum tensile strength ratio of
less than 0.80.

XIII-1160 TRIAXIAL STRESSES

The algebraic sum of the three primary principal stres-
ses (σ1 + σ2 + σ3) shall not exceed four times the tabu-
lated value of Sm .

XIII-1170 NOZZLE PIPING TRANSITION

The Pm classification of stresses in nozzles resulting
from external load or moment is applicable for that length
of nozzle which lies within the limits of reinforcement
whether or not nozzle reinforcement is required. Beyond
the limits of reinforcement, a PL classification may be ap-
plied to the stresses resulting from external load or mo-
ment attributable to thermal expansion of the attached
piping. However, the pressure and mechanical load in-
duced membrane stresses retain a Pm classification.

XIII-1180 BOLTING
XIII-1181 Bolt and Gasket Requirements

(a) The number and cross‐sectional area of bolts
r equ i r ed to res i s t i n t e rna l pre ssure sha l l be
determined in accordance with the procedures of
Mandatory Appendix XI. The allowable bolt design stres-
ses, as used in the equations of Mandatory Appendix XI,
shall be the values given in Section II, Part D, Subpart 1,
Table 4 for bolting materials. When sealing is effected by
a seal weld instead of a gasket, the gasket factor m and
the minimum design seating stress y may be taken as zero.
(b)When gaskets are used for preservice testing only,

the design is satisfactory if the above requirements are sa-
tisfied form = y = 0 and the requirements of XIII-1182 are
satisfied when the appropriate m and y are used for the
test gasket.

XIII-1182 Allowable Maximum Service Stresses in
Bolts

It is recognized that actual service stresses in bolts, such
as those produced by the combination of preload, pres-
sure, and differential thermal expansion, may be higher
than the values given in Section II, Part D, Subpart 1, Table
4. The maximum of such service stress, averaged across
the bolt cross section and neglecting stress concentra-
tions, shall not exceed two times the stress values of

Table XIII-1153(a)-1
Values of m, n, and Tmax for Various Classes

of Permitted Materials

Materials m n Tmax , °F (°C)

Low alloy steel 2.0 0.2 700 (370)
Martensitic stainless steel 2.0 0.2 700 (370)
Carbon steel 3.0 0.2 700 (370)
Austenitic stainless steel 1.7 0.3 800 (425)
Nickel‐chromium‐iron 1.7 0.3 800 (425)
Nickel‐copper 1.7 0.3 800 (425)
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Section II, Part D, Subpart 1, Table 4. Except as restricted
by XIV-1322(b), the maximum value of such service stress
at the periphery of the bolt cross section resulting from di-
rect tension plus bending and neglecting stress concentra-
tions shall not exceed three times the stress values of

Section II, Part D, Subpart 1, Table 4. Stress intensity,
rather than maximum stress, shall be limited to this value
when the bolts are tightened by methods other than hea-
ters, stretchers, or other means which minimize residual
torsion.

111

2013 SECTION III APPENDICES

-
-
`
`
,
,
,
,
,
`
`
`
`
,
`
,
`
,
`
,
`
,
`
`
`
,
,
,
,
-
`
-
`
,
,
`
,
,
`
,
`
,
,
`
-
-
-



ARTICLE XIII-2000
PRESSURE STRESSES IN OPENINGS FOR FATIGUE EVALUATION

XIII-2100 METHODS OF EVALUATION

XIII-2110 ACCEPTABLE METHODS

For the purpose of detecting peak stresses around the
opening, three acceptable methods are listed in (a), (b),
and (c) below.
(a) Analytical Method. This method uses suitable analy-

tical techniques, such as finite element computer analyses,
which provide detailed stress distributions around open-
ings. In addition to peak stresses due to pressure, the ef-
fects of other loadings shall be included. The total peak
stress at any given point shall be determined by combin-
ing stresses due to pressure, thermal, and external load-
ings in accordance with the rules of XIII-1000.
(b) Experimental Stress Analysis. This is based on data

from experiments (XIII-2130).
(c) Stress Index Method. This uses various equations

based on data obtained from an extensive series of tests
covering a range of variations of applicable dimensional
ratios and configurations (para. XIII-2120). This method
covers only single, isolated openings. Stress indices may
also be determined by theoretical or experimental stress
analysis. Such analysis may be included in the Design
Report.

XIII-2120 STRESS INDEX METHOD
XIII-2121 Stress Index

The term stress index, as used herein, is defined as the
numerical ratio of the stress components σ t , σn , and σ r

under consideration to the computed membrane hoop
stress in the unpenetrated vessel material. However, the
material which increases the thickness of a vessel wall lo-
cally at the nozzle shall not be included in the calculations
of these stress components. When the thickness of the wall
is increased over that required, the values of r1 and r2 in
Figure XIII-2124(e)-1 shall be referred to the thickened
section.

XIII-2122 Nomenclature

The nomenclature for the stress components are shown
in Figure XIII-2122-1 and are defined as follows:

R = inside radius, in corroded condition, of cylindrical
vessel, spherical vessel, or spherical head

S = the stress intensity at the point under consideration
t = nominal wall thickness less corrosion allowance, of

vessel or head

σn = the stress component normal to the plane of the sec-
tion, such as the circumferential stress around the
hole in the shell

σ r = the stress component normal to the boundary of the
section

σ t = the stress component in the plane of the section un-
der consideration and parallel to the boundary of
the section

XIII-2123 Stress Indices for Nozzles
When the conditions of XIII-2122 are satisfied, the

stress indices given in Tables XII I -2123-1 and
XIII-2123-2 may be used for nozzles designed in accor-
dance with the applicable rules of NC‐3230 or WC‐3230,
and NC‐3259 or WC‐3259. These stress indices deal only
with the maximum stresses, at certain general locations,
due to internal pressure. In the evaluation of stresses in
or adjacent to vessel openings and connections, it is often
necessary to consider the effect of stresses due to external
loadings or thermal stresses. In such cases, the total stress
at a given point may be determined by superposition. In
the case of combined stresses due to internal pressure
and nozzle loading, the maximum stresses for a given loca-
tion shall be considered as acting at the same point and
added algebraically unless positive evidence is available
to the contrary.

Figure XIII-2122-1
Direction of Stress Components
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XIII-2124 Limitations of Indices of XIII-2123

The indices of XIII-2123 apply provided the following
conditions set forth in (a) through (g) exist.

(a) The opening is for a circular nozzle whose axis is
normal to the vessel wall. If the axis of the nozzle makes
an angle ϕ with the normal to the vessel wall, an estimate
of the σn index on the inside may be obtained from one of
the following equations, provided d/D ≤ 0.15.

For hillside connections in spheres or cylinders,

For lateral connections in cylinders,

where

K1 = the σn inside stress index of XIII-2123 for a radial
connection

K2 = the estimated σn inside stress index for the nonra-
dial connection

(b) The arc distance measured between the center lines
of adjacent nozzles along the inside surface of the shell is
not less than three times the sum of their inside radii for
openings in a head or along the longitudinal axis of a shell,
and is not less than two times the sum of their radii for
opening along the circumference of a cylindrical shell.
See NC‐3231.1(a)(3) when two nozzles are not on a long-
itudinal or circumferential line.

(c) The following dimensional ratios are met:

Ratio Cylinder Sphere

D/T 10 to 100 10 to 100

d/D 0.5 max. 0.5 max.

… 0.8 max.

1.5 max. …

where D is the inside shell diameter, t is the shell thick-
ness, and d is the inside nozzle diameter. In the case of cy-
lindrical shells, the total nozzle reinforcement area on the
transverse axis of the connections, including any outside
of the reinforcement limits, shall not exceed 200% of that
required for the longitudinal axis compared to 50% per-
mitted by Figure NC‐3332.2‐1 or WC‐3232.2‐1 unless a ta-
pered transition section is incorporated into the
reinforcement and the shell, meeting the requirements
of NC‐3261 or WC‐3261.

(d) In the case of spherical shells and formed heads, at
least 40% of the total nozzle reinforcement area shall be
located beyond the outside surface of the minimum re-
quired vessel wall thickness.

(e) The inside corner radius r1 [Figure XIII-2124(e)-1]
is between 10% and 100% of the shell thickness t .

(f) The outer corner radius r2 [Figure XIII-2124(e)-1] is
large enough to provide a smooth transition between the
nozzles and the shell. In addition, for opening diameters
in cylindrical shells and 2:1 ellipsoidal heads greater than
11/2 shell thicknesses and in spherical shells greater than 3
shell thicknesses, the value of r2 shall be not less than one‐
half the thickness of the shell or nozzle wall, whichever is
greater.

(g) The radius r 3 [Figure XIII-2124(e)-1] is not less
than the greater of (1) or (2) below

(1) 0.002θdo , where do is the outside diameter of the
nozzle and is as shown in Figure XIII-2124(e)-1 and the
angle θ is expressed in degrees

(2) 2(sin θ)3 times offset for the configuration shown
in Figure XIII-2124(e)-1 sketches (a) and (b)

XIII-2130 EXPERIMENTAL STRESS ANALYSIS
METHOD

XIII-2131 Determination of Stress Intensities
The stress intensities for opening configurations which

do not meet the requirements of NC‐3230, WC‐3230, or of
XIII-2124 shall be determined in accordance with meth-
ods of Mandatory Appendix II.

XIII-2132 Evaluation of Data for Similar But
Slightly Different Configurations

In accordance with II-1112, reevaluation is not required
for configurations for which there are available detailed
experimental results that are consistent with the require-
ments of Mandatory Appendix II. In order that available
experimental data may be interpreted as providing infor-
mation pertinent to the analysis of slightly different

Table XIII-2123-1
Nozzles in Spherical Shells and Formed Heads

Stress Inside Corner Outside Corner

σn 2.0 2.0
σ t −0.2 2.0
σ r −2t/R 0
S 2.2 2.0

Table XIII-2123-2
Nozzles in Cylindrical Shells

Longitudinal Plane Transverse Plane

Stress Inside Outside Inside Outside

σn 3.1 1.2 1.0 2.1
σ t −0.2 1.0 −0.2 2.6
σ r −t/R 0 −t/R 0
S 3.3 1.2 1.2 2.6
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configurations, thereby possibly minimizing the need for
additional investigations, the following guidelines of (a)
through (d) are presented:
(a) For an unreinforced opening or for an opening

where the reinforcement is provided primarily by a uni-
form increase in vessel wall thickness, the stresses around
the opening will increase with increasing d/D ratio of the
opening (diameter of nozzle or opening to diameter of
shell). Therefore, experimental data for a small d/D ratio
cannot be safely applied to a larger d/D ratio but can be
applied to a smaller d/D ratio provided the experiments
were made at a d/D ratio <0.5.
(b) For an unreinforced opening or for an opening

where the reinforcement is provided primarily by a uni-
form increase in vessel wall thickness, the stresses around
the opening will increase with increasing d/t ratio for
thinner shells. Therefore, experimental data for a rela-
tively small d/t ratio cannot be safely applied to a larger
d/t ratio but can be applied to a smaller d/t ratio.

(c) Generally speaking, the stress data available in the
literature are applicable only to single openings. Such data
should be considered valid only for a connection suffi-
ciently removed from another nozzle, opening, flange, or
other major discontinuity so that superposition of stresses
will not produce an unacceptable value of stress intensity.
(d) Stresses at the outside juncture of a nozzle and shell

are greatly influenced by the fillet or transition at the junc-
ture. Generally speaking, stress data available in the litera-
ture are for certain specific fillet radii. Other factors being
equal, these stress data may be considered valid for fillet
radii equal to or greater than used in the test but should
not be considered valid for smaller fillet radii or undefined
fillets and transitions, such as for a triangular weld fillet,
as commonly used.

Figure XIII-2124(e)-1
Nozzle Nomenclature and Dimensions
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MANDATORY APPENDIX XIV

ARTICLE XIV-1000
DESIGN BASED ON FATIGUE ANALYSIS

XIV-1100 INTRODUCTION

XIV-1110 SCOPE

This Appendix is applicable only to the fatigue analysis
of Class 2 vessels meeting the requirements of NC‐3200
and containments meeting the requirements of WC‐3200.

XIV-1200 ANALYSIS FOR CYCLIC SERVICE
OF VESSELS

XIV-1210 GENERAL REQUIREMENTS
XIV-1211 Suitability of Vessel for Cyclic Service

The suitability of a vessel component for specified Ser-
vice Conditions involving cyclic application of loads and
thermal conditions shall be determined by the methods
described in this Appendix, except that the suitability of
high strength bolts shall be determined by the methods
of XIV-1300 and the possibility of thermal stress ratchet
shall be investigated in accordance with XIV-1400. If the
specified service of the vessel meets all of the conditions
of NC‐3219 or WC‐3219, no analysis for cyclic service is
required and it may be assumed that the limits on peak
stress intensities as governed by fatigue have been satis-
fied by compliance with the applicable requirements for
materials, design, fabrication, examination, and testing of
Subsections NC or WC. If the service does not meet all
the conditions of NC‐3219 or WC‐3219, a fatigue analysis
shall be made in accordance with XIV-1220 or a fatigue
test shall be made in accordance with II‐1150.

XIV-1212 Allowable Amplitude of Alternating
Stresses

The conditions and procedures of NC‐3219 orWC‐3219,
and XIV-1220 are based on a comparison of peak stresses
with strain cycling fatigue data. The strain cycling fatigue
data are represented by the design fatigue strength curves
of Figures I-9.0.11 These curves show the allowable ampli-
tude Sa of the alternating stress component (one‐half of
the alternating stress range) plotted against the number
of cycles. The stress amplitude is calculated on the as-
sumption of elastic behavior and hence has the dimen-
sions of stress, but it does not represent a real stress

when the elastic range is exceeded. The fatigue curves
are obtained from uniaxial strain cycling data in which
the imposed strains have been multiplied by the elastic
modulus and a design margin has been provided, so as
to make the calculated stress intensity and amplitude
and the allowable stress amplitude directly comparable.
The curves have been adjusted, where necessary, to in-
clude the maximum effects of mean stress, which is the
condition where the stress fluctuates about a mean value
which is different from zero. As a consequence of this pro-
cedure, it is essential that the requirements of XIII-1145
and XIII-1160 be satisfied at all times, with transient stres-
ses included and that the calculated value of the alternat-
ing stress intensity be proportional to the actual strain
amplitude. To evaluate the effect of alternating stresses
of varying amplitudes, a linear damage relation is assumed
in XIV-1220.

XIV-1213 Loadings to Be Considered

The loadings to be considered shall include those loads
that are due to testing of the vessel when such testing is in
addition to that required by NC‐6100 or WC‐6000.

XIV-1220 CYCLIC LOADING
XIV-1221 Design for Cyclic Loading

XIV-1221.1 Determination of Vessel’s Ability to
Withstand Cyclic Loading. If the specific service of the
vessel does not meet the conditions of NC‐3219 or
WC‐3219, the ability of the vessel to withstand the speci-
fied cyclic service without fatigue failure shall be deter-
mined as provided herein. The determination shall be
made on the basis of the stresses at a point of the vessel
and the allowable stress cycles shall be adequate for the
specified service at every point. Only the stresses due to
the specified service cycle need be considered; stresses
produced by any load or thermal condition which does
not vary during the cycle need not be considered, since
they are mean stresses and the maximum possible effect
of mean stress is included in the fatigue design curves.

XIV-1221.2 Significance of Compliance With Re-
quirements for Cyclic Loading. Compliance with these re-
quirements means only that the vessel is suitable from the
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standpoint of possible fatigue failure; complete suitability
for the specified service is also dependent on meeting the
general stress limits of XIII-1140 and any applicable spe-
cial stress limits of XIV-1410.

XIV-1221.3 Cyclic Loading Design Procedure.

(a) When Principal Stress Direction Does Not Change. For
any case in which the directions of the principal stresses at
the point being considered do not change during the cycle,
steps (1), (2), and (3) shall be followed to determine the
alternating stress intensity.

(1) Principal Stresses. Consider the values of the three
principal stresses at the point versus time for the complete
stress cycle, taking into account both the gross and local
structural discontinuities and the thermal effects which
vary during the cycle. These are designated as σ1 , σ 2 ,
and σ3 for later identification.

(2) Stress Differences. Determine the stress differ-
ences S12 = σ1 − σ2 , S23 = σ2 − σ3 , and S31 = σ3 − σ1

versus time for the complete cycle. In what follows, the
symbol S i j is used to represent any one of these three
stress differences.

(3) Alternating Stress Intensity. Determine the ex-
tremes of the range through which each stress difference
S i j fluctuates, and find the absolute magnitude of this
range for each S i j . Call this magnitude S r i j and let
Salt ij = 0.5Sr i j . The alternating stress intensity Sa l t is the
largest of the Salt ij values.

(b) When Principal Stress Direction Changes. For any
case in which the directions of the principal stresses at
the point being considered change during the stress cycle,
it is necessary to use steps (1) through (5).

(1) Consider the values of the six stress components
σ t , σ l , σ r , τ l t , τ l r , and τ r t versus time for the complete
stress cycle, taking into account both the gross and local
structural discontinuities and the thermal effects which
vary during the cycle.

(2) Choose a point in time when the conditions are
one of the extremes for the cycle, either maximum or mini-
mum algebraically, and identify the stress components at
this time by the subscript i . In most cases it will be possi-
ble to choose at least one time during the cycle when the
conditions are known to be extreme. In some cases it may
be necessary to try different points in time to find the one
which results in the largest value of alternating stress
intensity.

(3) Subtract each of the six stress components σ t i ,
σ l i , etc., from the corresponding stress components σ t ,
σ l , etc., at each point in time during the cycle and call
the resulting components σ ′t , σ ′l , etc.

(4) At each point in time during the cycle, calculate
the principal stresses σ ′1, σ ′2, and σ ′3 derived from the
six stress components σ ′t , σ ′l , etc. Note that the directions
of the principal stresses may change during the cycle but
each principal stress retains its identity as it rotates.

(5) Determine the stress differences S ′12 = σ ′1 − σ ′2,
S ′23 = σ ′2 − σ ′3, and S ′31 = σ ′3 − σ ′1 versus time for the
complete cycle and find the largest absolute magnitude
of any stress difference at any time. The alternating stress
intensity Sa l t is one‐half of this magnitude.

(c) Design Fatigue Curves. Figures I-9.1 through I-9.6
contain the applicable fatigue design curves for some of
the materials permitted by Subsection NC or Subsection
WC. When more than one curve is presented for a given
material, the applicability of each curve to materials of
various strength levels is identified. Linear interpolation
may be used for intermediate strength levels of these ma-
terials. As used herein, the strength level is the specified
minimum room temperature value.

(d) Use of Design Fatigue Curve. Multiply Sa l t , as deter-
mined in (a) or (b), by the ratio of the modulus of elasticity
given on the design fatigue curve to the value used in the
analysis. Enter the applicable design fatigue curve at this
value on the ordinate axis and find the corresponding
number of cycles on the abscissa. If the operational cycle
being considered is the only one which produces signifi-
cant fluctuating stresses, this is the allowable number of
cycles.

(e) Cumulative Damage. If there are two or more types
of stress cycles which produce significant stresses, their
cumulative effect shall be evaluated as given in (1)
through (6).

(1) Designate the specified number of times each type
of stress cycle of types 1, 2, 3, ..., n will be repeated during
the life of the vessel as n1 , n2 , n3 , ..., nn , respectively. In
determining n1 , n2 , n3 , ..., nn , consideration shall be given
to the superposition of cycles of various origins which pro-
duce a total stress difference range greater than the stress
difference ranges of the individual cycles. For example, if
one type of stress cycle produces 1000 cycles of a stress
difference variation from 0 to +60.0 ksi and another type
of stress cycle produces 10,000 cycles of a stress differ-
ence variation from 0 to −50.0 ksi, the two types of cycle
to be considered are defined by the following parameters.

For type 1 cycle:

For type 2 cycle:

(2) For each type of stress cycle determine the alter-
nating stress intensity Sa l t by the procedures of the pre-
ceding (a) or (b). Call these quantities Salt 1, Salt 2, Salt 3,
..., Salt n.
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(3) For each value Salt 1, Salt 2, Salt 3, ..., Salt n, use the
applicable design fatigue curve to determine the maxi-
mum number of repetitions which would be allowable if
this type of cycle were the only one acting. Call these va-
lues N1 , N2 , N3 , ..., Nn .

(4) For each type of stress cycle, calculate the usage
factors U 1 , U 2 , U 3 , . . . , U n from U 1 = n 1 /N 1 , U 2 =
n2/N2 , U3 = n3/N3 , ..., Un = nn/Nn.

(5) Calculate the cumulative usage factor U from
U = U1 + U2 + U3 + ... + Un .

(6) The cumulat ive usage factor U shal l not
exceed 1.0.

XIV-1222 Local Structural Discontinuities

These effects shall be evaluated for all conditions using
stress concentration factors determined from theoretical,
experimental, or photoelastic studies, or numerical stress
analysis techniques. Experimentally determined fatigue
strength reduction factors may be used when determined
in accordance with the procedures of II-1600, except for
high strength alloy steel bolting for which the require-
ments of XIV-1322 shall apply when using the design fati-
gue curve of Figure I-9.4. Except for the case of crack‐like
defects, no fatigue strength factor greater than five need
be used.

XIV-1223 Fillet Welds

Fillet welds shall not be used in vessels for joints of Ca-
tegory A, B, C, or D (Figure NC‐3351‐1 or Figure
WC‐3251‐1) except as permitted for joints of Category C
for slip on flanges (NC‐3252.3 and NC‐3262.2) and for
the joints of Category D as permitted in NC‐3259 or
WC‐3259. Fillet welds may be used for attachment to pres-
sure vessels using one‐half the stress limits of XIII-1142
through XIII-1145 for primary and secondary stresses.
Evaluation for cyclic loading shall be made in accordance
with Mandatory Appendix XIV using a fatigue strength re-
duction factor of four and shall include consideration of
temperature differences between the vessel and the at-
tachment and expansion or contraction of the vessel pro-
duced by internal or external pressure.

XIV-1300 ANALYSIS FOR CYCLIC SERVICE
OF BOLTS

XIV-1310 GENERAL REQUIREMENTS
XIV-1311 Suitability of Bolts for Cyclic Service

Unless the vessel on which they are installed meets all
the conditions of NC‐3219 or WC‐3219 and thus requires
no fatigue analysis, the suitability of bolts for cyclic service
shall be determined in accordance with the procedures of
XIV-1320.

XIV-1320 EVALUATION OF BOLTS DEPENDENT
ON THEIR MATERIAL PROPERTIES

XIV-1321 Bolts With Tensile Strengths Less Than
100 ksi (689 MPa)

Bolts made of materials which have minimum specified
tensile strengths of less than 100.0 ksi (689 MPa) shall be
evaluated for cyclic operation by the methods of
XIV-1220, using the applicable design fatigue curve,
Figure I-9.1 or Figure I-9.2 and an appropriate stress con-
centration factor (XIV-1324).

XIV-1322 High Strength Bolts

High strength alloy steel bolts and studs may be evalu-
ated for cyclic operation by the methods of XIV-1220,
using the design fatigue curve of Figure I-9.4, provided
the following requirements of (a) through (e) are met:

(a) The material is one of the following: SA-193 Grade
B‐7 or B‐16; SA-320 Grade L‐43; SA-540 Grades B‐23
and B‐24, heat treated in accordance with SA-540,
Section 5.

(b) The maximum value of the service stress at the per-
iphery of the bolt cross section resulting from direct ten-
sion plus bending and neglecting stress concentrations
shall not exceed 2.7Sm , if the higher of the two fatigue de-
sign curves given in Figure I-9.4 is used. The 2.0Sm limit
for direct tension is unchanged.

(c) Threads shall be of a Vee type, having a minimum
thread root radius no smaller than 0.003 in. (0.076 mm).

(d) Fillet radii at the end of the shank shall be such that
the ratio of fillet radius to shank diameter is not less than
0.060.

(e) The fatigue strength reduction factor used in the fa-
tigue evaluation shall not be less than 4.0.

XIV-1323 Acceptability for Cyclic Service

The bolts shall be acceptable for the specific cyclic appli-
cation of loads and thermal stresses provided the cumula-
tive usage factor U , as determined in XIV-1221.3(e), does
not exceed 1.0.

XIV-1324 Fatigue Strength Reduction Factor for
Threads

Unless it can be shown by analysis or test that a lower
value is appropriate, the fatigue strength reduction factor
used in the fatigue evaluation of threaded members shall
not be less than 4.0.

XIV-1400 ANALYSIS FOR THERMAL STRESS
RATCHET

XIV-1410 THERMAL STRESS RATCHET IN SHELL

Under certain combinations of steady state and cyclic
loadings there is a possibility of large distortions develop-
ing as the result of ratchet action, that is, the deformation
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increases by a nearly equal amount for each cycle. Exam-
ples of this phenomenon are treated in XIV-1410 and in
XIV-1420.
(a) The limiting value of the maximum cyclic thermal

stress permitted in a shell loaded by steady state internal
pressure in order to prevent cyclic growth in diameter is
as follows. Let

y ′ = maximum allowable thermal stress, computed on an
elastic basis, divided by the yield strength12 Sy

x = maximum general membrane stress due to pressure
divided by the yield strength12 Sy

(1) Case 1: Linear variation of temperature through
the shell wall

(2) Case 2: Parabolic constantly increasing or con-
stantly decreasing variation of temperature through the
shell wall

and approximately, for x < 0.615, y ′ = 4.65, 3.55, and 2.70
for x = 0.3, 0.4, and 0.5, respectively.
(b) Use of the yield strength Sy in the above relations in-

stead of the proportional limit allows a small amount of
growth during each cycle until strain hardening raises

the proportional limit to Sy . If the yield strength of the ma-
terial is higher than 2 times the Sa value for the maximum
number of cycles on the applicable fatigue curve of Figures
I-9.0 for the material, the latter value shall be used, if there
are to be a large number of cycles, because strain softening
may occur.

XIV-1420 PROGRESSIVE DISTORTION OF
NONINTEGRAL CONNECTIONS

Screwed on caps, screwed in plugs, shear ring closures,
and breech lock closures are examples of nonintegral con-
nections which are subject to failure by bell mouthing or
other types of progressive deformation. If any combina-
tion of applied loads produces yielding, such joints are
subject to ratcheting because the mating members may
become loose at the end of each complete operating cycle
and start the next cycle in a new relationship with each
other, with or without manual manipulation. Additional
distortion may occur in each cycle so that interlocking
parts, such as threads, can eventually lose engagement.
Therefore, primary plus secondary stress intensities
(XIII-1145) which result in slippage between the parts
of a nonintegral connection in which disengagement could
occur as a result of progressive distortion shall be limited
to the allowable stress limits given in XIII-1142 and
XIII-1143.
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MANDATORY APPENDIX XVIII

ARTICLE XVIII-1000
CAPACITY CONVERSIONS FOR PRESSURE RELIEF VALVES

XVIII-1100 PROCEDURE FOR CONVERSION

XVIII-1110 EQUATIONS FOR CONVERSION
(COMPRESSIBLE FLUIDS)

The capacity of a relief valve in terms of a gas or vapor
other than the medium for which the valve was officially
rated shall be determined by application of the following
equations:13

For dry saturated steam:

pressures up to 1,500 psig (10.3 MPa)

ð1Þ

where

CN = 51.5 (5.25)

Pressures over 1,500 psig (10.3 MPa) and up to
3,200 psig (22 MPa), the value of Ws , calculated by the
above equation, shall be multiplied by the following factor,
FN .

(U.S. Customary Units)

(SI Units)

For superheated steam:

For superheated steam the value of Ws shall be multi-
plied by the appropriate superheat correction factor,
Ksh , of Table XVIII-1110-1 (or Table XVIII-1110-1M for
SI calculations).

For wet saturated steam:

For wet saturated steam with a quality (dryness frac-
tion) of 0.90 or greater, the value of Ws shall be corrected
by dividing by the quality of the steam used for testing.

For air:

ð2Þ

where

C = 356 (27.03)
M = 28.97 mol. wt.
T = 520 (288) when Wa is the rated capacity

For any gas or vapor (other than steam):

ð3Þ

where

A = actual discharge area of the pressure relief valve,
in.2 (mm2)

C = constant for gas or vapor which is a function of the
r a t i o o f s p e c i f i c h e a t s , k = c p / c v

(Figure XVIII-1110-1)
K = coefficient of discharge
M = molecular weight
P = (set pressure + overpressure) plus atmospheric

pressure, psia (MPaabs.)
T = absolute temperature at inlet (°F plus 460) (K)
W = flow of any gas or vapor, lb/hr (kg/h)
Wa = rated capacity,14 converted to lb/hr (kg/h) of air at

60°F (15°C) inlet temperature
Ws = rated capacity, lb/hr (kg/h) of steam
Z = ratio of deviation of the actual gas from a perfect

gas, a ratio evaluated at inlet conditions

These equations shall also be used when the required
flow of any gas or vapor is known and it is necessary to
compute the rated capacity of steam or air.

(a) Molecular weight of some of the common gases and
vapors are given in Table XVIII-1110(a)-1.

(b) In the case of hydrocarbons, the compressibility fac-
tor Z shall be included in the equation for gases and va-
pors as follows:

ð4Þ
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Table XVIII-1110-1
Superheat Correction Factor Ksh

Flowing
Pressure
(psia)

Superheat Correction Factor Ksh , Total Temperature, °F, of Superheated Steam

400 450 500 550 600 650 700 750 800 850 900 950 1000 1050 1100 1150 1200

50 0.987 0.957 0.930 0.905 0.882 0.861 0.841 0.823 0.805 0.789 0.774 0.759 0.745 0.732 0.719 0.708 0.696
100 0.998 0.963 0.935 0.909 0.885 0.864 0.843 0.825 0.807 0.790 0.775 0.760 0.746 0.733 0.720 0.708 0.697
150 0.984 0.970 0.940 0.913 0.888 0.866 0.846 0.826 0.808 0.792 0.776 0.761 0.747 0.733 0.721 0.709 0.697
200 0.979 0.977 0.945 0.917 0.892 0.869 0.848 0.828 0.810 0.793 0.777 0.762 0.748 0.734 0.721 0.709 0.698
250 … 0.972 0.951 0.921 0.895 0.871 0.850 0.830 0.812 0.794 0.778 0.763 0.749 0.735 0.722 0.710 0.698

300 … 0.968 0.957 0.926 0.898 0.874 0.852 0.832 0.813 0.796 0.780 0.764 0.750 0.736 0.723 0.710 0.699
350 … 0.968 0.963 0.930 0.902 0.877 0.854 0.834 0.815 0.797 0.781 0.765 0.750 0.736 0.723 0.711 0.699
400 … … 0.963 0.935 0.906 0.880 0.857 0.836 0.816 0.798 0.782 0.766 0.751 0.737 0.724 0.712 0.700
450 … … 0.961 0.940 0.909 0.883 0.859 0.838 0.818 0.800 0.783 0.767 0.752 0.738 0.725 0.712 0.700
500 … … 0.961 0.946 0.914 0.886 0.862 0.840 0.820 0.801 0.784 0.768 0.753 0.739 0.725 0.713 0.701

550 … … 0.962 0.952 0.918 0.889 0.864 0.842 0.822 0.803 0.785 0.769 0.754 0.740 0.726 0.713 0.701
600 … … 0.964 0.958 0.922 0.892 0.867 0.844 0.823 0.804 0.787 0.770 0.755 0.740 0.727 0.714 0.702
650 … … 0.968 0.958 0.927 0.896 0.869 0.846 0.825 0.806 0.788 0.771 0.756 0.741 0.728 0.715 0.702
700 … … … 0.958 0.931 0.899 0.872 0.848 0.827 0.807 0.789 0.772 0.757 0.742 0.728 0.715 0.703
750 … … … 0.958 0.936 0.903 0.875 0.850 0.828 0.809 0.790 0.774 0.758 0.743 0.729 0.716 0.703

800 … … … 0.960 0.942 0.906 0.878 0.852 0.830 0.810 0.792 0.774 0.759 0.744 0.730 0.716 0.704
850 … … … 0.962 0.947 0.910 0.880 0.855 0.832 0.812 0.793 0.776 0.760 0.744 0.730 0.717 0.704
900 … … … 0.965 0.953 0.914 0.883 0.857 0.834 0.813 0.794 0.777 0.760 0.745 0.731 0.718 0.705
950 … … … 0.969 0.958 0.918 0.886 0.860 0.836 0.815 0.796 0.778 0.761 0.746 0.732 0.718 0.705

1,000 … … … 0.974 0.959 0.923 0.890 0.862 0.838 0.816 0.797 0.779 0.762 0.747 0.732 0.719 0.706

1,050 … … … … 0.960 0.927 0.893 0.864 0.840 0.818 0.798 0.780 0.763 0.748 0.733 0.719 0.707
1,100 … … … … 0.962 0.931 0.896 0.867 0.842 0.820 0.800 0.781 0.764 0.749 0.734 0.720 0.707
1,150 … … … … 0.964 0.936 0.899 0.870 0.844 0.821 0.801 0.782 0.765 0.749 0.735 0.721 0.708
1,200 … … … … 0.966 0.941 0.903 0.872 0.846 0.823 0.802 0.784 0.766 0.750 0.735 0.721 0.708
1,250 … … … … 0.969 0.946 0.906 0.875 0.848 0.825 0.804 0.785 0.767 0.751 0.736 0.722 0.709

1,300 … … … … 0.973 0.952 0.910 0.878 0.850 0.826 0.805 0.786 0.768 0.752 0.737 0.723 0.709
1,350 … … … … 0.977 0.958 0.914 0.880 0.852 0.828 0.807 0.787 0.769 0.753 0.737 0.723 0.710
1,400 … … … … 0.982 0.963 0.918 0.883 0.854 0.830 0.808 0.788 0.770 0.754 0.738 0.724 0.710
1,450 … … … … 0.987 0.968 0.922 0.886 0.857 0.832 0.809 0.790 0.771 0.754 0.739 0.724 0.711
1,500 … … … … 0.993 0.970 0.926 0.889 0.859 0.833 0.811 0.791 0.772 0.755 0.740 0.725 0.711

1,550 … … … … … 0.972 0.930 0.892 0.861 0.835 0.812 0.792 0.773 0.756 0.740 0.726 0.712
1,600 … … … … … 0.973 0.934 0.894 0.863 0.836 0.813 0.792 0.774 0.756 0.740 0.726 0.712
1,650 … … … … … 0.973 0.936 0.895 0.863 0.836 0.812 0.791 0.772 0.755 0.739 0.724 0.710
1,700 … … … … … 0.973 0.938 0.895 0.863 0.835 0.811 0.790 0.771 0.754 0.738 0.723 0.709
1,750 … … … … … 0.974 0.940 0.896 0.862 0.835 0.810 0.789 0.770 0.752 0.736 0.721 0.707

1,800 … … … … … 0.975 0.942 0.897 0.862 0.834 0.810 0.788 0.768 0.751 0.735 0.720 0.705
1,850 … … … … … 0.976 0.944 0.897 0.862 0.833 0.809 0.787 0.767 0.749 0.733 0.718 0.704
1,900 … … … … … 0.977 0.946 0.898 0.862 0.832 0.807 0.785 0.766 0.748 0.731 0.716 0.702
1,950 … … … … … 0.979 0.949 0.898 0.861 0.832 0.806 0.784 0.764 0.746 0.729 0.714 0.700
2,000 … … … … … 0.982 0.952 0.899 0.861 0.831 0.805 0.782 0.762 0.744 0.728 0.712 0.698

2,050 … … … … … 0.985 0.954 0.899 0.860 0.830 0.804 0.781 0.761 0.742 0.726 0.710 0.696
2,100 … … … … … 0.988 0.956 0.900 0.860 0.828 0.802 0.779 0.759 0.740 0.724 0.708 0.694
2,150 … … … … … … 0.956 0.900 0.859 0.827 0.801 0.778 0.757 0.738 0.722 0.706 0.692
2,200 … … … … … … 0.955 0.901 0.859 0.826 0.799 0.776 0.755 0.736 0.720 0.704 0.690
2,250 … … … … … … 0.954 0.901 0.858 0.825 0.797 0.774 0.753 0.734 0.717 0.702 0.687

2,300 … … … … … … 0.953 0.901 0.857 0.823 0.795 0.772 0.751 0.732 0.715 0.699 0.685
2,350 … … … … … … 0.952 0.902 0.856 0.822 0.794 0.769 0.748 0.729 0.712 0.697 0.682
2,400 … … … … … … 0.952 0.902 0.855 0.820 0.791 0.767 0.746 0.727 0.710 0.694 0.679
2,450 … … … … … … 0.951 0.902 0.854 0.818 0.789 0.765 0.743 0.724 0.707 0.691 0.677
2,500 … … … … … … 0.951 0.902 0.852 0.816 0.787 0.762 0.740 0.721 0.704 0.688 0.674

2,550 … … … … … … 0.951 0.902 0.851 0.814 0.784 0.759 0.738 0.718 0.701 0.685 0.671
2,600 … … … … … … 0.951 0.903 0.849 0.812 0.782 0.756 0.735 0.715 0.698 0.682 0.664
2,650 … … … … … … 0.952 0.903 0.848 0.809 0.779 0.754 0.731 0.712 0.695 0.679 0.664
2,700 … … … … … … 0.952 0.903 0.846 0.807 0.776 0.750 0.728 0.708 0.691 0.675 0.661
2,750 … … … … … … 0.953 0.903 0.844 0.804 0.773 0.747 0.724 0.705 0.687 0.671 0.657

2,800 … … … … … … 0.956 0.903 0.842 0.801 0.769 0.743 0.721 0.701 0.684 0.668 0.653
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XVIII-1120 EXAMPLES
XVIII-1121 Example 1

Given: A pressure relief valve bears a rated capacity of
3,020 lb/hr of saturated steam for a pressure setting of
200 psi.

Problem: What is the relieving capacity of that valve in
terms of air at 100°F for the same pressure setting?

Solution:
(a) For steam:

(b) For air:

XVIII-1222 Example 2

Given: It is required to relieve 5,000 lb/hr of propane
from a pressure vessel through a pressure relief valve
set to relieve at a pressure of Ps , psi, and with an inlet tem-
perature of 125°F.

Problem: What total capacity in lb/hr of steam in pres-
sure relief valves must be furnished?

Solution:
(a) For propane:

Value of C is not definitely known. Use the conservative
value, C = 315:

(b) For steam:

XVIII-1123 Example 3

Given: It is required to relieve 1,000 lb/hr of ammonia
from a pressure vessel at 150°F.

Problem: What is the required total capacity in lb/hr of
steam at the same pressure setting?

Solution:

(a) For ammonia:

Manufacturer and Owner agree to use k = 1.33. From
Figure XVIII-1110-1, C = 350:

(b) For steam:

Table XVIII-1110-1
Superheat Correction Factor Ksh (Cont'd)

Flowing
Pressure
(psia)

Superheat Correction Factor Ksh , Total Temperature, °F, of Superheated Steam

400 450 500 550 600 650 700 750 800 850 900 950 1000 1050 1100 1150 1200

2,850 … … … … … … 0.959 0.902 0.839 0.798 0.766 0.739 0.717 0.697 0.679 0.663 0.649
2,900 … … … … … … 0.963 0.902 0.836 0.794 0.762 0.735 0.713 0.693 0.675 0.659 0.645
2,950 … … … … … … … 0.902 0.834 0.790 0.758 0.731 0.708 0.688 0.671 0.655 0.640
3,000 … … … … … … … 0.901 0.831 0.786 0.753 0.726 0.704 0.684 0.666 0.650 0.635

3,050 … … … … … … … 0.899 0.827 0.782 0.749 0.722 0.699 0.679 0.661 0.645 0.630
3,100 … … … … … … … 0.896 0.823 0.777 0.744 0.716 0.693 0.673 0.656 0.640 0.625
3,150 … … … … … … … 0.894 0.819 0.772 0.738 0.711 0.688 0.668 0.650 0.634 0.620
3,200 … … … … … … … 0.889 0.815 0.767 0.733 0.705 0.682 0.662 0.644 0.628 0.614
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Table XVIII-1110-1M
Superheat Correction Factor Ksh

Flowing
Pressure
(MPa)

Superheat Correction Factor Ksh, Total Temperature,°C, of Superheated Steam

205 225 250 275 300 325 350 375 400 425 450 475 500 525 550 575 600 625

0.50 0.991 0.968 0.942 0.919 0.896 0.876 0.857 0.839 0.823 0.807 0.792 0.778 0.765 0.752 0.74 0.728 0.717 0.706
0.75 0.995 0.972 0.946 0.922 0.899 0.878 0.859 0.841 0.824 0.808 0.793 0.779 0.766 0.753 0.74 0.729 0.717 0.707
1.00 0.985 0.973 0.95 0.925 0.902 0.88 0.861 0.843 0.825 0.809 0.794 0.78 0.766 0.753 0.741 0.729 0.718 0.707
1.25 0.981 0.976 0.954 0.928 0.905 0.883 0.863 0.844 0.827 0.81 0.795 0.781 0.767 0.754 0.741 0.729 0.718 0.707
1.50 … … 0.957 0.932 0.907 0.885 0.865 0.846 0.828 0.812 0.796 0.782 0.768 0.755 0.742 0.73 0.718 0.708

1.75 … … 0.959 0.935 0.91 0.887 0.866 0.847 0.829 0.813 0.797 0.782 0.769 0.756 0.743 0.731 0.719 0.708
2.00 … … 0.96 0.939 0.913 0.889 0.868 0.849 0.831 0.814 0.798 0.784 0.769 0.756 0.744 0.731 0.72 0.708
2.25 … … 0.963 0.943 0.916 0.892 0.87 0.85 0.832 0.815 0.799 0.785 0.77 0.757 0.744 0.732 0.72 0.709
2.50 … … … 0.946 0.919 0.894 0.872 0.852 0.834 0.816 0.8 0.785 0.771 0.757 0.744 0.732 0.72 0.71
2.75 … … … 0.948 0.922 0.897 0.874 0.854 0.835 0.817 0.801 0.786 0.772 0.758 0.745 0.733 0.721 0.71

3.00 … … … 0.949 0.925 0.899 0.876 0.855 0.837 0.819 0.802 0.787 0.772 0.759 0.746 0.733 0.722 0.71
3.25 … … … 0.951 0.929 0.902 0.879 0.857 0.838 0.82 0.803 0.788 0.773 0.759 0.746 0.734 0.722 0.711
3.50 … … … 0.953 0.933 0.905 0.881 0.859 0.84 0.822 0.804 0.789 0.774 0.76 0.747 0.734 0.722 0.711
3.75 … … … 0.956 0.936 0.908 0.883 0.861 0.841 0.823 0.806 0.79 0.775 0.761 0.748 0.735 0.723 0.711
4.00 … … … 0.959 0.94 0.91 0.885 0.863 0.842 0.824 0.807 0.791 0.776 0.762 0.748 0.735 0.723 0.712

4.25 … … … 0.961 0.943 0.913 0.887 0.864 0.844 0.825 0.808 0.792 0.776 0.762 0.749 0.736 0.724 0.713
4.50 … … … … 0.944 0.917 0.89 0.866 0.845 0.826 0.809 0.793 0.777 0.763 0.749 0.737 0.725 0.713
4.75 … … … … 0.946 0.919 0.892 0.868 0.847 0.828 0.81 0.793 0.778 0.764 0.75 0.737 0.725 0.713
5.00 … … … … 0.947 0.922 0.894 0.87 0.848 0.829 0.811 0.794 0.779 0.765 0.751 0.738 0.725 0.714
5.25 … … … … 0.949 0.926 0.897 0.872 0.85 0.83 0.812 0.795 0.78 0.765 0.752 0.738 0.726 0.714

5.50 … … … … 0.952 0.93 0.899 0.874 0.851 0.831 0.813 0.797 0.78 0.766 0.752 0.739 0.727 0.714
5.75 … … … … 0.954 0.933 0.902 0.876 0.853 0.833 0.815 0.798 0.782 0.767 0.753 0.739 0.727 0.715
6.00 … … … … 0.957 0.937 0.904 0.878 0.855 0.834 0.816 0.798 0.783 0.768 0.753 0.74 0.727 0.716
6.25 … … … … 0.96 0.94 0.907 0.88 0.856 0.836 0.817 0.799 0.783 0.768 0.754 0.74 0.728 0.716
6.50 … … … … 0.964 0.944 0.91 0.882 0.859 0.837 0.818 0.801 0.784 0.769 0.754 0.741 0.729 0.716

6.75 … … … … 0.966 0.946 0.913 0.885 0.86 0.839 0.819 0.802 0.785 0.769 0.755 0.742 0.729 0.717
7.00 … … … … … 0.947 0.916 0.887 0.862 0.84 0.82 0.802 0.786 0.77 0.756 0.742 0.729 0.717
7.25 … … … … … 0.949 0.919 0.889 0.863 0.842 0.822 0.803 0.787 0.771 0.756 0.743 0.73 0.717
7.50 … … … … … 0.951 0.922 0.891 0.865 0.843 0.823 0.805 0.788 0.772 0.757 0.744 0.73 0.718
7.75 … … … … … 0.953 0.925 0.893 0.867 0.844 0.824 0.806 0.788 0.772 0.758 0.744 0.731 0.719

8.00 … … … … … 0.955 0.928 0.896 0.869 0.846 0.825 0.806 0.789 0.773 0.758 0.744 0.732 0.719
8.25 … … … … … 0.957 0.932 0.898 0.871 0.847 0.827 0.807 0.79 0.774 0.759 0.745 0.732 0.719
8.50 … … … … … 0.96 0.935 0.901 0.873 0.849 0.828 0.809 0.791 0.775 0.76 0.746 0.732 0.72
8.75 … … … … … 0.963 0.939 0.903 0.875 0.85 0.829 0.81 0.792 0.776 0.76 0.746 0.733 0.721
9.00 … … … … … 0.966 0.943 0.906 0.877 0.852 0.83 0.811 0.793 0.776 0.761 0.747 0.734 0.721

9.25 … … … … … 0.97 0.947 0.909 0.879 0.853 0.832 0.812 0.794 0.777 0.762 0.747 0.734 0.721
9.50 … … … … … 0.973 0.95 0.911 0.881 0.855 0.833 0.813 0.795 0.778 0.763 0.748 0.734 0.722
9.75 … … … … … 0.977 0.954 0.914 0.883 0.857 0.834 0.814 0.796 0.779 0.763 0.749 0.735 0.722

10.00 … … … … … 0.981 0.957 0.917 0.885 0.859 0.836 0.815 0.797 0.78 0.764 0.749 0.735 0.722
10.25 … … … … … 0.984 0.959 0.92 0.887 0.86 0.837 0.816 0.798 0.78 0.764 0.75 0.736 0.723

10.50 … … … … … … 0.961 0.923 0.889 0.862 0.838 0.817 0.799 0.781 0.765 0.75 0.737 0.723
10.75 … … … … … … 0.962 0.925 0.891 0.863 0.839 0.818 0.799 0.782 0.766 0.751 0.737 0.724
11.00 … … … … … … 0.963 0.928 0.893 0.865 0.84 0.819 0.8 0.782 0.766 0.751 0.737 0.724
11.25 … … … … … … 0.964 0.93 0.893 0.865 0.84 0.819 0.799 0.781 0.765 0.75 0.736 0.723
11.50 … … … … … … 0.964 0.931 0.894 0.865 0.84 0.818 0.798 0.78 0.764 0.749 0.735 0.722

11.75 … … … … … … 0.965 0.932 0.894 0.865 0.839 0.817 0.797 0.78 0.763 0.748 0.734 0.721
12.00 … … … … … … 0.966 0.933 0.894 0.864 0.839 0.817 0.797 0.779 0.762 0.747 0.733 0.719
12.25 … … … … … … 0.967 0.935 0.895 0.864 0.839 0.816 0.796 0.778 0.761 0.746 0.732 0.718
12.50 … … … … … … 0.967 0.936 0.896 0.864 0.838 0.816 0.796 0.777 0.76 0.745 0.731 0.717
12.75 … … … … … … 0.968 0.937 0.896 0.864 0.838 0.815 0.795 0.776 0.759 0.744 0.729 0.716

13.00 … … … … … … 0.969 0.939 0.896 0.864 0.837 0.814 0.794 0.775 0.758 0.743 0.728 0.715
13.25 … … … … … … 0.971 0.94 0.897 0.864 0.837 0.813 0.792 0.774 0.757 0.741 0.727 0.713
13.50 … … … … … … 0.972 0.942 0.897 0.863 0.837 0.813 0.792 0.773 0.756 0.74 0.725 0.712
14.00 … … … … … … 0.976 0.946 0.897 0.863 0.835 0.811 0.79 0.771 0.753 0.737 0.723 0.709
14.25 … … … … … … 0.978 0.947 0.898 0.862 0.834 0.81 0.789 0.77 0.752 0.736 0.721 0.707

14.50 … … … … … … … 0.948 0.898 0.862 0.833 0.809 0.787 0.768 0.751 0.734 0.72 0.706
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XVIII-1124 Example 4

Given: A safety valve having a certified rating of
8,000 lb/hr of steam for a pressure setting of 2,000 psi.

Problem: Find the relieving capacity under the following
conditions:

(a) Steam quality (dryness fraction) of 0.93

(b) Superheat of 100°F (total temperature of 737°F)

Solution:

(a) The wet saturated capacity:

(b) The superheat capacity:

NOTE: K s h interpolated from Table XVIII-1110-1 for flowing
conditions.

XVIII-1130 THEORETICAL FLOW

The theoretical flow for use in the establishment of the
coefficient of discharge shall be calculated using eqs.
XVIII-1110(1) through XVIII-1110(b)(4) with K being
deleted.

XVIII-1140 SATURATED WATER CAPACITY

(a) Because the saturated water capacity is configura-
tion sensitive, the following applies only to those safety
valves that have a nozzle type construction (throat to inlet
diameter ratio of 0.25 to 0.80 with a continuously con-
toured change and have exhibited a coefficient KD in ex-
cess of 0.90). No saturated water rating shall apply to
other types of construction.

Table XVIII-1110-1M
Superheat Correction Factor Ksh (Cont'd)

Flowing
Pressure
(MPa)

Superheat Correction Factor Ksh, Total Temperature,°C, of Superheated Steam

205 225 250 275 300 325 350 375 400 425 450 475 500 525 550 575 600 625

14.75 … … … … … … … 0.948 0.898 0.862 0.832 0.808 0.786 0.767 0.749 0.733 0.719 0.704
15.00 … … … … … … … 0.948 0.899 0.861 0.832 0.807 0.785 0.766 0.748 0.732 0.717 0.703
15.25 … … … … … … … 0.947 0.899 0.861 0.831 0.806 0.784 0.764 0.746 0.73 0.716 0.702
15.50 … … … … … … … 0.947 0.899 0.861 0.83 0.804 0.782 0.763 0.745 0.728 0.714 0.7

15.75 … … … … … … … 0.946 0.899 0.86 0.829 0.803 0.781 0.761 0.743 0.727 0.712 0.698
16.00 … … … … … … … 0.945 0.9 0.859 0.828 0.802 0.779 0.759 0.741 0.725 0.71 0.696
16.25 … … … … … … … 0.945 0.9 0.859 0.827 0.801 0.778 0.757 0.739 0.723 0.708 0.694
16.50 … … … … … … … 0.945 0.9 0.858 0.826 0.799 0.776 0.756 0.738 0.721 0.706 0.692
16.75 … … … … … … … 0.944 0.9 0.857 0.825 0.797 0.774 0.754 0.736 0.719 0.704 0.69
17.00 … … … … … … … 0.944 0.9 0.856 0.823 0.796 0.773 0.752 0.734 0.717 0.702 0.688

17.25 … … … … … … … 0.944 0.9 0.855 0.822 0.794 0.771 0.75 0.732 0.715 0.7 0.686
17.50 … … … … … … … 0.944 0.9 0.854 0.82 0.792 0.769 0.748 0.73 0.713 0.698 0.684
17.75 … … … … … … … 0.944 0.9 0.853 0.819 0.791 0.767 0.746 0.728 0.711 0.696 0.681
18.00 … … … … … … … 0.944 0.901 0.852 0.817 0.789 0.765 0.744 0.725 0.709 0.694 0.679

18.25 … … … … … … … 0.945 0.901 0.851 0.815 0.787 0.763 0.742 0.723 0.706 0.691 0.677
18.50 … … … … … … … 0.945 0.901 0.85 0.814 0.785 0.761 0.739 0.72 0.704 0.689 0.674
18.75 … … … … … … … 0.945 0.901 0.849 0.812 0.783 0.758 0.737 0.718 0.701 0.686 0.671
19.00 … … … … … … … 0.946 0.901 0.847 0.81 0.781 0.756 0.734 0.715 0.698 0.683 0.669
19.25 … … … … … … … 0.948 0.901 0.846 0.808 0.778 0.753 0.732 0.713 0.696 0.681 0.666

19.50 … … … … … … … 0.95 0.9 0.844 0.806 0.776 0.75 0.729 0.71 0.693 0.677 0.663
19.75 … … … … … … … 0.952 0.899 0.842 0.803 0.773 0.748 0.726 0.707 0.69 0.674 0.66
20.00 … … … … … … … … 0.899 0.84 0.801 0.77 0.745 0.723 0.704 0.687 0.671 0.657
20.25 … … … … … … … … 0.899 0.839 0.798 0.767 0.742 0.72 0.701 0.683 0.668 0.654
20.50 … … … … … … … … 0.899 0.837 0.795 0.764 0.738 0.717 0.697 0.68 0.665 0.651

20.75 … … … … … … … … 0.898 0.834 0.792 0.761 0.735 0.713 0.694 0.677 0.661 0.647
21.00 … … … … … … … … 0.896 0.832 0.79 0.758 0.732 0.71 0.691 0.673 0.658 0.643
21.25 … … … … … … … … 0.894 0.829 0.786 0.754 0.728 0.706 0.686 0.669 0.654 0.64
21.50 … … … … … … … … 0.892 0.826 0.783 0.75 0.724 0.702 0.682 0.665 0.65 0.636
21.75 … … … … … … … … 0.891 0.823 0.779 0.746 0.72 0.698 0.679 0.661 0.646 0.631

22.00 … … … … … … … … 0.887 0.82 0.776 0.743 0.716 0.694 0.674 0.657 0.641 0.627
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NOTE: The manufacturer, user, and Inspector are all cautioned that
for the following rating to apply, the valve shall be continuously sub-
jected to saturated water. If, after initial relief, the flow medium
changes to quality steam, the valve shall be rated as per saturated
steam. Valves installed on vessels or lines containing steam‐water
mixture shall be rated on saturated steam.

(b) To determine the saturated water capacity of a valve
currently rated and meeting the requirements of (a)
above, refer to Figure XVIII-1140-1. Enter the graph at
the set pressure of the valve, move upward to the satu-
rated water line, and read horizontally the relieving capa-
city. This capacity is the theoretical, isentropic value
arrived at by assuming equilibrium flow and calculated va-
lues for the critical pressure ratio.

XVIII-1150 EQUATIONS FOR CONVERSION
(INCOMPRESSIBLE FLUIDS)15

The capacity of a pressure relief valve in terms of a li-

quid other than the medium for which the valve was offi-

cially rated shall be determined by application of the

following equation:16

where

A = actual discharge area of valve, in.2 (mm2)
C = 2,407 (5.092)
K = coefficient of discharge
P = (set pressure × 1.10) plus atmospheric pressure,

psia (MPaabs)
Pd = pressure at discharge from valve, psia (MPaabs)
W = density of liquid at value inlet conditions, lb/ft3

(kg/m3)
Wt = rated capacity, lb/hr (kg/h) of any liquid
Ww = rated capacity, lb/hr (kg/h) water @ 70°F

Figure XVIII-1110-1
Constant C for Gas or Vapor Related to Ratio of Specific Heats (k = cp/cv)

Table XVIII-1110(a)-1
Molecular Weights of Gases and Vapors

Gas or Vapor
Molecular
Weight

Air 28.97
Acetylene 26.04
Ammonia 17.03
Butane 58.12
Carbon dioxide 44.01
Chlorine 70.91
Ethane 30.07
Ethylene 28.05
Freon 11 137.371
Freon 12 120.9

Gas or Vapor
Molecular
Weight

Freon 22 86.48
Freon 114 170.90
Hydrogen 2.02
Hydrogen sulfide 34.08
Methane 16.04
Methyl chloride 50.48
Nitrogen 28.02
Oxygen 32.00
Propane 44.09
Sulfur dioxide 64.06
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XVIII-1160 EXAMPLE
Given: Pressure relief valve bearing a certified rating of

1,500 gpm water @ 70°F with a set pressure of 120 psig.
Problem: Find the flow capacity of this pressure relief

valve in gpm of kerosene (G = 0.82) at the same pressure
rating.

Solution:
(a) For water at 70°F:

(b) For kerosene:

Figure XVIII-1110-1M
Constant C for Gas or Vapor Related to Ratio of Specific Heats (k =cp/cv)

1.001
1.02 
1.04
1.06
1.08
1.10  
1.12
1.14
1.16
1.18
1.20  
1.22
1.24

23.95
24.12
24.30
24.47
24.64
24.81
24.97
25.13
25.29
25.45
25.60
25.76
25.91

1.26
1.28
1.30
1.32
1.34
1.36
1.38
1.40
1.42
1.44
1.46
1.48
1.50

26.05
26.20
26.34
26.49
26.63
26.76
26.90
27.03
27.17
27.30
27.43
27.55
27.68

1.52
1.54
1.56
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1.60
1.62
1.64
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1.68
1.70
2.00
2.20
 . . .
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Figure XVIII-1140-1
Flow Capacity Curve for Rating Nozzle Type
Safety Valves on Saturated Water (Based on

10% Overpressure)
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Figure XVIII-1140-1M
Flow Capacity Curve for Rating Nozzle Type Safety Valves on Saturated Water (Based on 10%

Overpressure)
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MANDATORY APPENDIX XIX

ARTICLE XIX-1000
INTEGRAL FLAT HEAD WITH A LARGE OPENING

XIX-1100 GENERAL REQUIREMENTS

XIX-1110 SCOPE
(a) Rules of this Appendix apply to flat heads which

have a single, circular, centrally located opening that ex-
ceeds one‐half of the head diameter and have a shell/head
juncture which is integrally formed or integrally attached
with a full penetration weld similar to those shown in
Figure XIX-1110-1. Heads of this type shall be designed ac-
cording to the rules which follow and related parts of
Mandatory Appendix XI.

(b) A general arrangement of an integral flat head with
and without a nozzle attached at the central opening is
shown in Figure XIX-1110-2.

XIX-1120 NOMENCLATURE
(a) Except as given below, the symbols used in the equa-

tions of XIX-1200 are defined in XI-3130:

A = outside diameter of flat head and shell
Bn = diameter of central opening (for nozzle, this is in-

side diameter and for opening without a nozzle,
diameter of the opening)

Bs = inside diameter of shell (measured below tapered
hub if one exists)

MH = moment acting at shell/head junction
P = internal design pressure
t = flat head nominal thickness

Figure XIX-1110-1
Applicable Configurations of Flat Heads
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B1 , g0 , g1 , h0 , F, V, and f are defined in XI-3130. These
terms may refer to either the shell/flat head juncture or to
the flat head/central opening juncture and depend upon
details of those junctures.

XIX-1200 DESIGN PROCEDURE

(a) Disregard the shell attached to the outside diameter
of the flat head and then analyze the flat head with a cen-
tral opening (with or without nozzle) in accordance with
these rules.

(1) Calculate the operating moment, M0 , according to
XI-3230 (there is no M0 for gasket seating to be consid-
ered). The equations in Mandatory Appendix XI for loads
(XI-3130) and moment arms (Table XI-3230-1) shall be
used directly with the following designations and terms
substituted for terms in Mandatory Appendix XI. Let

C = G = inside diameter of shell Bs

B = Bn , where Bn is as shown in Figure XIX-1110-2 de-
pending on the presence of an integral nozzle or
opening without a nozzle

(2)With K = A/Bn, use XI-3240 to calculate stresses.
Designate the calculated stresses SH*, SR*, and ST*.

(b) Calculate (Eθ)* as follows:

(1) for integrally attached nozzle:

(2) for an opening without a nozzle:

where g0 , g1 , B1 , V, f, h0 , and Bn all pertain to the flat
head/opening as described in (a).

(c) Calculate (Eθ)*/M0 .

(d) Calculate MH :

where h0 , V , g0 , B1 , and F refer to the shell attached to the
outside diameter of the flat head.

Figure XIX-1110-2
Integral Flat Head With Large Central Opening
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(e) Calculate X1 :

where F and h0 refer to the shell.
(f) Calculate stresses at head/shell juncture as follows.
(1) For longitudinal hub stress in shell:

where h0 , f , g0 , g1 , Bs , and V refer to the shell.
(2) For radial stress at outside diameter:

where Bs, F, and h0 refer to the shell.
(3) For tangential stress at outside diameter:

where Bs, F, and h0 refer to the shell, and

(g) Calculate stresses at opening/head juncture as
follows.

(1) For longitudinal hub stress in central opening:

(2) For radial stress at central opening:

(3) For tangential stress at diameter of central
opening:

where F, Bs, and h0 refer to the shell, and

(h) The preceding calculated stresses shall meet the al-
lowable stresses in XI-3250.
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ð13Þ MANDATORY APPENDIX XX

DELETED
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MANDATORY APPENDIX XXI

ARTICLE XXI-1000
ADHESIVE ATTACHMENT OF NAMEPLATES

XXI-1100 INTRODUCTION

XXI-1110 SCOPE
This Appendix provides minimum requirements for the

use of adhesive systems for the attachment of nameplates,
limited to

(a) the use of pressure sensitive acrylic adhesives that
have been preapplied by the nameplate manufacturer to
a normal thickness of at least 0.005 in. (0.13 mm) and that
are protected with a moisture stable liner

(b) use on items with Design Temperatures within the
range of −40°F to 300°F (−40°C to 150°C), inclusive

(c) application to clean, bare metal surfaces, with re-
moval of antiweld spatter compound which may contain
silicone

(d) nameplate nominal thickness not less than 0.020 in.
(e) use of prequalified application procedures as out-

lined in this Article
(f) use of the preapplied adhesive within an interval of

2 yr after adhesive application

XXI-1120 NAMEPLATE APPLICATION
PROCEDURE QUALIFICATION

(a) The Certificate Holder’s Quality Assurance Manual
shall require that written procedures, acceptable to the
Authorized Inspection Agency, for the application of adhe-
sive backed nameplates shall be prepared and qualified.

(b) The application procedure qualification shall include
the following essential variable, using the adhesive and
nameplate manufacturers’ recommendations where
applicable:

(1) description of the pressure sensitive acrylic adhe-
sive system employed, including generic composition

(2) the qualified temperature range [the cold box test
temperature shall be −40°F (−40°C) for all applications]

(3) materials of nameplate and item when the mean
coefficient of expansion at design temperature of one ma-
terial is less than 85% of that for the other material

(4) finish of the nameplate and item surfaces to which
the nameplate is to be attached

(5) the nominal thickness and modulus of elasticity at
application temperature of the nameplate when name-
plate preforming is employed. A change of more than
25% in the quantity [(nameplate nominal thickness)2

× nameplate modulus of elasticity at application tempera-
ture] will require requalification

(6) the qualified range of preformed nameplate and
companion item contour combinations when preforming
is employed

(7) cleaning requirements for the item prior to at-
tachment of the nameplate

(8) application temperature range and application
pressure technique

(9) application steps and safeguards

(c) Each procedure used for nameplate attachment by
pressure sensitive acrylic adhesive systems shall be quali-
fied for outdoor exposure in accordance with Standard
UL‐969‐82, Marking and Labeling Systems, with the fol-
lowing additional requirements.

(1)Width of nameplate test strip shall not be less
than 1 in.

(2) Nameplates shall have an average adhesion of not
less than 8 lb/in. (55 kPa) of width after all exposure con-
ditions, including low temperature.

(d) An y c h a n g e i n ( b ) a b o v e s h a l l r e q u i r e
requalification.

(e) Each package of nameplates shall be identified with
the adhesive application date.
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MANDATORY APPENDIX XXII

ARTICLE XXII-1000
RULES FOR REINFORCEMENT OF CONE‐TO‐CYLINDER JUNCTION

UNDER EXTERNAL PRESSURE

XXII-1100 INTRODUCTION

XXII-1110 SCOPE

(a) The equations of this Appendix provide for the de-
sign of reinforcement, if needed, at the cone‐to‐cylinder
junctions for reducer sections and conical heads where
all the elements have a common axis and the half‐apex an-
gle α ≤ 60 deg. Subparagraph XXII-1300(d) provides for
special analysis in the design of cone‐to‐cylinder intersec-
tions with or without reinforcing rings where α is greater
than 60 deg.

(b) In the design of reinforcement for a cone‐to‐cylinder
juncture, the requirements of ND‐3336 shall be met.

XXII-1200 NOMENCLATURE

The nomenclature given below is used in the equations
of the following subparagraphs:

A = factor determined from the applicable chart in Sec-
tion II, Part D, Subpart 3 for the material used in
the stiffening ring, corresponding to the factor B ,
below, and the design temperature for the shell un-
der consideration

Ae = effective area of reinforcement due to excess metal
thickness

ArL = required area of reinforcement at large end
ArS = required area of reinforcement at small end
As = cross‐sectional area of the stiffening ring
AT = equivalent area of cylinder, cone, and stiffening

ring
where

B = factor determined from the applicable chart in Sec-
tion II, Part D, Subpart 3 for the material used for
the stiffening

DL = outside diameter of large end of conical section un-
der consideration

Do = outside diameter of cylindrical shell (In conical
shell calculations, the value of Ds and DL should
be used in calculations in place of Do depending
on whether the small end Ds , or large end DL , is
being examined.)

Ds = outside diameter at small end of conical section un-
der consideration

E = lowest efficiency of the longitudinal joint in the
shell or head or of the joint in the reducer; E = 1
for butt welds in compression

Ec = modulus of elasticity of cone material
ER = modulus of elasticity of reinforcing material
Es = modulus of elasticity of shell material
Ex = Ec, ER, or Es

f1 = axial load at large end (excluding pressure P ),
lb/in. (N/mm)

f 2 = axial load at small end (excluding pressure P ),
lb/in. (N/mm)

I s = required moment of inertia of the stiffening ring
cross section about its neutral axis parallel to the
axis of the shell

I s ′ = required moment of inertia of the combined ring‐
shell‐cone cross section about its neutral axis par-
allel to the axis of the shell, in.4 (mm4). The width of
shell which is taken as contributing to the moment
of inertia of the combined section shall not be

greater than and shall be taken as lying

one‐half on each side of the centroid of the ring.
Portions of the shell plate shall not be considered
as contributing area to more than one stiffening
ring. If the stiffeners should be so located that the
maximum permissible effective shell sections over-
lap on either or both sides of a stiffener, the effec-
tive shell section for that stiffener shall be
shortened by one‐half of each overlap.

L = axial length of cone
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Lc = length of cone between stiffening rings measured
along surface of cone. For cones without intermedi-
ate stiffeners,

LL = design length of a vessel section taken as the lar-
gest of the following:
(a) the center‐to‐center distance between the

cone‐to‐large‐shell junction and an adjacent stif-
fening ring on the large shell;
(b) the distance between the cone‐to‐large‐shell

junction and one‐third the depth of head on the
other end of the large shell if no other stiffening
rings are used.

Ls = design length of a vessel section taken as the lar-
gest of the following:
(a) the center‐to‐center distance between the

cone‐to‐small‐shell junction and an adjacent stif-
fening ring on the small shell;
(b) the distance between the cone‐to‐small‐shell

junction and one‐third the depth of the head on the
other end of the small shell if no other stiffening
rings are used.

P = external design pressure

QL = ; axial compressive force at large end due

to pressure and f1 , lb/in. (N/mm)

Qs = ; axial compressive force at small end due

to pressure and f2 , lb/in. (N/mm)
RL = inside radius of large cylinder
Rs = inside radius of small cylinder
S ′ = the lesser of twice the allowable stress at design

metal temperature from Section II, Part D, Subpart
1, Tables 1A and 1B or 0.9 times the tabulated yield
strength at design metal temperature from Section
II, Part D, Subpart 2, Tables Y‐1 and Y‐2

SR = allowable stress of reinforcing material
Ss = allowable stress of shell
T = minimum required thickness of cylinder at cone‐

to‐cylinder junction, exclusive of corrosion allow-
ance (see ND‐3133.3)

Tc = nominal thickness of cone at cone‐to‐cylinder junc-
tion, exclusive of corrosion allowance (see
ND‐3121)

TL = the smaller of (Ts −T) or (Tc −Tr)
Tr = minimum required thickness of cone at cone‐to‐

cylinder junction, exclusive of corrosion allowance
Ts = nominal thickness of cylinder at cone‐to‐cylinder

junction, exclusive of corrosion allowance (see
ND‐3121)

α = one‐half the included (apex) angle of the cone at
the center line of the head

Δ = value to indicate need for reinforcement at cone‐to‐
cylinder intersection having a half‐apex angle
α ≤ 60 deg. When Δ ≥ α , no reinforcement is re-
quired at the junction (see Table XXII-1200-1).

XXII-1300 DESIGN PRESSURE

(a) Reinforcement shall be provided at the junction of
the cone with the large cylinder for conical heads and re-
ducers without knuckles when the value of Δ obtained
from Table XXII-1200-1 using the appropriate ratio
P/S′E, is less than α . Interpolation may be made in the
Table.

The cross‐sectional area of the reinforcement ring shall
be at least equal to that indicated by the following
equation:

ð1Þ

When the thickness, less corrosion allowance, of both
the reducer and cylinder exceeds that required by the ap-
plicable design equations, the minimum excess thickness
may be considered to contribute to the required reinforce-
ment ring in accordance with the following equation:

ð2Þ

Any additional area of reinforcement which is required

shall be situated within a distance of from the junc-

tion of the reducer and the cylinder. The centroid of the

added area shall be within a distance of from

the junction.

The reinforcement ring at the cone‐to‐cylinder junction
shall also be considered as a stiffening ring. The required
moment of inertia of a circumferential stiffening ring cross
section shall not be less than that determined by the fol-
lowing equation:

Table XXII-1200-1
Values of Δ for Junctions at the Large

Cylinder for ≤ 60 deg

P/S′E 0 0.002 0.005 0.010 0.02
Δ, deg 0 5 7 10 15

P/S′E 0.04 0.08 0.10 0.125 0.15
Δ, deg 21 29 33 37 40

P/S′E 0.20 0.25 0.30 0.35
Δ, deg 47 52 57 60 [Note (1)]

NOTE:
(1) Δ = 60 deg for greater values of P/S′E.
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The required moment of inertia of the combined ring‐
shell‐core cross section shall not be less than that deter-
mined by the following equation:

The moment of inertia for a stiffening ring at the large
end shall be determined by the following procedure:

Step 1. Assuming that the shell has been designed and
DL, LL, and T are known, select a member to be used for
the stiffening ring and determine cross‐sectional area
ATL . Then calculate factor B using the following equation:

where

FL = PM + f1 tan α

M =

ATL was defined previously.

Step 2. Enter the right‐hand side of the applicable mate-
rial chart in Section II, Part D, Subpart 3 for the material
under consideration at the value of B determined by
Step 1. If different materials are used for the shell and stif-
fening ring, use the material chart resulting in the larger
value of A in Step 4, below.

Step 3. Move horizontally to the left to the material/
temperature line for the design metal temperature. For va-
lues of B falling below the left end of the material/tem-
perature line, see Step 5.

Step 4. Move vertically to the bottom of the chart and
read the value of A .

Step 5. For value of B falling below the left end of the
material/temperature line for the design temperature,
the value of A can be calculated using the formula
A = 2B/Ex.

Step 6. Compute the value of the required moment of in-
ertia from the equations for I s or I s ′ above.

Step 7. Calculate the available moment of inertia of the
stiffening ring using the section corresponding to that
used in Step 6.

Step 8. If the required moment of inertia is greater than
the moment of inertia for the section selected in Step 1, a
new section with a larger moment of inertia must be se-
lected and a new moment of inertia determined. If the re-
quired moment of inertia is smaller than the moment of
inertia of the section selected in Step 1, that section is
satisfactory.

The requirements of ND‐4430 are to be met in attaching
stiffening rings to the shell.

(b) Reinforcement shall be provided at the junction of
the conical shell of a reducer without a flare and the small
cylinder. The cross‐sectional area of the reinforcement
ring shall be at least equal to that indicated by the follow-
ing formula:

ð3Þ

When the thickness, less corrosion allowance, of either
the reducer or cylinder exceeds that required by the ap-
plicable design formula, the thickness may be considered
to contribute to the required reinforcement ring in accor-
dance with the following formula:

ð4Þ

Any additional area of reinforcement which is required

shall be situated within a distance of from the junc-

tion, and the centroid of the added area shall be within a

distance of from the junction.

The reinforcement ring at the cone‐to‐cylinder junction
shall also be considered as a stiffening ring. The required
moment of inertia of a circumferential stiffening ring cross
section shall not be less than that determined by the fol-
lowing equation:

The required moment of inertia of the combined ring‐
shell‐cone cross section shall not be less than that deter-
mined by the following equation:

The moment of inertia for a stiffening ring at the small
end shall be determined by the following procedure.
Step 1. Assuming that the shell has been designed and

Ds, Ls, and T are known, select a member to be used for
the stiffening ring and determine cross‐sectional area
ATs . Then calculate factor B using the following equation:

where

Fs = PN + f2 tan α

N =

ATs was defined previously.
Step 2. Enter the right‐hand side of the applicable mate-

rial chart in Section II, Part D, Subpart 3 for the material
under consideration at the value of B determined by
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Step 1. If different materials are used for the shell and stif-
fening ring, use the material chart resulting in the larger
value of A in Step 4, below.

Step 3. Move horizontally to the left to the material/
temperature line for the design metal temperature. For va-
lues of B falling below the left end of the material/tem-
perature line, see Step 5.

Step 4. Move vertically to the bottom of the chart and
read the value of A .

Step 5. For values of B falling below the left end of the
material/temperature line for the design temperature,
the value of A can be calculated using the formula
A = 2B/Ex.

Step 6. Compute the value of the required moment of in-
ertia from the equations for I s or I s ′ above.

Step 7. Calculate the available moment of inertia of the
stiffening ring using the section corresponding to that
used in Step 6.

Step 8. If the required moment of inertia is greater than
the moment of inertia for the section selected in Step 1, a
new section with a larger moment of inertia must be

selected and a new momemt of inertia determined. If the
required moment of inertia is smaller than the moment
of inertia for the section selected in Step 1, that section
is satisfactory.

The requirements of ND‐4430 are to be met in attaching
stiffening rings to the shell.

(c) Reducers, such as those made up of two or more
conical frustums having different slopes, may be designed
in accordance with (d) below.

(d) As an alternative to the rules provided in the preced-
ing (a) and (b) and when half the apex angle is greater
than 60 deg, the design may be based on special analysis
such as numerical methods or the beam‐on‐elastic‐
foundation analysis of Timoshenko, Hetenyi, or Watts
and Lang. The stresses at the junction shall meet all of
the allowable stress limits of this Division. The effect of
shell and cone buckling on the required area and moment
of inertia at the joint shall also be considered in the analy-
sis. The theoretical buckling pressure of the junction shall
be at least 3.3 times the allowable external design pres-
sure of the junction.
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MANDATORY APPENDIX XXIII

ARTICLE XXIII-1000
QUALIFICATIONS AND DUTIES OF SPECIALIZED PROFESSIONAL

ENGINEERS

XXIII-1100 SCOPE

This Appendix presents minimum requirements for the
qualification of personnel engaged in the certification ac-
tivities. The personnel addressed are those who perform
the following specialty fields:
(a) for Division 1

(1) certification of the Design Specification on behalf
of the Owner

(2) certification of the Design Report on behalf of the
N Certificate Holder

(3) certification of the Overpressure Protection Re-
port on behalf of the Owner

(4) certification of the Load Capacity Data Sheet on
behalf of the N Certificate Holder
(b) for Division 2

(1) certification of the Design Specification on behalf
of the Owner

(2) certification of the Construction Specification, De-
sign Drawings, and Design Report on behalf of the
Designer
(c) for Division 3

(1) certification of the Design Specification on behalf
of the N3 Certificate Holder

(2) certification of the Design Report on behalf of the
N3 Certificate Holder

(3) certification of the Fabrication Specification on
behalf of the N3 Certificate Holder
Also provided are the duties of these personnel in the

performance of the activities described above.

XXIII-1200 QUALIFICATIONS

XXIII-1210 GENERAL

One or more Registered Professional Engineers (PE)
shall be selected by the Owner, Designer, N Certificate
Holder, or N3 Certificate Holder, as applicable, to perform
Code activities in the appropriate specialized field(s), pro-
vided the qualifications of the PE in meeting the require-
ments of this Appendix have been evaluated and verified
by the Owner, Designer, N Certificate Holder, or N3

Certificate Holder, as applicable, responsible for the activ-
ity being certified or reviewed. Guidelines for demonstrat-
ing PE qualifications are contained in Guide C. A record of
the qualifications of the PE shall be maintained by the re-
sponsible organization or the PE.

XXIII-1220 REGISTRATION AND EXPERIENCE

He shall be a Registered Professional Engineer in at
least one state of the United States or Province of Canada
and have the following qualifications.
He shall have 4 years of varied application experience at

least 2 of which have been in each specialty field for which
he performs certifying or review activities as delineated in
XXIII-1230 through XXIII-1250. In addition, he shall keep
current his knowledge of Code requirements and continue
his professional development in his specialty field through
personal study and experience, or by attendance at appro-
priate courses, seminars, Society meetings, and technical
committee meetings. The Owner, Designer, N Certificate
Holder, or N3 Certificate Holder, as applicable, shall re-
view the qualifications of the PE at least once every
3 years to assure that his qualifications have been main-
tained. A continuing record of all such activity shall be in-
cluded in the qualification records of the PE.

XXIII-1230 CERTIFIER OF THE DESIGN
SPECIFICATION (DIVISIONS 1 AND 2)

To qualify as certifier of the Design Specification on be-
half of the Owner, the PE shall be experienced in the ap-
plicable field of design and related nuclear power plant
requirements, and in the application of the requirements
of the Code relating to the construction of nuclear power
plant items. This experience shall indicate that the PE
has sufficient knowledge of anticipated plant and system
operating and test conditions and their relationship to
Code design criteria pertinent to the applicable Code item.
In addition, he shall be knowledgeable of the specific Code
requirements pertaining to his specialty field. Guidelines
reflecting the degree of knowledge appropriate for pre-
paration of the Design Specification are contained in Guide
B, Table B1.
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XXIII-1231 Certifier of the Design Specification
(Division 3)

To qualify as certifier of the Design Specification on be-
half of the N3 Certificate Holder, the PE shall be experi-
enced in the applicable field of Division 3 containment
design requirements. This experience shall indicate that
the PE has sufficient knowledge of anticipated Division 3
containment systems operating and test conditions and
their relationship to Code design criteria pertinent to the
applicable Code item. In addition, he shall be knowledge-
able of the specific Code requirements pertaining to his
specialty field. Guidelines reflecting the degree of knowl-
edge appropriate for preparation of the Design Specifica-
tion are contained in Guide B, Table B6.

XXIII-1240 CERTIFIER OF THE LOAD CAPACITY
DATA SHEET, CONSTRUCTION
SPECIFICATION, DESIGN DRAWINGS,
AND DESIGN REPORT (DIVISIONS 1
AND 2)

To qualify as certifier of the Load Capacity Data Sheet,
the Construction Specification, Design Drawings, or Design
Report, the PE shall be experienced in the applicable field
of design and analysis and in the application of the re-
quirements of the Code. In addition, he shall be knowl-
edgeable of the specific Code requirements pertaining to
his specialty field. Guidelines reflecting the degree of
knowledge appropriate for preparation of the Design Re-
port (Division 1), the Load Capacity Data Sheet, and the
Construction Specification, Design Drawings, and Design
Report (Division 2) are contained in Guide B, Tables B2,
B4, and B5, respectively.

XXIII-1241 Certifier of the Fabrication
Specification and Design Report
(Division 3)

To qualify as certifier of the Fabrication Specification
and Design Report on behalf of the N3 Certificate Holder,
the PE shall be experienced in the applicable field of de-
sign, analysis, fabrication, and the application of Division
3 requirements. Guidelines reflecting degree of knowledge
appropriate for the preparation of the Design Report and
Fabrication Specification are contained in Guide B, Tables
B7 and B8, respectively.

XXIII-1250 CERTIFIER OF THE OVERPRESSURE
PROTECTION REPORT (DIVISIONS 1
AND 2)

To qualify as certifier of the Overpressure Protection
Report on behalf of the Owner, the PE shall be experienced
in nuclear power plant systems design, and in plant opera-
tion and safety control. In addition, he shall be knowledge-
able of the specific Code requirements pertaining to his
specialty field. Guidelines reflecting the degree of knowl-
edge appropriate for preparation of the Report on Over-
pressure Protection are contained in Guide B, Table B3.

XXIII-1300 DUTIES

XXIII-1310 GENERAL

The certification activities covered in this Appendix may
be performed only if the PE has assured himself that he is
qualified to do so by virtue of a self‐review establishing
that his qualifications meet those required by this Appen-
dix. He shall be familiar with the Quality Assurance re-
quirements of the organization responsible for providing
the document as these requirements relate to his work.
For certification activities, the document being certified
must have been reviewed in detail by the certifying PE,
or prepared by him or prepared under his responsible di-
rection. He shall prepare a statement17 to be affixed to the
document attesting to compliance with the applicable re-
quirements of the Code.

XXIII-1320 CERTIFICATION OF THE DESIGN
SPECIFICATION

It is the responsibility of the PE certifying the Owner’s
Design Specification (Divisions 1 and 2) or the N3 Certifi-
cate Holder’s Design Specification (Division 3) to assure
that the Design Specification is correct, complete, and in
compliance with the requirements of the applicable Edi-
tion and Addenda of the Code. As a minimum, the certifier
of the Design Specification shall assure that

(a) the function of the item is properly specified
(b) the design requirements, including identification of

the item Design and Service Loadings or Operating Condi-
tions and their combinations and associated Limits, are
properly specified

(c) the proper environmental conditions, including cor-
rosion, erosion, and radiation, are specified

(d) the Code classification is properly specified
(e) the definition of the specific boundaries and load

conditions on these boundaries for each item is specified,
and that the boundaries and associated load conditions
between adjacent components and structure are compati-
ble with the overall system design

(f) the specified materials for items covered by the
Code are permitted by the Code for the applicable item

(g) all requirements with regard to impact testing are
specified

(h) any restrictions on or additional requirements for
heat treating are specified

(i) any restrictions on cladding materials are specified
(j) any reduction to design stress intensity values, al-

lowable stress, or fatigue curves necessitated by the given
environmental conditions are specified

(k) the necessary information concerning the load is gi-
ven carrying capacity of structures supporting Code items

(l) when operability of a component is a requirement,
the Design Specification shall make reference to other ap-
propriate documents that specify the operating
requirements

(m) the overpressure protection requirements are
specified
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(n) the Code Edition, Addenda, and Code Cases to be
used for construction are specified

XXIII-1330 CERTIFICATION OF THE DESIGN
REPORT

It is the responsibility of the PE certifying the Design Re-
port to assure that the design of the item complies with the
requirements of the applicable Edition and Addenda of the
Code for the Design, Service Loadings or Operating Condi-
tions, and Test Loadings that have been specified in the
Design Specification. As a minimum, the certifier of the De-
sign Report shall assure that
(a) the Design Report reflects the design as shown by

the drawings used for construction and that all modifica-
tions to the drawings and construction deviations have
been reconciled with the Design Report
(b) the design as shown by the drawings is in accor-

dance with the requirements of the Code
(c) the Design Report is in accordance with the require-

ments of the Code
(d) materials specified for Code items are permitted by

the Code, and that any reduction of material impact prop-
erties from heat treatments, welding, and forming have
been taken into account
(e) the Design Report is based on the Design, Service

Loadings or Operating Conditions, and Test Loadings sta-
ted in the Design Specification
(f) the specified requirements for protection against

nonductile fracture are specified
(g) all special nondestructive examinations required to

validate unique features have been specified in appropri-
ate documents/drawings
(h) the specified test pressure and temperature are in

compliance with Code requirements
(i) adequate analytical techniques have been employed

to assess the structural adequacy of the item of concern
for the Design, Service Loadings or Operating Conditions,
and Test Loadings specified

XXIII-1340 CERTIFICATION OF THE
OVERPRESSURE PROTECTION
REPORT

It is the responsibility of the PE certifying the Overpres-
sure Protection Report to assure that the report has been
reconciled with the system requirements and with the re-
quirements of the applicable Subsection of the Code.

XXIII-1350 CERTIFICATION OF THE LOAD
CAPACITY DATA SHEET

It is the responsibility of the PE certifying the Load Ca-
pacity Data Sheet on behalf of the N Certificate Holder to
determine that the load capacity of the component or pip-
ing support is rated in accordance with Subsection NF of
the Code. He shall assure that the design of the component
or piping support complies with the requirements of the
applicable Edition and Addenda of the Code for the Design,

Service, and Test Loadings specified in the Design Specifi-
cation. In addition, his duties shall include the require-
ments of XXIII-1330(a) through XXIII-1330(i) for the
data substantiating the Load Capacity Data Sheet.

XXIII-1360 CERTIFICATION OF THE
CONSTRUCTION SPECIFICATION,
DESIGN DRAWINGS, OR DESIGN
REPORT FOR DIVISION 2

It is the responsibility of the PE certifying the Construc-
tion Specification, Design Drawings, or Design Report on
behalf of the Designer for Division 2 to assure that each
of the above principal Code documents is correct, com-
plete, and in accordance with the Design Specification
and Section III, Division 2. As a minimum, the certifier of
each of the principal Code documents shall assure
(a) that the Design Drawings contain

(1) concrete and steel liner thicknesses
(2) size and location of reinforcing steel, prestressing

tendons, and penetrations
(3) the latest revisions to reflect any change in design.

(b) that the Design Report includes the requirements of
XXIII-1330(a) through XXIII-1330(i), as applicable
(c) that the Construction Specification has provided the

following in accordance with the Code:
(1) material specifications
(2) material shipping, handl ing , and storage

requirements
(3) requirements for personnel or equipment

qualification
(4) material or part examination and testing

requirements
(5) acceptance and leakage testing requirements
(6) requirements for shop drawings
(7) requirements for batching, mixing, placing, and

curing of concrete
(8) requirements for the fabrication and installation

of the prestressing system, reinforcing steel, and
embedments

(9) identification of parts requiring a Code stamp
(10) design life for parts and materials where neces-

sary to establish compliance with the Design Specification
(11) construction surveillance to be performed by the

Designer as required by the Design Specification
(12) the latest revisions to reflect any change in

design

XXIII-1370 CERTIFICATION OF THE
FABRICATION SPECIFICATION FOR
DIVISION 3

It is the responsibility of the PE certifying the Fabrica-
tion Specification on behalf of the N3 Certificate Holder
for Division 3 to assure that the Fabrication Specification
is correct, complete, and in accordance with the Design
Specification, Design Output Documents, and Section III,
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Division 3. The certifier of the Fabrication Specification
shall assure that it contains sufficient detail to provide a
complete basis for fabrication.

As a minimum, the Fabrication Specification shall con-
tain the following:

(a) material specifications
(b) mater i a l sh ipp ing , hand l ing , and s torage

requirements
(c) requirements for personnel or equipment

qualification
(d) weld joint design requirements
(e) fabrication dimensions and tolerances
(f) identification of Code boundaries

(g) identification of parts requiring a Code stamp
(h) mater ia l or par t examinat ion and tes t ing

requirements
(i) acceptance and leakage testing requirements
(j) requirements for shop drawings
(k) design life for parts and materials where necessary

to establish compliance with the Design Specification
(l) fabrication surveillance to be performed by the N3

Certificate Holder as required by the Design Specification
(m) the latest revisions to reflect any change in design
(n) requirements for as‐built documentation
(o) a listing of design drawings (by inclusion or

reference)

GUIDE A NONMANDATORY SAMPLE STATEMENTS

Form A-1
Design Specification (Div. 1 and 2)

CERTIFICATION 

 I, the undersigned, being a Registered Professional Engineer competent in the applicable field
of design and related nuclear power plant requirements relative to this Design Specification,
certify that to the best of my knowledge and belief it is correct and complete with respect to
the Design and Service Conditions given and provides a complete basis for construction in
accordance with NCA-3250 and other applicable requirements of the ASME Boiler and Pressure
Vessel Code, Section III, Division                      ,                    Edition with Addenda (if applicable)
up to and including                          .

 The Specification and Revision being certified is:

Certified by P.E. 

Registration No. State* 

Date 

* or Province of Canada 
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Form A-2
Design Report

CERTIFICATION 
1 

 I, the undersigned, being a Registered Professional Engineer competent in the applicable field
of design and using the certified Design Specification and the drawings identified below as a 
basis for design, do hereby certify that to the best of my knowledge and belief the Design Report
is complete and accurate and complies with the design requirements of the ASME Boiler and 
Pressure Vessel Code, Section III, Division               ,               Edition with Addenda (if applicable)
up to and including                          .

 Design Specification and Revision:

 Drawings and Revision:

 Design Report and Revision:

Certified by P.E. 

Registration No. State* 

Date 

1 Similar statement may also be used for certification of Load Capacity Data Sheet when supplied in lieu of 
Design Report (NCA-3551). 
* or Province of Canada 
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Form A-3
Overpressure Protection Report (Div. 1 and 2)

CERTIFICATION 

 I, the undersigned, being a Registered Professional Engineer competent in the applicable field
of design and overpressure protection requirements, do hereby certify that to the best of my
knowledge and belief the Overpressure Protection Report complies with the requirements of 
the ASME Boiler and Pressure Vessel Code, Section III, Division                    ,                   Edition 
with Addenda (if applicable) up to and including                          . 

Overpressure Protection Report and Revision: 

Design Specification and Revision: 

Certified by P.E. 

Registration No. State* 

Date 

* or Province of Canada 

Form A-4
Design Specification (Div. 3)

CERTIFICATION 

 I, the undersigned, being a Registered Professional Engineer competent in the applicable field
of Division 3 containment design requirements relative to this Design Specification, certify that
to the best of my knowledge and belief it is correct and complete with respect to the Design
and Operating Conditions given and provides a complete basis for construction in accordance
with WA-3351 and other applicable requirements of the ASME Boiler and Pressure Vessel Code,
Section III, Division 3,               Edition with Addend (if applicable) up to and including
    
   The Specification and Revision being certified is:

Certified by P.E. 

Registration No. State* 

Date 

* or Province of Canada 
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Form A-5
Fabrication Specification (Div. 3)

CERTIFICATION 

 I, the undersigned, being a Registered Professional Engineer competent in the applicable field
of Division 3 containment fabrication requirements relative to this Fabrication Specification,
certify that to the best of my knowledge and belief it is correct and complete with respect to 
the Design and Operating Conditions given and provides a complete basis for construction in 
accordance with WA-3361 and other applicable requirements of the ASME Boiler and Pressure 
Vessel Code, Section III, Division 3,                   Edition with Addenda (if applicable) up to  
and including                            . 

Design Specification and Revision: 

Fabrication Specification and Revision: 

Certified by P.E. 

Registration No. State* 

Date 

* or Province of Canada 

GUIDE B NONMANDATORY GUIDELINES FOR
ESTABLISHING ASME CODE
KNOWLEDGE

This Guide provides guidelines for establishing the de-
gree of Code knowledge required by the certifying PE in
his specialty field. In the paragraphs that follow, the de-
gree of knowledge required by the PE of the requirements
of the Code pertaining to his specialty field is indicated by
the terminology “general knowledge” and “working
knowledge.”

As used in this Guide, “general knowledge” signifies hav-
ing sufficient acquaintance with the Code to be conversant
with other persons involved in its applications, and to
make prudent judgements in the application of Code
requirements.

As used in this Guide, “working knowledge” signifies un-
derstanding by prior customary involvement in a specialty
field of the Code requirements and of the principles on
which the Code rules are based, to the extent that the PE
may apply or direct others in the application of the
requirements.

In this sense, “working knowledge” implies a more thor-
ough understanding of the Code requirements and the
ability to apply them than does “general knowledge” of
the Code.

The degree of knowledge in the various areas of the
Code cited in Tables B1 through B5 is based upon the
more common Code items and activities. There may be
special items or activities for which the degree of knowl-
edge in a specific Code area must be more detailed than
shown in the applicable table, or may require knowledge
of specific Code areas that are not cited.
In the following tables, the degree of knowledge re-

quired by the PE of the various requirements of the Code
pertinent to his specialty field is indicated by the letter G
for “general knowledge” and the letter W for “working
knowledge.”

Table B1
Design Specification — Divisions 1 and 2

NCA-1000 W

NCA-2000 W
NCA-3100 W
NCA-3200 W
NCA-3300 W [Note (1)]

NCA-3400 W [Note (1)]
NCA-3500 W [Note (1)]
NCA-3600 W
NCA-3700 G
NCA-3800 G

NCA-3900 G [Note (1)]
NCA-4000 G
NCA-5000 G

NCA-8000 G

NX‐1000 W
NX-2100 G
NX-2300 G
NX-2500 G
NX-2600 G
NX-3100 G
NX-3200 G
NX-3300 G [Note (1)]
NX-3400 G [Note (1)]
NX-3500 G [Note (1)]
NX-3600 G [Note (1)]
NX‐3700 G [Note (1)]
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Table B1
Design Specification — Divisions 1 and 2

(Cont'd)

NX-3800 G [Note (1)]
NX-3900 G [Note (1)]
NX-4100 G
NX-4210 G
NX-4220 G
NX-4240 G
NX-4620 G
NX-5100 G
NX-5200 G
NX-6000 W [Note (1)]

NF‐NG‐1000 W [Note (1)]
NF-NG-2100 G [Note (1)]

NF-NG-2300 G [Note (1)]

NF-NG-3000 G [Note (1)]

NF-NG-4100 G [Note (1)]

NF-NG-4200 G [Note (1)]

NF-NG-5000 G [Note (1)]

CC-1000 W

CC-2000 G

CC-3000 G

CC-4000 G

CC-5000 G

CC-6000 G

Legend:
G = General Knowledge

NX = NB/NC/ND/NE/NH, as applicable
W = Working Knowledge

NOTE:
(1) As applicable.

Table B2
Design Report — Division 1

NCA‐1000 G
NCA-2000 G
NCA-3100 G
NCA-3200 G
NCA-3300 W [Note (1)]
NCA-3400 W [Note (1)]
NCA-3500 W [Note (1)]
NCA-3600 G
NCA-3700 G
NCA-3800 G
NCA-3900 G
NCA-4000 G
NCA-8000 G

NX‐1000 W
NX-2100 W
NX-2300 W
NX-2500 W [Note (1)]
NX-2600 G
NX-3100 W
NX-3200 W [Note (1)]
NX-3300 W [Note (1)]

NX‐3400 W
NX-3500 W [Note (1)]
NX-3600 W [Note (1)]
NX-3700 W [Note (1)]
NX-3800 W [Note (1)]
NX-3900 W [Note (1)]
NX-4100 G
NX-4210 G
NX-4220 G
NX-4240 G
NX-4620 G
NX-5100 G
NX-5200 G
NX-6000 G

NF‐NG‐1000 W [Note (1)]
NF‐NG‐2100 W [Note (1)]
NF‐NG‐2300 W [Note (1)]
NF‐NG‐3000 W [Note (1)]
NF‐NG‐4100 G [Note (1)]
NF‐NG‐4200 G [Note (1)]
NF‐NG‐5000 G [Note (1)]

Legend:
G = General Knowledge

NX = NB/NC/ND/NE/NH, as applicable
W = Working Knowledge

NOTE:
(1) As applicable.

Table B3
Overpressure Protection Report — Divisions

1 and 2

NCA‐1000 G
NCA-2000 W
NCA-3100 G
NCA-3200 G
NCA-3500 G
NCA-3600 G
NCA-4000 G

NX‐1000 G
NX-3110 W
NX-3220 G
NX-3230 G
NX-3414 G

NX‐3521 G

NX-3621 G

NX-6200 G

NX-6300 G

NX-7000 W

CC‐1000 G

CC-3100 G

CC-3200 W

CC-6100 G

CC-6211 G

CC-7000 W

Legend:
G = General Knowledge

NX = NB/NC/ND/NE/NH, as applicable
W = Working Knowledge

Table B4
Load Capacity Data Sheet — Division 1

NCA All G
NCA‐1250 W
NCA-2140 W
NCA-3550 W

NF All G
NF‐3100 W
NF-3200 W
NF-3300 W [Note (1)]
NF-3400 W
NF-3500 W [Note (1)]

NF-3600 W [Note (1)]

Appendix

I G

II G [Note (1)]

II-1220 W [Note (1)]

II-1430 W [Note (1)]

F G

F‐1321 W

F‐1370 W

Legend:
G = General Knowledge
W = Working Knowledge

NOTE:
(1) As applicable
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Table B5
Construction Specification, Design Drawings, and Design Report — Division 2

Construction
Specification

Design
Drawings

Design
Report

NCA‐1000 W W W
NCA-2000 W W W
NCA-3100 W W W
NCA-3200 W W W
NCA-3300 W W W
NCA-3400 W W W
NCA-3500 G G G
NCA-3600 G G G
NCA-3700 G G G
NCA-3800 W G G
NCA-3900 W G G
NCA-4000 W G W
NCA-5000 G G G
NCA-8000 G G G

CC-1000 W W W

CC-2000 W G W

CC-3100 W W W

CC-3200 G G W

CC-3300 G W W

CC-3200 G G W

Construction
Specification

Design
Drawings

Design
Report

CC-3300 G W W

CC-3400 G W W

CC-3500 W W W

CC-3600 W W W

CC-3700 W W W

CC-3800 W W W

CC-4100 W W W

CC-4200 W W G

CC-4300 W W G

CC-4400 W W G

CC-4500 W W G
CC-5000 W W W
CC-6000 W G G
CC-7000 W G G
CC-8000 W G G

Legend:
G = General Knowledge
W = Working Knowledge

Table B6
Design Specification — Division 3

WA‐1000 W
WA-2000 W
WA-3100 W
WA-3300 W
WA-3400 W
WA-3800 G
WA-4000 W
WA-5000 G

WA‐8000 W

WX‐1000 W

WX‐2000 G

WX‐3000 G

WX‐4000 G

WX‐5000 G

WX‐6000 W

Legend:
G = General Knowledge
W = Working Knowledge

WX = WB and WC, as applicable

Table B7
Design Report — Division 3

WA‐1000 G
WA‐2000 G
WA‐3100 W

WA‐3300 W
WA‐3400 G
WA‐3800 W

Table B7
Design Report — Division 3 (Cont'd)

WA‐4000 W
WA‐5000 G
WA‐8000 G
WX‐1000 W
WX‐2000 W

WX‐3000 W

WX‐4000 G

WX‐5000 G

WX‐6000 W

Legend:
G = General Knowledge
W = Working Knowledge

WX = WB and WC, as applicable

Table B8
Fabrication Specification — Division 3

WA‐1000 W
WA‐2000 W
WA‐3100 W
WA‐3300 W
WA‐3400 W
WA‐3800 W

WA‐4000 W
WA‐5000 G
WA‐8000 W
WX‐1000 W
WX‐2000 W
WX‐3000 W
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Table B8
Fabrication Specification — Division 3

(Cont'd)

WX‐4000 W
WX‐5000 W WX‐6000 W

Legend:
G = General Knowledge
W = Working Knowledge

WX = WB and WC, as applicable

GUIDE C NONMANDATORY GUIDELINES FOR
DEMONSTRATING PE
QUALIFICATIONS

This Guide provides suggested methods for demonstrat-
ing that the requirements for the qualification of person-
nel engaged in certification activities have been met. The
Owner, Designer, N Certificate Holder, or N3 Certificate
Holder, as applicable, responsible for the activity being
certified should establish procedures or instructions for
evaluating, verifying, and documenting the qualifications
of the PE engaged in certifying activities as required by
this Appendix

The PE ’s qualifications for the requirements of
XXIII-1220 may be demonstrated as follows.

(a) PE registration in one or more states of the United
States or provinces of Canada should be documented on
records that, as a minimum, include

(1) PE’s identification
(2) state or province of registration
(3) registration number
(4) expiration date

(b) The 4 years of varied application experience, includ-
ing 2 years in his specialty field(s), should be documented
in a resume describing the PE’s Code experience and
places and dates of employment.

(c) In order for the PE to keep current his knowledge of
the Code requirements and to continue his professional
development in his specialty field(s), as required by this
Appendix, he should, in the 36‐month period preceding
the date of qualification, have performed Code activities
requiring certification in his specialty field(s), or have
been engaged in the application of Code requirements to
an equivalent extent, but not necessarily including Certifi-
cation. Alternatively, he should have done two or more of
the following:

(1) taught or attended an appropriate course or train-
ing program

(2) taught or attended an appropriate seminar
(3) attended an ASME or ASME/ACI Code meeting
(4) attended a technical society meeting related to his

specialty field

(d) The PE’s participation in these activities should be
documented in appropriate records that, as a minimum,
include

(1) PE’s identification
(2) description of Code activities performed
(3) course or training program description, duration,

and date completed
(4) seminar description, duration, and date attended
(5) ASME or ASME/ACI Code meeting(s) and date(s)

attended
(6) technical society meeting(s) and date(s) attended
(7) the PE’s function (i.e., attendee, member, speaker,

chairman, etc.) indicating the nature of his participation
Guide B provides guidance regarding knowledge of the

Code that the PE should have in each specialty field. The
PE’s qualifications regarding knowledge of the Code may
be demonstrated by any one of the following methods:

(e) The Owner, Designer, N Certificate Holder, or N3
Certificate Holder, as applicable, upon review of the ex-
perience record of the PE, declares in writing that

(1) the PE’s knowledge of the Code in his specialty
field meets the requirements, and

(2) the PE’s experience record reflects successful per-
formance of the applicable Code activities in connection
with the construction of ASME Code items.

(f) Another PE previously qualified to this Appendix,
designated by the Owner, Designer, N Certificate Holder,
or N3 Certificate Holder, as applicable, and familiar with
the requirements of the Code, after reviewing the qualifi-
cations of the PE to be qualified, attests in writing that
the PE’s knowledge of the Code in his specialty
field(s) meets the requirements of this Appendix.

(g) Attendance of the PE at appropriate courses or semi-
nars that provide instruction in the Code for his specialty
field(s) to import knowledge of the Code required by this
Appendix. Training should be scheduled as required by
this Appendix, at a frequency consistent with significant
changes to the Code in his specialty field(s). Training
may be accomplished by attending in‐house courses or
courses presented by others. Training should be documen-
ted on appropriate records that, as a minimum, include

(1) attendee’s identification
(2) instructor’s name and affiliation
(3) outline or description of course or seminar
(4) date and duration of course or seminar

(h) Examination of the PE in his specialty field(s), either
written or oral, to verify his knowledge of the Code as re-
quired by this Appendix. The examination may be devel-
oped and/or administered either in‐house or by others.
Examinations should be documented on appropriate re-
cords that, as a minimum, include

(1) attendee’s identification
(2) examiner’s name and affiliation
(3) outline or description of examination
(4) date and results of the examination
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MANDATORY XXIV
STANDARD UNITS FOR USE IN EQUATIONS

Table XXIV-1000
Standard Units for Use in Equations

Quantity U.S. Customary Units SI Units

Linear dimensions (e.g., length, height, thickness, radius, diameter) inches (in.) millimeters (mm)
Area square inches (in.2) square millimeters (mm2)
Volume cubic inches (in.3) cubic millimeters (mm3)
Section modulus cubic inches (in.3) cubic millimeters (mm3)
Moment of inertia of section inches4 (in.4) millimeters4 (mm4)
Mass (weight) pounds mass (lbm) kilograms (kg)
Force (load) pounds force (lbf) newtons (N)
Bending moment inch‐pounds (in.-lb) newton‐millimeters (N·mm)
Pressure, stress, stress intensity, and modulus of elasticity pounds per square inch (psi) megapascals (MPa)
Energy (e.g., Charpy impact values) foot‐pounds (ft-lb) joules (J)
Temperature degrees Fahrenheit (°F) degrees Celsius (°C)
Absolute temperature Rankine (R) kelvin (K)

Fracture toughness ksi square root inches ( ) MPa square root meters ( )

Angle degrees or radians degrees or radians
Boiler capacity Btu/hr watts (W)
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ð13Þ MANDATORY APPENDIX XXV
ASME-PROVIDED MATERIAL STRESS-STRAIN DATA

ARTICLE XXV-1000
INTRODUCTION

XXV-1100 STRESS-STRAIN DATA

It is recognized that ASME-specified material property
data would make implementation of the strain-based ac-
ceptance criteria easier for many users. However, at this
time, the ASME true stress-strain curves (reflecting mini-
mum yield and ultimate tensile strength values) and the
true uniform and fracture strain limits (reflecting a 98%

exceedance probability) associated with the strain-based
acceptance criteria of Nonmandatory Appendix FF are still
under development. Until these data become available, the
user shall develop the necessary material data based on
tensile testing (see Nonmandatory Appendix EE,
EE-1222), and their use shall be justified in the final De-
sign Report.

2013 SECTION III APPENDICES

147

-
-
`
`
,
,
,
,
,
`
`
`
`
,
`
,
`
,
`
,
`
,
`
`
`
,
,
,
,
-
`
-
`
,
,
`
,
,
`
,
`
,
,
`
-
-
-



NONMANDATORY APPENDICES

NONMANDATORY APPENDIX A

ARTICLE A-1000
STRESS ANALYSIS METHODS

A-1100 INTRODUCTION

A-1110 SCOPE
(a) The Articles of this Appendix illustrate some accep-

table methods of analysis to determine the stresses and
stress intensities required to ensure the adequacy of a de-
sign as defined in NB‐3200.

(b) The methods presented here are not intended to ex-
clude others such as computer programs working directly
with shell equations or finite element breakdowns of the
component under investigation.
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ARTICLE A-2000
ANALYSIS OF CYLINDRICAL SHELLS

A-2100 INTRODUCTION

A-2110 SCOPE

(a) In this Article equations are given for stress and de-
formations in cylindrical shells subjected to internal pres-
sure only. Refer to NB‐3133.3 for cylindrical shells
subjected to external pressure.

(b) Equations are given for bending analysis for uni-
formly distributed edge loads.

A-2120 SIGN CONVENTION AND
NOMENCLATURE

The sign convention arbitrarily chosen for the analysis
of cylindrical shells in this Article is as indicated in
Figure A-2120-1. Positive directions assumed for perti-
nent quantities are indicated.

The symbols and sign convention adopted in this Article
for the analysis of cylindrical shells are defined as follows:

B11 = B11 (βL)
= (sinh 2βL − sin 2βL)/2(sinh2 βL − sin2 βL)

B12 = B12 (βL)
= (cosh 2βL − cos 2βL)/2(sinh2 βL − sin2 βL)

B22 = B22 (βL)

= (sinh 2βL + sin 2βL)/2(sinh2 βL − sin2 βL)

D = Et3/12(1 − v2), in.-lb (N·mm)
E = modulus of elasticity

f1 (βx) = e−βx cos βx
F11 (βx) = (cosh βx sin βx − sinh βx cos βx)/2
F12 (βx) = sinh βx sin βx
F13 (βx) = (cosh βx sin βx + sinh βx cos βx)/2
F14 (βx) = cosh βx cos βx
f2 (βx) = e−βx (cos βx − sin βx)
f3 (βx) = e−βx (cos βx + sin βx)
f4 (βx) = e−βx sin βx

G11 = G11 (βL)
= −(cosh βL sin βL − sinh βL cos βL )/(sinh2

βL − sin2 βL)
G12 = G12 (βL)

= −2 sinh βL sin βL/(sinh2 βL − sin2 βL)
G22 = G22 (βL)

= −2 (cosh βL sin βL + sinh βL cos βL)/sinh2

βL − sin2 βL)
L = length cylinder used as subscript to denote

evaluation of a quantity at end of cylinder re-
moved from reference end

M = longitudinal bending moment per unit length
of circumference, in.-lb/in. (N·mm/mm)

o = used as subscript to denote evaluation of a
quantity at reference end of cylinder, x = 0

p = internal pressure
Q = radial shearing forces per unit length of cir-

cumference, lb/in. (N·mm)
R = inside radius
S = stress intensity
t = thickness of cylinder
w = radial displacement of cylinder wall, in. (mm)
x = axial distance measured from the reference

end of cylinder
Y = ratio of outside radius to inside radius
Z = ratio of outside radius to an intermediate

radius
β = [3(1 − v2)/(R + t/2)2t2]

1/4, in.−1 (mm−1)
θ = rotation of cylinder wall, rad

= dw/dx
ν = Poisson’s ratio
σ l = longitudinal (meridional) stress component
σ r = radial stress component
σ t = tangential (circumferential) stress component

Figure A-2120-1
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A-2200 STRESS INTENSITIES,
DISPLACEMENTS, BENDING
MOMENTS, AND LIMITING VALUES

A-2210 PRINCIPAL STRESSES AND STRESS
INTENSITIES DUE TO INTERNAL
PRESSURE

A-2211 Loading Effects Considered
In this Subarticle equations are given for principal stres-

ses and stress intensities resulting from uniformly distrib-
uted internal pressure in cylindrical shells. The effects of
discontinuities in geometry and loading are not included
and should be evaluated independently. The stresses re-
su l t ing f rom a l l e f f e c t s sha l l be combined by
superposition.

A-2212 Principal Stresses
The principal stresses developed at any point in the wall

of a cylindrical shell due to internal pressure are given by
the following equations:

ð1Þ

ð2Þ

ð3Þ

A-2220 STRESS INTENSITIES
A-2221 General Primary Membrane Stress

Intensity
The general primary membrane stress intensity devel-

oped in a cylindrical shell as a result of internal pressure
is given by the equation:

ð4Þ

A-2222 Maximum Value of Primary Plus
Secondary Stress Intensity

The maximum value of the primary plus secondary
stress intensity in a cylindrical shell as a result of internal
pressure occurs at the inside surface and is given by the
equation:

ð5Þ

A-2223 Values of Radial Stress Used
Note that in evaluating the general primary membrane

stress intensity, the average value of the radial stress
has been taken as −p/2. This has been done to obtain a
result consistent with burst pressure analyses. On the
other hand, the radial stress value used in A-2222 is −p ,
the value at the inner surface, since the purpose of that
quantity is to control local behavior.

A-2230 BENDING ANALYSIS FOR UNIFORMLY
DISTRIBUTED EDGE LOADS

A-2231 Behavior of Shells Subjected to Bending
Moments

The equations in this Subarticle describe the behavior of
cylindrical shells when subjected to the action of bending
moments M , in.-lb/in. (N·mm/mm) of circumference, and
radial shearing forces Q , lb/in. (N·mm) of circumference,
uniformly distributed at the edges and acting at the mean
radius of the shell. The behavior of shells due to all other
loadings must be evaluated independently and combined
by superposition.

A-2240 DISPLACEMENTS, BENDING MOMENTS,
AND SHEARING FORCES IN TERMS OF
CONDITIONS AT REFERENCE EDGE
(x = 0)

A-2241 Equations for Conditions of Any Axial
Location

The radial displacement w(x), the angular displacement
or rotation θ(x), the bending moments M(x), and the ra-
dial shearing forces Q(x) at any axial location of the cylin-
der are given by the following equations in terms of wo ,
θo , Mo , and Qo .

ð6Þ

ð7Þ

ð8Þ

ð9Þ

A-2242 Equations When Cylinder Length ≥ 3/β

In the case of cylinders of sufficient length, the equa-
tions in A-2241 reduce to those given below. These equa-
tions may be used for cylinders characterized by lengths
not less than 3/β . The combined effects of loadings at
the two edges may be evaluated by applying the equations
to the loadings at each edge, separately, and superposing
the results.
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ð10Þ

ð11Þ

ð12Þ

ð13Þ

A-2243 Edge Displacements and Rotations in
Terms of Edge Loads

The radial displacement wo and wL and rotations θ o

and −θL , developed at the edges of a cylindrical shell sus-
taining the action of edge loads Qo , Mo , QL , and ML , are
given by the following equations:

ð14Þ

ð15Þ

ð16Þ

ð17Þ

A-2250 LIMITING VALUE OF FUNCTIONS
A-2251 General Limiting Values of Influence

Functions

The influence functions B and G , appearing in the equa-
tions in A-2243, rapidly approach limiting values as the
length L of the cylinder increases. The limiting values are

(a) Thus, for cylindrical shells of sufficient length, the
loading conditions prescribed at one edge do not influence
the displacements at the other edge.

(b) In the case of cylindrical shells characterized by
lengths not less than 3/β , the influence functions B and
G , are sufficiently close to the limiting values so that the
limiting values may be used in the equations in A-2243
without significant error.

A-2252 Limiting Values of Influence Functions
for Short Cylinders

In the case of sufficiently short cylinders, the influence
functions B and G , appearing in the equations in A-2243,
are, to a first approximation, given by the following
expressions:

Introducing these expressions for the influence func-
tions B and G into the equations in A-2243 yields expres-
sions identical to those obtained by the application of ring
theory. Accordingly, the resultant expressions are subject
to all of the limitations inherent in the ring theory, includ-
ing the limitations due to the assumption that the entire
cross‐sectional area of the ring t × L rotates about its cen-
troid without distortion. Nevertheless, in the analysis of
very short cylindrical shells characterized by lengths not
greater than 1/2β , the expressions may be used without in-
troducing significant error.

A-2260 PRINCIPAL STRESSES DUE TO BENDING
The principal stresses developed at the surfaces of a cy-

lindrical shell at any axial location x due to uniformly dis-
tributed edge loads (Figure A-2120-1) are given by the
equations:

ð18Þ

ð19Þ

ð20Þ
In these equations, where terms are preceded by a dou-

ble sign ±, the upper sign refers to the inside surface of the
cylinder and the lower sign refers to the outside surface.
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ARTICLE A-3000
ANALYSIS OF SPHERICAL SHELLS

A-3100 INTRODUCTION

A-3110 SCOPE

(a) In this Article equations are given for stresses and deformations in spherical shells subjected to internal or external
pressure.
(b) Equations are also given for bending analysis of partial spherical shells under the action of uniformly distributed

edge forces and moments.

A-3120 NOMENCLATURE AND SIGN CONVENTION

(a) The symbols and sign convention adopted in this Article are defined as follows:

Ao =

B(α) = [(1 + ν2) (K1 + K2) − 2K2]

C(α) =

D = Et3 / 12(1 − ν2), flexural rigidity, in.-lb (N·mm)
E = modulus of elasticity

F(α) =

H = force per unit length of circumference, perpendicular to center line of sphere, lb/in. (N·mm)
K1 = 1 − [(1 −2ν) / 2λ] cot (ϕo − α)
k1 = 1 − [(1 −2ν) / 2λ] cot ϕo

K2 = 1 − [(1 + 2ν) / 2λ ] cot (ϕo − α)
k2 = 1 − [(1 + 2ν) / 2λ ] cot ϕo

l = used as a subscript to denote meridional direction
M = meridional bending moment per unit length of circumference, in.-lb/in. (N·mm/mm)
N = membrane force, lb/in. (N·mm)
o = used as a subscript to denote a quantity at the reference edge of sphere
p = uniform pressure internal or external
Q = radial shearing force per unit of circumference, lb/in. (N·mm)
R = inside radius

Rm = radius of midsurface of spherical shell
S = stress intensity
t = thickness of spherical shell

used as a subscript to denote circumferential direction
U = ratio of inside radius to an intermediate radius
w = radial displacement of midsurface, in. (mm)
Y = ratio of outside radius to inside radius
Z = ratio of outside radius to an intermediate radius
α = meridional angle measured from the reference edge, rad
β = [3(1 − ν2) / Rm

2t2]
1/4, in.−1 (mm−1)

γo = tan−1 (−k1)
δ = lateral displacement of midsurface, perpendicular to center line of spherical shell, in. (mm)
θ = rotation of midsurface, rad
λ = βRm

ν = Poisson’s ratio
σ l = longitudinal (meridional) stress component
σ r = radial stress component
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and the outside diameter of the flanges

(c) The hub–flange interaction moment MS , which acts
on the flange, is expressed by equations L-3242(13),
L-3244(a)(25), and L-3244(a)(26); for Category 3 flanges

T h e c o n t a c t f o r c e H C i s d e t e r m i n e d b y
equation L-3242(15) or equation L-3244(a)(33).

(d) The required bolt load for operating conditions is
determined in accordance with the following equation:

L-3222 Total Required and Actual Bolt Areas, and
Flange Design Bolt Load

The total required cross‐sectional area of bolts Am

equals Wm1/Sb . A selection of bolts to be used shall be
made such that the actual total cross‐sectional area of
bolts Ab will not be less than Am . The flange design bolt
load W shall be taken equal to Wm1 .

L-3230 CLASSIFICATION OF ASSEMBLIES AND
CATEGORIZATION OF INDIVIDUAL
FLANGES

It is necessary to classify the different types of flanged
assemblies and to further categorize each flange which
comprises the assembly under consideration.

L-3231 Classification of a Class FF Flange
Assembly

Since the flanges comprising an assembly are in contact
outside the bolt circle, the behavior of one flange is influ-
enced by the stiffness of the other. For the purpose of com-
putation it is helpful to classify an assembly consisting of
different types of flanges according to the way the flanges
influence the deformation of the assembly.

L-3231.1 Group 1 Assembly.32 A pair of flanges which
are bolted together and which are nominally identical with
respect to shape, dimensions, physical properties, and al-
lowable stresses33 except that one flange of the pair may
contain a gasket groove. (A Group 1 assembly is also re-
ferred to as an identical flange pair.) Figure L-3230-1 illus-
trates configuration of a Group 1 assembly.

L-3231.2 Group 2 Assembly. Any assemblage which
does not fit the description of Group 1 where, in the case
of reducers, the inside diameter of the reducing flange ex-
ceeds one‐half of the bolt circle diameter. Figure L-3230-2
illustrates configuration of a Group 2 assembly.

Figure L-3230-1
Group 1 Flange Assembly (Identical Flange

Pairs)

GENERAL NOTES:
(a) Category 1 flanges illustrated in sketch (a) and (b); Category 2

flanges illustrated in sketch (c).
(b) P e rm i t t e d we l d d e t a i l s a r e i n a c c o r d a n c e w i t h

Figures XI-3120-1 and NC‐4243‐2, ND‐4243‐1 or NE‐4243‐1,
as applicable.
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L-3231.3 Group 3 Assembly. Any assemblage consist-
ing of a reducer or a flat circular head without an opening
or with a central, reinforced opening provided the dia-
meter of the opening in the reducing flange or flat cover
is less than one‐half of the bolt circle diameter. In the ana-
lysis the reducing flange is considered to be the equivalent
of a flat circular head without an opening. Figure L-3230-3
illustrates configuration of a Group 3 assembly.

L-3232 Categorization of a Class FF Flange

In addition to classifying an assembly, the individual
flanges (except the reducing flange or flat circular head)
must be categorized for the purpose of computation as

loose type, integral type, or optional type. This can be done
using XI-3120; Figure XI-3120-1 is suitable by considering
the flanges as flat faced (as a result of removing the raised
gasket surface by machining and recessing the gasket in a
groove) and by adding a flange‐to‐flange contact force HC

at some distance hC outside the bolt circle. Since certain
design options exist depending upon the category of the
flange, the following categories include both the type of
flange and the various design options.
(a) Category 1 Flange. An integral flange or an optional

flange calculated as an integral flange.
(b) Category 2 Flange. A loose type flange with a hub

where credit is taken for the strengthening effect of the
hub.
(c) Category 3 Flange. A loose type flange with a hub

where no credit is taken for the strengthening effect of
the hub, a loose type flange without a hub, or an optional‐
type flange calculated as a loose type without a hub. Sub-
stitute B for B1 in the applicable equation for this category
of flange.

Figure L-3230-2
Group 2 Flange Assembly

GENERAL NOTES:
(a) Category 1 flanges illustrated. Categories II and III permitted.
(b) For purposes of analysis of Flange II by method L-3243(a), as-

sume A I I = G I I = B1

(c) P e rm i t t e d we l d d e t a i l s a r e i n a c c o r d a n c e w i t h
Figures XI-3120-1 and NC‐4243‐2, ND‐4243‐1 or NE‐4243‐1,
as applicable.

NOTES:
(1) B I I > C/2
(2) See L-3192 and L-3193.

Figure L-3230-3
Group 3 Flange Assembly

GENERAL NOTE: Category I flange illustrated. Categories II and III
permitted.

NOTES:
(1) B I I ≤ C/2
(2) Permitted weld details are in accordance with Figures XI‐3120

and NC‐3225‐3.
(3) See L-3192 and L-3193.
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L-3240 FLANGE ANALYSIS
L-3241 General Method

(a) In order to calculate the stresses in the flanges and
bolts of a flanged assembly, classify the assemblage in ac-
cordance with L-3231 and then categorize each flange per
L-3232.

(b) The method of analyzing various groups and cate-
gories of flanges is basically the same. Although many
equations appear to be identical, subtle differences do ex-
ist and care must be exercised in the analysis. To minimize
the need for numerous footnotes and repetitive state-
ments throughout the text, the equations to be used in
analyzing the various groups of assemblies and categories
of flanges are given in Table L-3240-1. In general, the
terms should be calculated in the same order as they are
listed in the table. It is important to refer to the table be-
fore starting an analysis since only a limited number of the
equations contained in this Article are used in the design
of a particular pair of flanges. Some of the numbered equa-
tions appear in L-3191 along with general purpose, un-
numbered expressions.

(c) Subscripts I and II refer to the nonreducing flange
and the reducer (or flat circular head), respectively, of a
Group 3 assembly and of a Group 2 assembly designed
using the method of L-3243(a).

L-3242 Analysis of a Group 1 Assembly

The following equations are used for the analysis of Ca-
tegory 1, 2, and 3 flanges of a Group 1 assembly in accor-
dance with Table L-3240-1.

Flange Moment Due to Flange–Hub Interaction

ð13Þ

Slope of Flange at Inside Diameter Times E

ð14Þ

Contact Force Between Flanges at hC

ð15Þ

Bolt Load at Operating Conditions

ð16Þ
Operating Bolt Stress

ð17Þ
Design Prestress in Bolts

ð18Þ

Radial Flange Stress at Bolt Circle

ð19Þ

Radial Flange Stress at Inside Diameter

ð20aÞ

ð20bÞ

ð20cÞ
Tangential Flange Stress at Inside Diameter

ð21aÞ

ð21bÞ

Table L-3240-1
Summary of Applicable Equations for

Different Groups of Assemblies and Different
Categories of Flanges

Group
Category
[Note (1)] Applicable Formulas

1 1 L-3191(5a), L-3242(13) – L-3242(19),
L-3242(20a), L-3242(21a), L-3242(22a)

1 2 L-3191(5b), L-3242(13) – L-3242(19),
L-3242(20b), L-3242(21b), L-3242(22b)

1 3 L-3191(5c), L-3242(13) – L-3242(19),
L-3242(20c), L-3242(21c), L-3242(22c)

2 All See L-3243

3 1 L-3191(1) – L-3191(4), L-3191(6a),
L-3244(a)(23) – L-3244(a)(37),
L-3244(a)(38a), L-3244(a)(39a),
L-3244(a)(40a), L-3244(a)(41) –
L-3244(a)(44)

3 2 L-3191(1) – L-3191(4), L-3191(6a),
L-3244(a)(23) – L-3244(a)(37),
L-3244(a)(38b), L-3244(a)(39b),
L-3244(a)(40b), L-3244(a)(41) –
L-3244(a)(44)

3 3 L-3191(1) – L-3191(4), L-3191(6a),
L-3244(a)(23) – L-3244(a)(37),
L-3244(a)(38c), L-3244(a)(39c),
L-3244(a)(40c), L-3244(a)(41) –
L-3244(a)(44)

NOTE:
(1) Of the nonreducing flange in a Group 2 or Group 3 assembly.
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ð21cÞ

Longitudinal Hub Stress

ð22aÞ

ð22bÞ

ð22cÞ

L-3243 Analysis of a Group 2 Assembly

(a) The assembly may be analyzed using a variation of
the analysis for a Group 3 assembly (L-3244) that ac-
counts for the interaction of nonidentical flanges and the
stiffening effect of an integral nozzle or hub centrally lo-
cated in the reducing flange.

(1) The central nozzle of Flange II with diameter B I I

sha l l be assumed for ana lys i s purposes as an
Mandatory Appendix XI flange with outside diameter A ,
bolt circle C , and gasket circle G all equal to B1 of Flange
I. See Figure L-3230-2.

(2) In addition it is necessary to categorize the cen-
trally located Mandatory Appendix XI flange (nozzle plus
the associated over plate to diameter B1) as a Category
1, 2, or 3 flange in accordance with L-3232.

(3) The moment due to pressure shall be designated
Mp ′ where

For Category 1, 2, or 3 flanges [see (2) above],

For Category 1 or 2 flanges [see (2) above],

For Category 3 flanges [see (2) above],

(4) The rules in L-3244 and the summary of
Table L-3240-1 for the analysis of a Group 3 assembly ap-
ply to the analysis of a Group 2 assembly with the follow-
ing additions and substitutions:

C5 and C6 and all the symbols in equations in (-a) and
(-b) below pertain only to the centrally located
Mandatory Appendix XI flange [nozzle plus the associated
cover of thickness t I I to diameter B1 defined in (1) above].
All terms in equations in (-c) and (-d) below, except C5

and C 6 , refer to the nonreducing flange (Flange I). C 1

and C 2 of equations in (-c) and (-d) below replace C 1

and C2 of eqs. L-3191(1) and L-3191(2).

(-a) Let

(-b) Let

for Category 3 flanges.34 Let

for Category 1 or 2 flanges.34

(-c) Let

(-d) Let

(-e) Replace eq. L-3244(a)(32) with:

(-f)Delete eq. L-3244(a)(44). Subparagraphs (1),
(2), and (3) above apply only for calculating C 5 (Mp ′)
and C6 , and subsequently when using (5) below for calcu-
lating the stresses in and adjacent to the nozzle in Flange
II.

(5) Stresses in the centrally located nozzle of Flange II
shall be calculated in accordance with the following equa-
tions after MS I I has been found using (4) above. All terms,
such as e, Y , and Z , apply to the centrally located
Mandatory Appendix XI flange as defined in (1) and (2)
above.

For Category 1 or 2 flanges [(2) above]:

Longitudinal Hub Stress
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Radial Flange Stress Adjacent to Central Nozzle

Tangential Flange Stress Adjacent to Central Nozzle

For Category 3 Flanges [(a)(2) above]:
Tangential Flange Stress Adjacent to Central Nozzle

Radial and Longitudinal Hub Stress

(6) The stresses in Flange I and the remaining stres-
ses in Flange II shall be calculated in accordance with
L-3244 except as modified by (4).

(b) As an alternative to the method in (a) above and at
the option of the designer, the assembly may be analyzed
as if it is one flange of an identical pair in a Group 1 assem-
bly using the procedure in L-3242. All stresses shall satisfy
L-3250. The same value of hC shall be used in both calcu-
lations and the strain length l of the bolts shall be based on
the thickness of the flange under consideration. This meth-
od is more conservative and more bolting may be required
than the method in (a) above.

(c) The central nozzle or opening in Flange II of a Group
2 assembly determined by the rules in (a) or (b) above
meets the general requirements of this Division and of this
Article. The rules for determining thickness and reinfor-
cing requirements of NC‐3225, NC‐3325, ND‐3325, and
NE‐3325, and NC‐3233, NC‐3333, ND‐3333, and
NE‐3333, respectively, are not applicable.

L-3244 Analysis of a Group 3 Assembly

(a) The following equations are used for the analysis of
Category 1, 2, and 3 nonreducing flanges and the reducer
(or flat circular head) of a Group 3 assembly:

Rigid Body Rotation of Flanges Times E*

ð23Þ

ð24Þ

Total Flange Moment at Diameter B1

ð25Þ

ð26Þ

Unbalanced Flange Moment at Diameter B1

ð27Þ

ð28Þ
Balanced Flange Moment at Diameter B1

ð29Þ

ð30Þ
Slope of Flange at Diameter B1 Times E

ð31Þ

ð32Þ

Contact Force Between Flanges at hC

ð33Þ
Bolt Load at Operating Conditions

ð34Þ
Operating Bolt Stress

ð35Þ
Design Prestress in Bolts

ð36Þ

Radial Stress in Flange I at Bolt Circle

ð37Þ

Radial Stress in Flange I at Inside Diameter

ð38aÞ

ð38bÞ

ð38cÞ
Tangential Stress in Flange I at Inside Diameter

ð39aÞ

2013 SECTION III APPENDICES

257
--``,,,,,````,`,`,`,`,```,,,,-`-`,,`,,`,`,,`---



ð39bÞ

ð39cÞ

Longitudinal Hub Stress in Flange I

ð40aÞ

ð40bÞ

ð40cÞ
Radial Stress in Flange II at Bolt Circle

ð41Þ

Radial Stress in Flange II at Diameter B1

ð42Þ

Tangential Stress in Flange II at Diameter B1

ð43Þ

Radial and Tangential Stress at Center of Flange II

ð44Þ

(b) The thickness of Flange II of a Group 3 assembly de-
termined by the above rules shall be used in lieu of the
thickness that is determined by NC‐3225, NC‐3325,
ND‐3325, and NE‐3325. However, any centrally located
opening in Flange II shall be reinforced to meet the rules
of Mandatory Appendix XIX.

L-3250 ALLOWABLE FLANGE DESIGN STRESSES
The stresses calculated by the above equations, whether

tensile or compressive ( −), shall not exceed the following
values for all groups of assemblies:35

(a) operating bolt stress σb not greater than Sb for the
design value of Si
(b) longitudinal hub stress SH not greater than S f for

Category 1 and 2 cast iron flanges except as otherwise lim-
ited by (1) and (2) below and not greater than 1.5 S f for
materials other than cast iron

(1) longitudinal hub stress SH not greater than the
smaller of 1.5 S f or 1.5 Sn for Category 1 flanges where
the pipe or shell constitutes the hub

(2) longitudinal hub stress SH not greater than the
smaller of 1.5 S f or 2.5 Sn for integral flanges (Category
1) similar to the Mandatory Appendix XI flanges shown
as Figure XI-3120-1, sketches (6), (6a), and (6b)
(c) radial stress SR not greater than Sf
(d) tangential stress ST not greater than Sf
(e) also,

not greater than Sf and

not greater than Sf
(f) SR and ST at the center of the reducing flange in a

Group 3 assembly [see eq. L-3244(a)(44)] shall not exceed
Sf

L-3260 PRESTRESSING THE BOLTS

The design rules of this Article provide for tangential
contact between the flanges at hCmax or some lesser value
h C beyond t h e bo l t c i r c l e . A s i n t h e c a s e o f
Mandatory Appendix XI flanges, a Class FF flange must
be designed so that the calculated value of the operating
bolt stress σb does not exceed Sb . Also, as in the case of
Mandatory Appendix XI flanges, ordinary wrenching tech-
niques without verification of the actual initial bolt stress
(assembly stress) is considered to meet all practical needs
with control and verification reserved for special applica-
tions. For the purposes of this Article, the use of

to optimize stresses is considered to be a special applica-
tion unless it is also shown that all of the requirements of
this Article are also satisfied when

L-3270 REFERENCES

Additional guidance on the design of flat faced metal‐to‐
metal contact flanges can be found in the following
references:
(a) Schneider, R. W., and Waters, E. O., The Background

of ASME Code Case 1828: A Simplified Model of Analyzing
Part B Flanges, Journal of Pressure Vessel Technology,
ASME, Vol. 100, No. 2, May 1978, pp. 215–219;
(b) Schneider, R. W., and Waters, E. O., The Application

of ASME Code Case 1828, Journal of Pressure Vessel Tech-
nology, ASME, Vol. 101, No. 1, February 1979, pp. 87–94.
I t s h o u l d b e n o t e d t h a t t h e r u l e s i n

Nonmandatory Appendix L were formerly contained in
Code Case 1828, A Simplified Method for Analyzing Flat
Face Flanges with Metal‐to‐Metal Contact Outside the Bolt
Circle/ Section VIII, Division 1.
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NONMANDATORY APPENDIX M

ARTICLE M-1000
RECOMMENDATIONS FOR CONTROL OF WELDING, POSTWELD
HEAT TREATMENT, AND NONDESTRUCTIVE EXAMINATION OF

WELDS

M-1100 INTRODUCTION

M-1110 SCOPE

This Appendix provides recommendations for control of
welding, postweld heat treatment, and nondestructive ex-
amination of welds. The purpose of this Appendix is to
identify the areas that should be controlled. It should
not be construed that this Appendix describes the only
controls that are necessary. Other controls may be neces-
sary depending on the specific application.

M-1120 APPLICABILITY

The recommendations contained in this Appendix may
be included in procedures, instructions, specifications,
process sheets, shop travelers, checklists, drawings, or
other documents that are part of the Quality Assurance
or Control Program.

M-1200 WELDING PROCEDURE
SPECIFICATIONS

M-1210 RESPONSIBILITY FOR PREPARATION

The responsibility for preparing and approving the
Welding Procedure Specification, and the method of hand-
ling revisions should be defined in the Quality Assurance
or Control Program.

M-1211 Content Requirements

Section IX identifies the essential and also the nonessen-
tial variables required to be included in a Welding Proce-
dure Specification. Supplementary information that
should be provided, as applicable, is listed in (a) through
(k) below. This information may be provided in other spe-
cifications, drawings, or documents that are referenced in
or used in conjunction with the Welding Procedure Speci-
fication, as described in M-1213.

(a) weld joint design, including fit‐up
(b) method of weld joint preparation
(c) cleaning requirements prior to welding

(d) purge requirements in addition to QW‐408.5 of Sec-
tion IX, such as oxygen content, volume changes, or time of
purging prior to welding, and minimum thickness of de-
posited metal prior to removal or purge

(e) cleaning and examination requirements between
weld passes

(f) instructions for measuring preheat and interpass
temperatures

(g) preheat temperature control

(h) interpass temperature control

(i) temperature maintenance and control after welding

(j) welding current and voltage control including meth-
od and frequency of measurement

(k) welding technique including, as applicable, method
of starts and stops, method of arc initiation, and weave
or stringer bead

M-1212 Format of Welding Procedure
Specification

Welding Procedure Specifications may consist of a sin-
gle document. Alternatively, there may be a general Weld-
ing Procedure Specification that applies to and is
referenced by a number of detailed Welding Procedure
Specifications. The general Welding Procedure Specifica-
tion may also reference other specifications to define
other requirements such as welding filler materials, pur-
ging, and postweld heat treatment.

M-1213 Application of Welding Procedures

Selection of qualified welding procedures should be
based on the essential variables applicable for the produc-
tion weld. Any additional requirements of the Design Spe-
cification, such as component classification, applicable
Code edition and addenda, fracture toughness require-
ments, and manufacturing considerations, should be eval-
uated in the selection of welding procedures for specific
weld joints.
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M-1300 WELDING PERFORMANCE
QUALIFICATION AND ASSIGNMENT

It is necessary that a system be established to ensure
that properly qualified welders and welding operators
are used for specific weld joints. The system should in-
clude confirmation that the welder and welding operator
qualifications are up to date and valid for the application.

M-1400 CONTROL OF WELDING

A system should be established and maintained that is
capable of
(a) maintaining the identification of acceptable electro-

des, filler metal, consumable inserts, and fluxes until con-
sumed, and
(b) minimizing moisture absorption of coated electro-

des and of fluxes
The system should include requirements for receiving

inspection, storage, handling, use of holding ovens, control
o f exposure t ime at ambient temperature , and
reconditioning.

M-1500 NONDESTRUCTIVE EXAMINATION
OF WELDS

M-1510 RESPONSIBILITY FOR PREPARATION
Nondestructive examination procedures should be pre-

pared in accordance with the requirements of the particu-
lar Article of this Section used in fabrication, including
acceptance standards. The responsibility for preparation
and approval of procedures and the method of handling
revisions should be defined in the Quality Assurance or
Control Program.

M-1520 VERIFICATION OF APPLICABILITY
Prior to assignment of nondestructive examination pro-

cedures to specific weld joints, a review should be made of
the Code classification of the component and the Code

edition and addenda to ensure that the type of examina-
tion, procedure and acceptance standards, frequency,
and time of examination are all correct for the application.

M-1600 POSTWELD HEAT TREATMENT

A system should be established and maintained that is
capable of meeting PWHT requirements for heating and
cooling rates, metal temperature, metal temperature uni-
formity, and temperature control. The location of thermo-
couples, furnace loading to prevent direct impingement of
flame on parts or components, and the furnace atmo-
sphere should be considered in establishing procedures.

M-1700 EXAMINATION AND DIMENSIONAL
INSPECTION

Examinations and dimensional inspections should be
made to provide assurance that the requirements of this
Section are met and that welding conforms with the proce-
dures, specifications, and drawings. As applicable, consid-
eration should be given to (a) and (b).
(a) Before welding

(1) material identification
(2) weld preparation surfaces
(3) cleanliness
(4) root opening
(5) offset
(6) alignment
(7) socket engagement on socket welds

(b) After welding
(1) cracks or linear indications
(2) rounded indications
(3) overlap
(4) undercut
(5) lack of required penetration
(6) surface finish
(7) weld profile
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NONMANDATORY APPENDIX N

ARTICLE N-1000
DYNAMIC ANALYSIS METHODS

N-1100 INTRODUCTION AND SCOPE

Section III does not require dynamic analysis. However,
the design of nuclear components requires consideration
of the seismic and other dynamic inputs which are defined
in the Design Specifications for the component. Compo-
nent design may be based on the use of static forces result-
ing from equivalent earthquake acceleration acting at the
centers of gravity of the extended masses, or a dynamic
system analysis may be used to show how seismic loading
is transmitted from the defined ground motions to all
parts of the buildings, structures, equipment, and compo-
nents. N-1100 through N-1200 of this Appendix are pre-
sented to illustrate one or more acceptable steps for
seismic dynamic analysis. It is not intended that these
steps are the only acceptable ones, since the seismic dy-
namic analysis involves a series of steps, and some of
these steps have acceptable alternative methods. Dynamic
analysis in general uses techniques which are illustrated
in seismic analysis. Those technical areas of dynamic ana-
lysis used in nuclear component design which are not spe-
cifically illustrated by seismic analysis are included in
N-1300 through N-1700.

N-1110 DEFINITIONS AND NOTATIONS

(a) The magnitude of an earthquake is a measure of the
size of an earthquake and is related to the energy released
in the form of seismic waves. Magnitude means the nu-
merical value on a Richter scale. The intensity of an earth-
quake is a measure of its effects on man, on man‐built
structures, and on the earth’s surface at a particular loca-
tion. Intensity is measured by the numerical value of the
modified Mercalli scale.

(b) The Safe Shutdown Earthquake (SSE) is that earth-
quake which is based upon an evaluation of the maximum
earthquake potential considering the regional and local
geology and seismology and specific characteristics of lo-
cal subsurface material. It is that earthquake which pro-
duces the maximum vibratory ground motion for which
those structures, systems, and components important to
safety are designed to remain functional.

(c) The Operating Basis Earthquake (OBE) is that earth-
quake which, considering the regional and local geology
and seismology and specific characteristics of local sub-
surface material, could reasonably be expected to affect
the plant site during the operating life of the plant.

(d) The response spectrum is defined as a plot of the
maximum response (acceleration, velocity, or displace-
ment) of a family of idealized linear single‐degree‐
of‐freedom damped oscillators as a function of natural fre-
quencies (or periods) of the oscillators to a specified vibra-
tory motion input at their supports.

(e) The design ground response spectrum is a smooth re-
sponse spectrum obtained by analyzing, evaluating, and
statistically combining a number of individual response
spectra derived from the records of significant past
earthquakes.

(f) The maximum (peak) ground acceleration (for a gi-
ven site) is defined as that value of the acceleration which
corresponds to zero period in the design response spectra
for that site. At zero period the design response spectra ac-
celeration is identical for all damping values and is equal
to the maximum (peak) ground acceleration specified for
that site.

(g) Normal mode— time history methods use the normal
mode theory and a time history of the input motion. When
normal mode theory is used, the maximum response is de-
termined by obtaining the combined response of all indi-
vidual modes at a particular time.

(h) Direct integration — time history methods use nu-
merical step‐by‐step integration of the equations of mo-
tion of a time history of the input motion.

(i) Equivalent statical methods means the use of a stati-
cal loading coefficient which gives a definite upper limit to
the response.

(j) Coupled structures and plant equipment include
those structures and plant equipment which, because of
their mass and stiffness properties, significantly influence
the dynamic response of each other and must be consid-
ered together in a dynamic analysis.
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(k) Uncoupled structures and plant equipment include
those structures and plant equipment which, because of
their mass and stiffness properties, do not significantly in-
fluence the dynamic response of each other and can be
considered in separate dynamic analysis.
(l) Seismic systems are all those structures for which

loads induced by earthquake should be considered.
(m) Rigid range is used to describe those frequencies of

structures, systems, or components whose natural fre-
quencies are greater than some value at which dynamic
response acceleration is essentially the same as the impact
acceleration. For example, a response to the seismic de-
sign response spectra of Figures N-1211(a)-1 and
N-1211(b)-1 has unity amplification of acceleration above
33 Hz.
(n) Spectrum consistent time history is a time history

which is artificially generated to essentially envelop a gi-
ven design response spectrum.

N-1200 SEISMIC ANALYSIS

N-1210 EARTHQUAKE DESCRIPTION
N-1211 Ground Response Spectrum

(a) The horizontal component ground design response
spectra of the Safe Shutdown Earthquake (SSE) or the Op-
erating Basis Earthquake (OBE) on sites underlain by rock
or by soil may be linearly scaled from Figure N-1211(a)-1
in proportion to the maximum horizontal ground
acceleration specified for the earthquake chosen.
[Figure N-1211(a)-1 corresponds to a maximum horizon-
tal ground acceleration of 1.0g and accompanying displa-
cement of 36 in. (915 mm).] The applicable multiplication
factors and control points are given in Table N-1211(a)-1.
For damping ratios not included in Figure N-1211(a)-1 or
Table N-1211(a)-1, a linear interpolation may be used.
(b) The vertical component ground design response

spectra of the SSE or the OBE on sites underlain by
r o c k o r by s o i l may be l i n e a r l y s c a l e d f r om
Figure N-1211(b)-1 in proportion to the maximum hori-
zontal ground acceleration specified for the earthquake
chosen. [Figure N-1211(b)-1 is based on a maximum hor-
izontal ground acceleration of 1.0g and accompanying dis-
placement of 36 in . (915 mm).] The appl icable
multiplication factors and control points are given in
Table N-1211(b)-1. For damping ratios not included in
Figure N-1211(b)-1 or Table N-1211(b)-1, a linear inter-
polation may be used.

N-1212 Time History
N-1212.1 Frequency Content of Time History. The

design ground response spectra used in the earthquake
resistance design, such as those illustrated in Figures
N-1211(a)-1 and N-1211(b)-1 for the design of nuclear
power plant facilities, are generally based on multi‐
component time history motions from a number of major
earthquakes. There are no single recorded earthquake

ground motions which have such uniform frequency dis-
tribution. However, it is often necessary to generate a
spectrum‐consistent time history motion whose response
spectrum matches the design response spectrum for a gi-
ven damping value. The purpose of developing such a
spectrum‐consistent time history motion is to provide
the analyst with an acceptable basis for generating floor
(in structure) response spectra and performing time his-
tory analysis of systems and components.
Several acceptable approaches are presented below.
(a) Modified Earthquake Records. An acceptable ap-

proach is to modify the components of past earthquake re-
cords using spectral raising and suppressing techniques
(refs. [71] and [72]).
Spectral raising is accomplished by adding to the origi-

nal time history a harmonic function at the frequency of
interest with a phase angle such that the response spectral
value at this frequency will be increased to a desired
amount; the time when the maximum vibratory motion oc-
curred will be the same. In this way, the spectral charac-
teristics of the modified time history will be similar to
the original earthquake records. Consequently, statistical
characteristics of past time history motions can be main-
tained as discussed in N-1213.
When the time history response spectrum is higher than

the design response spectrum at a frequency, spectral sup-
pressing can be carried out by passing the time history
through a linearly damped oscillator connected in series
with a second damper. This damping arrangement will re-
duce the response spectral value, locally at the natural fre-
quency of the oscillator, to the desired amount.
This usually requires an iterative procedure. A repeti-

tious application of the raising and suppressing techni-
ques may be used to arrive at a time history motion
whose response spectrum is sufficiently close to the de-
sign spectrum.
(b) Synthesized Time History Motions. Several methods

may be used to generate time history motions without
the direct use of an actual earthquake record. One method
uses power spectral density functions to generate the time
history motions. Power spectral density (PSD) functions
may be calculated for the strong motion portion of
actual earthquake records by assuming that the strong
motion portion is stationary and Gaussian. This (PSD)
function may then be used to produce a sample of a
pseudo‐earthquake ensemble by filtering a white noise re-
cord with unit power density through a linear damped
system (ref. [73]).
A second procedure which may be used is to pass Gaus-

sian shot noise through selected filters (ref. [74]). This
method may produce acceptable results if used in conjunc-
tion with the spectral raising and suppressing techniques
described earlier.
Another acceptable procedure involves the superposi-

tion of continuous waves with the assumption that earth-
quake motion is stationary for the strong motion portion
of the total time duration. The earthquake is characterized
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Figure N-1211(a)-1
Horizontal Design Response Spectra Scaled to 1g Horizontal Ground Acceleration
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as the product of a normalized stationary process and a
scaling factor that establishes the magnitude of the motion
and its envelope shape which consists of three distinct
parts: the buildup, the flat or stationary portion, and the
motion decay. The random process is represented by a fi-
nite number of superimposed sine waves with distinct
periods and randomly selected phase angles (ref. [30]).

Synthesized time history motions for the three perpen-
dicular directions of an earthquake may not have time
phase relationships similar to those of past earthquake re-
cords. The procedures of N-1213.1 may be used to check
that time phasing is acceptable.

N-1212.2 Duration of Time History.
(a) It has been observed (ref. [51]) that the earthquake

duration effect on the response spectrum shape is small
for periods shorter than 0.5 sec, which is the period range
significant for nuclear power plant structures, systems
and components.

(b) Although actual long duration earthquakes tend to
excite a much wider range of frequencies, this effect is in-
cluded in the nuclear power plant design by using the
smoothed, envelope type of design response spectra. The
use of a design response spectrum in qualifying structures
and components dictates that only maximum response
amplitudes, be it displacement or stresses, are computed.
The duration of ground motions, which is an influence in
prolonging large amplitude structural response, may be
important when fatigue life of the structures and compo-
nents is considered. The fatigue effect is discussed in
N-1214.

(c) The earthquakes used in producing the recom-
mended response spectra [Figures N-1211(a)-1 and
N-1211(b)-1] occurred almost exclusively in the California
area originating along the Circumpacific Belt. They are re-
ferred to as type 2 earthquakes in ref. [51]. These type 2
earthquakes are associated with moderate distances from

the focus and occur only on firm ground. They last for only
a moderate time. The type 2 earthquakes are unlike those
referred to as type 3 which occur on soft soil such as the
Mexico City earthquakes of July 6, 1964, and which have
a much longer duration.
(d) Maximum accelerations of type 2 earthquakes gen-

erally occur in the first 10 sec of strong shaking. For in-
stance, the north–south component acceleration
recorded at the El Centro earthquake, May 18, 1940,
shows that the maximum horizontal ground acceleration
of 0.33 g occurs at about 2 sec after the instrument started
recording.
(e) Time history analysis is necessary to qualify systems

and components which exhibit highly nonlinear character-
istics, such as the opening and closing of large gaps be-
tween members . Long seismic inputs can waste
computation resources. Duration of the artificial time his-
tories should be sufficient to allow the structure enough
time to achieve its maximum response. For developing re-
sponse spectra, the input time history used should be cho-
sen long enough so that the resultant response spectra do
not significantly change if the time history is increased.
For developing spectrum‐consistent time histories, the re-
sultant time history should be long enough so that further
increases in its length will not produce significantly differ-
ent response spectra.
(f) Generally the minimum duration of the strong seis-

mic motion required may be taken as 6 sec for Code com-
ponents. If this minimum 6 sec strong motion duration is
used, then a buildup duration of about 4 sec is recom-
mended to precede the strong motion. The buildup region
may be taken as the time duration from where motion is
zero to the time where stationarity or strong motion be-
gins. In cases where it is uncertain as to the minimum
strong motion duration required to produce maximum
structural response, the analysis may be extended to long-
er strong motion durations such as 10 sec in order to

Table N-1211(a)-1
Horizontal Design Response Spectra Relative Values of Spectrum Amplification Factors for Control

Points

Percent of
Critical
Damping

Amplification Factors for Control Points

Acceleration [Note (1)], [Note (2)]
Displacement [Note

(1)], [Note (2)]

A (33 Hz) B (9 Hz) C (2.5 Hz) D (0.25 Hz)

0.5 1.0 4.96 5.95 3.20
2.0 1.0 3.54 4.25 2.50
5.0 1.0 2.61 3.13 2.05
7.0 1.0 2.27 2.72 1.88
10.0 1.0 1.90 2.28 1.70

NOTES:
(1) Maximum ground displacement is taken proportional to maximum ground acceleration and is 36 in.

(915 mm) for ground acceleration of 1.0g.
(2) Acceleration and displacement amplification factors are taken from recommendations given in ref. [1]

and discussed in refs. [2] and [3].
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evaluate whether significant response increases occur
above those of the 6 sec duration. The method in ref.
[71] may be used when required to include shorter or
longer periods of vibratory energy in an artificial time
history.

N-1213 Directional and Time Phase
Considerations

Three orthogonal components of earthquake excitations
are normally considered for nuclear power plant design.
Rotational ground motion in the three directions, how-
ever, may be neglected. The triaxial input excitations are
characterized by the relative magnitudes of the peak

accelerations of the three excitations, and the relative va-
lues of the response spectra over the frequency range of
interest (N-1211). Time histories which are consistent
with the design response spectra may be developed
through methods discussed in N-1212 and which essen-
tially envelop the design response spectra. Since these ar-
t i f ic ia l t ime histories may not have t ime phase
relationships similar to those of past earthquake records,
the procedures of N-1213.1 may be used to check that
time phasing is acceptable.

N-1213.1 Time Phase Relationships. The peak accel-
eration of the three orthogonal synthetic time histories
generally need not occur at the same time. In order to

Figure N-1211(b)-1
Vertical Design Response Spectra Scaled to 1g Horizontal Ground Acceleration
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stimulate natural earthquake occurrences, the correlation
of the synthesized time histories may be evaluated by cal-
culating the cross correlation coefficients and the coher-
ence functions (refs. [4], [5], and [6]). The artificially
generated time histories are acceptable if both their cross
correlation coefficients and their coherence functions are
approximately equal to the respective functions for past
earthquake records. An absolute value of the correlation
coefficient less than 0.16 is acceptable. For the coherence
function the numerical values ranging between 0.0 and 0.3
with an average of approximately 0.2 are acceptable.

N-1214 Cyclic Criteria

(a) An acceptable cyclical load basis for fatigue analysis
of earthquake loading of equipment and components is 10
equivalent maximum stress cycles per earthquake.
(b) The equivalent maximum stress cycle is defined as

the full range including plus or minus seismic load calcu-
lated by equivalent static or response spectrum modal
analysis techniques.
(c) The total usage factor contribution is based upon the

number of earthquakes considered for the component.

N-1220 METHODS OF DYNAMIC ANALYSIS
N-1221 Modeling Techniques for Dynamic

Analysis

In the course of preparation.

N-1222 Time History Method

(a) The structural system to be analyzed can be gener-
ally classified into two forms, linear and nonlinear. In
the linear system the structure is idealized in such a way
that the responses and motion retain a linear relation with
the applied loads. A nonlinear structural dynamic system

may be caused by either a material nonlinearity (i.e., a
nonlinear stress–strain relationship of the material), a
geometrical nonlinearity (an excessive deformation, a sup-
port gap, etc. which significantly changes the geometry of
the system), or a mixture of the two.

(b) Dynamic analysis for either a linear or nonlinear sys-
tem is based on the solution of a set of simultaneous, dif-
ferential equations of motion with given initial and
boundary conditions. Acceptable methods are presented
for solution to linear and nonlinear equations in N-1222.

N-1222.1 Linear.

(a) The response of a multi‐degree‐of‐freedom linear
structural system is described by the differential equation
of motion expressed in matrix form

ð1Þ

where

C = matrix of viscous damping coefficients
f = force vector and function of time representing ex-

ternal loading at mass points
K = stiffness matrix for the mass points of the linear

elastic structure
M = mass matrix
x = displacement vector
x ′ = velocity vector
x″ = acceleration vector

In all typical linear matrix formulations, matrices M, C,
and K are symmetric.

(b) For a seismic analysis where ground motion is the
source of excitation, f in eq. (a)(1) can be replaced by −[M]
{Z″}, where Z″ is the acceleration of ground motion in the
same direction of x which is the relative displacement

Table N-1211(b)-1
Vertical Design Response Spectra Relative Values of Spectrum Amplification Factors for Control

Points

Percent of
Critical
Damping

Amplification Factors for Control Points

Acceleration [Note (1)], [Note (2)]
Displacement [Note

(1)], [Note (2)]

A (33 Hz) B (9 Hz) C (3.5 Hz) D (0.25 Hz)

0.5 1.0 4.96 5.67 2.13
2.0 1.0 3.54 4.05 1.67
5.0 1.0 2.61 2.98 1.37
7.0 1.0 2.27 2.59 1.25
10.0 1.0 1.90 2.17 1.13

NOTES:
(1) Maximum ground displacement is taken proportional to maximum ground acceleration and is 36 in.

(915 mm) for ground acceleration of 1.0g .
(2) Acceleration amplification factors for the vertical design response spectra are equal to those for horizon-

tal design response spectra at a given frequency, whereas displacement amplification factors are 2/3 those
for horizontal design response spectra. These ratios between the amplification factors for the two design
response spectra are in agreement with those recommended in ref. [1] and discussed in refs. [2] and [3].
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Figure N-1211(a)-1M
Horizontal Design Response Spectra Scaled to 1g Horizontal Ground Acceleration
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Figure N-1211(b)-1M
Vertical Design Response Spectra Scaled to 1g Horizontal Ground Acceleration
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with respect to the ground motion. For systems excited at
multiple support locations, further modification of the
force vector is necessary (see N-1228).

(c) The differential equation of motion may be solved
either analytically or numerically. A rigorous analytical so-
lution of the simultaneous linear differential equations is
often impractical and unnecessary. Simplification of the
damping matrix may be made to facilitate computations.

(d) For example, in the special case of proportional
damping (i.e., when the damping matrix is reduced to a lin-
ear combination of the mass and stiffness matrices), the
classical method of modal analysis may be applied since
eq. (a)(1) can be decoupled.

(e) See N-1230 for acceptable treatments of damping. A
numerical solution using step‐by‐step integration method
may be applied to a set of coupled as well as uncoupled
differential equations. The direct integration method does
not require the process of uncoupling modes; therefore,
no calculation of natural frequencies and mode shapes is
necessary. The direct integration method permits the
handling of proportional damping where this treatment
is required.

N-1222.1.1 Method of Modal Superposition
(Ref. [8]).

N-1222.1.1.1 Modal Analysis. The method of
modal analysis usually assumes that a modal matrix be de-
fined such that

ð2Þ

where the right‐hand sides are diagonal matrices, ϕ is the
modal matrix, ω is the natural frequency of the structure,
and ξ is the modal fraction of critical damping. This forma-
tion uses damping matrices that are proportional.

Let {η} be the normal coordinates such that the displa-
cement {x} can be defined by the transformation

ð3Þ
Equation N-1222.1(a)(1) can be written by means of

this transformation as

ð4Þ

which represents a decoupled system of individual modal
equations. Response in each mode may be obtained by sol-
ving the differential equations individually for the corre-
sponding mode. The total response of the structure is
therefore the result of combining the responses of all its
component modes.

The equations of motion for a linear system may be un-
coupled by means of a transformation to a system of nor-
mal coordinates provided that the damping matrix C is a
linear combination of M and K matrices.

N-1222.1.1.2 Complex Frequency Response
Method. As an alternative approach to the method of mod-
al analysis described above, the complex frequency
response method may be used to determine dynamic re-
sponse of the system represented by eq. N-1222.1(a)(1).

The complex frequency response method requires that
the complex frequency responses of the system be deter-
mined first and the seismic excitations be transformed
into its frequency domain. The time histories of the re-
sponse may then be found by inverting the response
transforms.

Corresponding to every normal coordinate η r of
eq. N-1222.1.1.1(4), a pair of Fourier transforms may be
found:

ð5Þ

where

fr (t) = {ϕr}
T{f(t)}

The Fourier transforms of the excitation and response
are related according to

ð6Þ

and

ð7Þ

The r th mode response is given by evaluating the Four-
ier integral:

ð8Þ

and the time history response of the system in the physical
coordinate is given by

ð9Þ

Standard fast Fourier transform techniques are avail-
able for expedient evaluation of Qr(ω) and η r(t) of eqs.
(6) and (8), respectively (ref. [9]).

N-1222.1.2 Method of Direct Integration.
(a) This is a numerical method directly applied to the

solution of the differential equations of motion of linear
structural system, eq. N-1222.1(a)(1), in a step‐by‐step
manner. No uncoupling procedure is necessary to com-
pute the responses. The damping matrix need not be
proportional.

(b) There are many acceptable schemes available for
numerical integration of the equations of motion such as
Newmark β ‐method (ref. [10]), Houbolt method (ref.
[11]), and Wilson θ ‐method (ref. [12]).
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(c) Using the matrix formulation by Chan, Cox, and
Ben f i e l d ( r e f . [ 13 ] ) and Newmark β ‐method ,
eq. N-1222.1(a)(1) may be transformed into a finite differ-
ence equation in recurrence form involving displacement:

ð10Þ

where

[B] = 2[M] − (1 −2β)h2[K]
[D] = [M ] + (h/2)[C] + βh2[K ]
[F] = [M ] − (h/2)[C] + βh2[K ]
h = length of the time interval used in the direct inte-

gration procedure
n = the number of time intervals lapsed
β = parameter of Newmark β ‐method in reflecting the

type of acceleration function assumed between
two time stations and numerical stability of the
procedure

(d) The dynamic responses of a structure at any instant
of time may be calculated from the time history of excita-
tions and the previous structural responses.
(e) The direction integration method has the advantage

of simplicity in computation and elimination of the eigen-
value problem. This method may also be extended to deal
with the nonlinear problems.

N-1222.2 Nonlinear.
(a) The linear time history analysis discussed in

N-1222.1 is based on the assumptions that external forces
are independent of the displacement and velocity, the
stress–strain relationship is linear, and the strain–
displacement relationship is linear. Many problems of
practical consequences exist for which these assumptions
are not valid. Some acceptable numerical methods to ana-
lyze such nonlinear problems are discussed below.
(b) The following nonlinearities may be introduced into

the system:
(1) material nonlinearities (plasticity);
(2) geometric nonlinearities (large displacement);
(3) combination of material and geometric nonlinea-

rities (impact and friction).
(c) The differential equation of motion for nonlinear

problems is

ð11Þ

where

Ct = damping
Kt = stiffness matrices
Mt = time‐dependent mass
Pt = force arrays
U = displacement
U ′ = velocity

U″ = acceleration

The left‐hand side of eq. (11) may be made linear by
introducing

ð12Þ

where

C = proportional damping
Cn l = damping
K = stiffness matrices

Knl = stiffness matrices
M = time‐independent mass

Mnl = time‐dependent mass

As an example, the compressible fluid flow in a pipe or a
moving mass acting on a structure contributes to [Mnl ]
and the closing and opening of gaps contribute to [Cn l ]
and [Kn l ]. Substituting eq. (12) into eq. N-1222.1(a)(1)
yields

ð13Þ

where

{F} = {Pt} − [Mnl]{U″} − [Cnl ]{U ′} − [Knl]{U}

Time history methods to solve eq. (11) or (13) fall into
two major categories: (1) mode superposition, and (2) di-
rect integration.

N-1222.2.1 Mode Superposition.

(a) The use of normal modes for linear time history
method is discussed in N-1222.1. Mode superposition
techniques may also be used for the nonlinear problems
(refs. [14], [15], and [16]). A problem of a pendulum hav-
ing a large amplitude is discussed in ref. [14]. Reference
[15] presents an analysis of a structure including the fol-
lowing nonlinear characteristics: variable‐stiffness ele-
ment s , con tac t ( compress ion on l y ) e l ements ,
time‐varying boundary conditions, and nonmodal and
nonlinear damping elements. A ring problem involving
large geometric nonlinearities and plastic strains is dis-
cussed in ref. [16].

(b) Let {ϕ i} and {ω i} be the i th orthonormal eigenvec-
tor and natural frequency, respectively:

ð14Þ
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A transformation

ð15Þ

is introduced in eq. N-1222.2(c)(13). The resulting un-
coupled equation is as follows:

ð16Þ

where

I = identity matrix
= [ϕ]T[M][ϕ]

P = generalized force
= [ϕ]T{F}

q = generalized displacement vector
ξ j = j th modal damping ratio
ω j = j th natural frequency
ϕ = set of significant eigenvectors

(c) Eq. (b)(16) may be solved by either explicit numer-
ical integration schemes such as the fourth order Runge–
Kutta method (ref. [17]), Hamming’s predictor–corrector
method (ref. [17]), or by the analytical integration scheme
(ref. [14]). These numerical methods are conditionally
stable and available as library programs equipped with
an automatic time step adjustment feature. These methods
provide a stable solution if the integration time step is ap-
preciably smaller than the smallest period associated with
eq. (b)(16). In the analytical integration method, the force
vector F is approximated over the time step Δt . This al-
lows for Duhamel integral type solutions for eq. (b)(16).

(d) The generalized forces in eq. (b)(16) are updated at
each time increment. If the initial stiffness matrix has a re-
latively large bandwidth and a large number of eigenvec-
tors are not required for the analysis, it is likely that the
mode superposition approach will be quite economical
as compared with the direct integration procedures dis-
cussed in N-1222.2.2. In cases where the applied load dis-
tribution is extremely complex or its time variation
contains significant high frequency components, or both,
it is necessary to include many modes to obtain adequate
accuracy by mode superposition. In these cases the direct
integration procedure may be more efficient. This proce-
dure is discussed in N-1222.2.2.

N-1222.2.2 Direct Integration. Direct numerical in-
tegration methods can be applied to eq. N-1222.2(c)(11)
o r e q . N - 1 2 2 2 . 2 ( c ) ( 1 3 ) . W h e n a p p l i e d t o
eq. N-1222.2(c)(11), the calculation of time‐dependent
matrices is necessary at each integration time step. When
applied to eq. N-1222.2(c)(13), the time‐independent ma-
trices may be calculated once at the beginning of the nu-
merical solution and the time‐dependent force array is
calculated at each time step. These methods are classified
into two groups: explicit schemes and implicit schemes.
The explicit schemes are hampered by both numerical

instability and convergence problems while the implicit
schemes suffer only from convergence problems. These
schemes are discussed in N-1222.2.2.1 and N-1222.2.2.2.

N-1222.2.2.1 Explicit Schemes. These schemes
convert the differential equations of motion to a set of lin-
ear algebraic equations with unknown state variables (at
the present time) which are independent of one another.
Acceptable explicit schemes include: Runge–Kutta method
(ref. [17]), predictor–corrector method (ref. [17]), Nord-
sieck integration method (ref. [18]), and central difference
method (ref. [19]).

As the above methods are conditionally stable, they
have a disadvantage of requiring small time step sizes.
The first three methods can be made to operate with the
variable time step, while the fourth one is a constant time‐
step procedure. Garnet and Armen (ref. [20]) demonstrate
a one dimensional wave propagation problem solution
with the aid of a predictor–corrector method, i.e., the mod-
ified Adams method. In ref. [21] the Nordsieck integration
scheme is demonstrated to solve nonlinear vibration pro-
blems in reactor components. Wu and Witmer (ref. [22])
analyzed the problem of large transient elastic–plastic de-
formation of structures using the central difference
method.

N-1222.2.2.2 Implicit Schemes. These schemes
convert the differential equations of motion to a set of lin-
ear simultaneous algebraic equations and require a matrix
inversion to step the solution forward. Acceptable implicit
schemes include: Newmark’s generalized acceleration
method, Wilson’s θ method, Nastran’s integration method,
and Houbolt’s method.

(a) Acceptable implicit schemes:
(1) Newmark’s Generalized Acceleration Method (Refs.

[10] and [23]). The nodal point velocities and displace-
ments are given by the following equations:

ð17Þ

and

ð18Þ

Equations (17) and (18) are substituted in
eq. N-1222.2(c)(13), which is expressed at the present
time point (n + 1). This gives the following:

ð19Þ
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This set of algebraic simultaneous equations in the
unknown accelerations is solved and used with eqs. (17)
and (18) to obtain the velocity and displacement at the
present time. The parameter γ in eq. (19) is a damping
parameter. Artificial positive damping is introduced if
γ > 0.5 and artificial negative damping if γ < 0.5. For linear
problems, the method is unconditionally stable if
β > (2γ + 1)2/16 (ref. [12]). For γ = 1/2, β > 1/4 gives uncon-
ditional stability. For systems with nonlinearities or non-
proportional damping or both, there is no analytical
expression available for unconditional stability. So to pro-
vide a margin of stability for these systems β > 1/4 is con-
sidered for γ = 1/2. The value of γ slightly larger than 0.5
damp out the highest (and least important) modes while
preserving the lower ones. The Newmark method for
γ = 1/2 (no numerical damping) and β = 1/6 (linear accelera-
tion) is conditionally stable. The Wilson modified method
(to make it unconditionally stable) is discussed next.

(2) Wilson’s θ Method (ref. [12]). To obtain the solu-
tion at the present time (n + 1), this method assumes that
the acceleration varies linearly over the time interval
τ = θΔt , where θ > 1.0. With the aid of eq. (1)(19),
β = 1/6 and γ = 1/2, solution at time point (n + θ) is obtained.
Then the acceleration, velocity, and displacement at the
time point n + 1 are given by the following expressions:

ð20Þ

The last two equations are obtained from eq. (1)(18)
with the value of β and γ specified above. This method is
unconditionally stable for θ > 1.37 (ref. [12]); for θ = 1.4,
the numerical damping is less than 1% provided 22 steps
are taken within the natural period of the mode of interest
(ref. [25]).

(3) Nastran’s Integration Method (ref. [26]). In this
method the acceleration and velocity are expressed in cen-
tral finite difference form. They are expressed as follows:

ð21Þ

The displacement and the forcing function are ex-
pressed as the weighted average of the corresponding
magnitudes at the three successive t ime points
n −1, n, n + 1. Substitution of these expressions in
eq. N-1222.2(c)(13) expressed at time point n gives:

ð22Þ

This set of algebraic simultaneous equations in the
unknown displacements is solved and used to find velocity
and acceleration.

This scheme is a special form of the Newmark meth-
od, eq. (1)(18) for β = 1/3 and γ = 1/2 (ref. [13]). The value
β = 1/3 provided some margin of stability and for γ = 1/2, the
artificial damping is zero. Note that the load vector F is
averaged over three adjacent time steps in the same man-
ner that K is averaged. This is done in order to provide sta-
tically correct solutions for massless degrees of freedom.

(4) Houbolt’s Method (ref. [11]). In this method a
third‐order interpolating polynomial which fits the known
displacements at the three previous time points and the
unknown displacement at the present time point is formu-
lated. The expressions for acceleration and velocity are gi-
ven as follows:

ð23Þ

The eqs. (23) are substituted in eq. N-1222.2(c)(13)
which is expressed at the present time point n + 1. This
gives:
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This set of algebraic simultaneous equations in the
unknown displacements is solved and used to find velocity
and acceleration.

This method is unconditionally stable for linear pro-
blems and introduced artificial damping (the amount of
such damping increases with the ratio of time step to nat-
ural period of the system). The artificial damping is less
than 1% provided 50 time steps are taken within the nat-
ural period of the mode of interest (ref. [12]). Thus, the
Houbolt method effectively removes higher mode re-
sponse from the system.

(b) Approximation of Load Vectors. All four direct inte-
gration methods discussed in the previous section require
that the forces at the time point n + 1 be known in order to
calculate the displacements at that time. These loads, be-
cause of the presence of the nonlinear terms, are a func-
tion of the displacements which are to be calculated. So,
it is not possible to evaluate these terms exactly. These
forces may be approximated with the aid of the first‐order
Taylor series expansion about the motion at time point n
as follows:

This expression has an inherent error of order (Δt )2

which is the same as the Houbolt and Nastran method
(ref. [27]). This expression corresponds to a linear extra-
polation of the loads at the two previous time increments
which is equivalent to a numerical differentiation. This in-
troduces round off error (noise) which will set a low
bound on the integration time step.

(c) Convergence. For nonlinear systems, the following
two steps are recommended to ensure convergence of
the solution to the proper value.

(1) Iterative schemes, based on the residual force ar-
ray derived from the equation of motion at the present
time point n + 1 may be used to obtain convergence. This
residual, obtained by transferring all the terms in
eq. N-1222.2(c)(13) to the right‐hand side, is a measure
of howwell the dynamic equilibrium is satisfied at the pre-
sent time point n + 1. The time‐dependent matrices
and force arrays , in eqs . N-1222 .2(c)(11) and
N-1222.2(c)(13), respectively, are modified based on the
calculated solution at time point n + 1 and the iterative
scheme is continued until the dynamic equilibrium is sa-
tisfied to a prescribed tolerance. References [25], [28],
and [29] discuss this approach to improve efficiency in
nonlinear solutions.

(2) Successive computation of the time history, em-
ploying successively smaller values of the integration time
step, may also be used to ascertain convergence.

In the wave propagation problems, the response may
contain the spurious oscillations (refs. [20] and [25]),
which are due to the finite element discretization, and

are not eliminated by reducing the time step Δt . These os-
cillations may often be reduced by employing more uni-
form element size.

(d) General Remarks. No best choice of numerical meth-
od has been identified for nonlinear problems. Discussions
which are helpful to indicate the advantages and limita-
tions of these previously discussed methods are contained
in refs. [13], [20], [22], [23], and [27].

Experience obtained from the solution of actual pro-
blems is the most reliable indicator of which of the differ-
ent integration schemes is superior for a particular
problem. Experience and checks of methods adopted for
a similar type of physical problem where a correct solu-
tion is available is recommended to establish validity for
a particular nonlinear method.

N-1222.3 Time History Broadening. To account for
the effect of possible frequency variation of the structure,
the same time history data may be used with at least three
different scaled time intervals: Δt (the reference interval)
and (1 ± Δf j/f j)Δt , for the analysis of equipment, where f j
is the fundamental structural frequency and Δf j is a para-
meter defining the frequency variation due to uncertain-
ties. This variation of the time scale interval has a
similar effect to widening the spectral peak when generat-
ing the smoothed response spectrum. If one of the equip-
ment frequencies f e is within the range f j ± Δf j , it is
recommended that the time history also be used with ad-
ditional scaled time intervals of [1 ± (fe − fj)/f j ]Δt .

N-1223 Response Spectrum Method

N-1223.1 Modal Combination. In the response spec-
trum method, the peak values of particular responses of
interest (displacement, acceleration, shear, moment, etc.)
are determined for each mode. The total response may
be obtained by combining the peak modal responses by
the square root of sum of squares (SRSS) method. Mathe-
matically this is expressed as follows:

ð24Þ

where

R = the total response of interest (strain, displacement,
stress, moment, shear, etc.) based on the SRSS meth-
od of combining the individual peak modal
responses

Rk = the peak response of interest due to the k th mode
n = the number of significant modes

The above method may be used to determine the parti-
cular response for all significant modes regardless of fre-
quency spacing.
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N-1223.2 Combination of Effects Due to Triaxial Ex-
citation.
(a) In the response spectrum method of analysis, the

natural frequencies, mode shapes, and the load for each
mode are first determined. The load for each mode for unit
generalized response is the product of the stress matrix,
the mode shapes, and the mode participation factors.
When this product is multiplied by the generalized re-
sponse determined from the spectrum curves, the load
for each natural mode results.
(b) The following assumptions may be used in combin-

ing the loads of each natural mode and for each direction.
(1) The peak responses of the different modes due to

any one excitation do not occur at the same time.
(2) The peak generalized responses due to the three

different earthquake excitations for the same mode do
not occur at the same time.

(3) The peak stresses due to different modes and due
to different excitations generally do not occur at the same
location on the structure nor at the same angular
orientation.
(c) These assumptions are consistent with the use of the

SRSS method to compute the resultant responses. It is ne-
cessary to use the SRSS method only on scalar components
because the SRSS of components orthogonal to each other
results in magnitudes equivalent to vector sums thus im-
plying simultaneous occurrence.
(d) The following general procedure should be used to

combine the seismic responses due to triaxial excitation:

ð25Þ

where

Ri jk = maximum, co‐directional seismic response of in-
terest (strain, displacement, stress, moment, shear,
etc.) associated with coordinates i and j due to
earthquake excitation in the kth direction

Ri j = seismic response of interest for design (strain, dis-
placement, stress, moment, shear, etc.) obtained by
the SRSS rule to account for the nonsimultaneous
occurrences of Ri jk

N-1224 Component or Equipment Testing

In the course of preparation.

N-1225 Simplified Dynamic Analysis
N-1225.1 Seismic Load Coefficient Method for Pip-

ing System Analysis.
N-1225.1.1 Simplified Seismic Load Coefficient

Method Using Floor or Amplified Response Spectra as
the Seismic Design Basis Input.
(a) Piping System Loads. A simplified seismic load coef-

ficient method for earthquake resistant design for equiva-
lent seismic inertia induced resultant piping stresses,

displacements, loads, and support reaction loads may be
used to describe the earthquake input with a format as
follows:

ð26Þ

ð27Þ

where

Fph i = equivalent static inertia force applied to the pip-
ing and piping components in the ith horizontal
direction as defined in N-1225.2

Fpv = equivalent static inertia force applied to the pip-
ing and piping components in the vertical direc-
tion as defined in N-1225.2

Khi = the load coefficient applied to the piping and pip-
ing components in the ith horizontal direction.
The value of Kh i shall be determined as follows:

(a) For So i l S i t e s : V s < 3500 f t / se c
(1100 m/s)

where

Kh i = 1.0; l h i < 3.5 l v
Kh i = 0.65; 3.5l v ≤ l h i ≤ 5.0lv =

Kh i = 0.4; l h i > 5.0 l v

(b) For Rock Si tes : V s > 3500 f t/sec
(1100 m/s)

where

Kh i = 1.0; l h i < 2.5 l v
Kh i = 0.6; 2.51l v ≤ l h i ≤ 4.0l v
Kh i = 0.4; l h i > 4.0 l v

Piping systems with lh i in more than one of the
categories listed above shall use the highest Kh i

value applied to two lateral support spans on
either side of the span requiring the highest Kh i

value.
Kv = the load coefficient applied to the piping in the

vertical direction. The value of Kv shall be deter-
mined as follows:
For Soil Sites: Vs < 3500 ft/sec (1100 m/s)

where

Kv = .75; l h i < 4.0l v
Kv = 1.0; l h i ≥ 4.0l v

For Rock Sites: Vs > 3500 ft/sec (1100 m/s)

where

Kv = 1.0

Piping systems with l h i in more than one of these
categories listed above shall use the highest Kv

values applied to two lateral support spans on
either side of the span requiring the highest Kv

value.
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Sami = peak acceleration of applicable amplified or floor
response spectra in the ith direction (in g’s)

l h i = span in the ith direction between lateral supports
measured along the axis of the pipe. Lateral sup-
ports added to the piping system next to large in-
line components whose weights equal or exceed
the weight of the pipe between nominal dead
weight supports contained in Table NF‐3611.1,
such as valves, strainers, etc., do not need to be
considered in the determination of l h i value

l v = deadweight vertical support span from Table
NF‐3611.1 for the nominal pipe size for the piping
system under consideration

Vs = building foundation media shear wave velocity
W = the total piping dead load (weight) which exists

during the postulated seismic event. This includes
piping weight, water weight and insulation. The
units of the term Wmust be consistent with those
of the term Fph i and Fpv above.
When the piping system under consideration con-
tains more than one pipe size Khi and Kv factors
shall be separately determined for and applied
to each nominal pipe size in the piping system.
In addition, if the Kh i and Kv values change as a
result of a pipe size change, the highest Khi, Kv va-
lues at the point of piping size change shall be ap-
plied to the first two lateral support spans at the
point piping size change having the lower Khi, Kv

values.

(b) Special Considerations for Support Reactions. In
using this method to determine piping supports loads
for seismic events, the specification of a minimum lateral
and vertical support design load is required. This mini-
mum design load is a function of pipe size and shall be de-
termined as follows:

ð28Þ

ð29Þ

where

Sami = values that are the peak accelerations of the ap-
plicable amplified or floor response spectra in
each of two orthogonal horizontal directions
(units are g’s)

RVmin = (MSLF)(w′)(Sami)

where

Sami = peak acceleration of the applicable am-
plified or floor response spectra in the
vertical direction.

The remaining parameters are defined as follows:

MSLF = the Minimum Support Load Factor as defined in
Table N-1225.1.1(b)-1 [MSLF has the units of ft
(m)]

RLmin = Minimum Lateral Seismic Support Design Sup-
port Load [RLmin has the units of lbf (N)]

RAmin = Minimum Axial Seismic Support Design Load for
these axial supports not in the vertical direction.
For axial supports in the vertical direction the
minimum support design load shall be deter-
mined as RVmin . [RAmin has units of lbf (N)].

RVmin = Minimum Vertical Seismic Support Design Load
[RVmin has the units of lbf (N)]

w ′ = the total piping dead load per unit length of the
piping which exists during a seismic event. This
includes piping weight, water weight, insulation
weight, etc. [w′ has the units of lbf/ft (N/m)].

In instances where Seismic Support Design Loads deter-
mined using the methodology of N‐1225.1(a) are less than
RLmin, RAmin, or RVm i n , the support design load shall be
specified as RLmin, RAmin, or RVmin , as determined in this
subarticle.

(c) Inline Component Extended Structures. The seismic
applied accelerations at the center of gravity (cg) of inline
component extended structures may be determined as
follows:

ð30Þ

when the Sami values are the peak accelerations of the
applicable amplified or floor response spectra in each of
two orthogonal horizontal directions.

ð31Þ
when the Sami value is the peak of the applicable ampli-

fied floor response spectra in the vertical direction.
The remaining parameters are defined as follows:

avh = the total acceleration applied to the inline compo-
nent extended structure center of gravity (cg) in
the horizontal direction

avv = the acceleration applied to the inline component
extended structure center of gravity (cg) in the
vertical direction

Table N-1225.1.1(b)-1
Minimum Support Load Factor

Nominal Pipe Size [ɸ],
NPS (DN)

MSLF, ft
(m)

ɸ ≤ 2 (50) 8.5 (2.6)
2 (50) < ɸ ≤ 4 (100) 8.0 (2.4)
4 (100) < ɸ ≤ 6 (150) 7.5 (2.3)
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The application of the eqs. (30) and (31) to determine
Inline Component Extended Structures applied accelera-
tions shall be limited to Wv h

2/w′ values less than or equal
to 185,000 ft-in.2 (36.4 × 106 m·mm2), when:

h = height from the pipe centerline to inline component
extended structure center of gravity (cg) [in. (mm)]

Wv = weight of the inline component extended structure
considered at its center of gravity (cg) location [lbf
(N)]

w ′ = is as previously defined

For inline components when the extended structure
vertical (axial) axis does not correspond to global vertical
axis, the method is still applicable but care must be taken
to insure that Sami and eqs. (30) and (31), when applied,
correspond to the inline component local vertical (axial)
and lateral axes.

This method for inline piping component extended
structure acceleration prediction is applicable only to
those inline piping components where the extended struc-
ture of the inline component has a frequency greater than
20 Hz. The inline piping component frequency determina-
tion can be made by analysis, test, or judgement, and when
making this frequency determination, the inline piping
component body shall be or shall be assumed to be rigidly
constrained.

(d) This method is limited to NPS 6 (DN 150) and
smaller.

N-1225.2 Analysis Using the Seismic Load Coeffi-
cient Method. When seismic forces Fph i or Fv are deter-
mined from the equations of N-1225.1.1(a), they shall be
assumed as statically applied inertia loads acting along
three orthogonal axes defined relative to the piping sys-
tem with one of these axes being in the vertical direction.
The piping system seismic analysis shall be performed in-
dependently for each direction of excitation with the loads
applied in the same sense. Resultant internal forces, mo-
ments or stresses in the piping products and piping sup-
ports determined from seismic loads in the three
directions, may be combined by the square root sum of
squares basis and will be considered as having both a
( + ) and ( −) sign. In developing the piping system analy-
tical models for this method, consideration shall be given
to appropriately simulating the effects of localized concen-
trated mass effects assumed from such piping products as
flanges, inline instrumentation, valves (including extended
structures), etc.

The seismic forces defined by the equations of
N-1225.1.1(a) consider only inertia effects. They do not in-
clude the effects of relative or differential motions be-
tween piping supports and motions of equipment to
which the piping is attached. These effects are typically re-
ferred to as seismic anchor motions.

For this piping analysis method the piping supports may
be assumed to be zero displacement points in the direc-
tion of restraint.

N-1226 Floor Spectrum Generation

(a) Nuclear facility structures are approximated by
mathematical models to permit analysis of responses
due to earthquake motions. Considering the large number
of degrees of freedom that would be necessary and the
possible ill‐conditioning of the resulting stiffness matrix
if the complete plant were idealized as a single mathema-
tical model, the plant is usually separated into several se-
parate subsystems for analysis purposes. There will
usually be one or more primary structural models which
support one or more secondary systems. Also, different
models of the same structure may be required for differ-
ent purposes. Specifically, the dynamic model used to gen-
erate the seismic excitation data for subsequent, separate
analyses of the secondary systems may not be suitable for
the detailed, localized stress analysis of the primary
structure.
(b) Most equipment will have negligible interaction ef-

fects on the primary structure as in the case of equipment
with relatively small mass and high frequency, and will
only need to be included in the mass distribution of the
primary system model. There are, however, major equip-
ment systems, such as a reactor coolant system, whose
stiffness, mass, and resulting frequency range should be
considered for representation in the building model to ac-
count for possible dynamic interaction effects. Some
guidelines for determining the extent of interaction are gi-
ven in refs. [31] through [33].
(c) Equipment may be analyzed by combining the com-

plete equipment model with the support structure model
and applying the proper excitation to the base of the sup-
port structure. In this method no separate equipment sup-
port excitations need be generated because the equipment
will be excited directly through the structure (ref. [34]).
(d) For most equipment a separate analysis of the sec-

ondary system may be performed using output from the
building analysis. If building to equipment interaction is
significant, then the equipment should be included in the
mathematical model of the structure. The representation
of the equipment that is included in the building model
should be adequate to consider major interaction effects,
but need not be as detailed as the mathematical model
used in a separate analysis of the equipment.
(e) For equipment which is not analyzed as part of the

building structural model, the response may be obtained
by separate analysis using floor response spectra curves,
time history excitations, or an appropriately defined
power spectral density function at the support locations
of the equipment in the structure.

N-1226.1 Response Spectra.
(a) Both horizontal and vertical response spectra may

be computed from the time history motions of the struc-
ture at the various floors or other equipment support loca-
tions of interest (ref. [35]). The spectrum ordinates should
be computed at sufficient frequency intervals to produce
complete and accurate response spectra. Spectrum peaks
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would normally be expected to occur at the frequencies of
the peaks on the ground motion spectrum and at the nat-
ural frequencies of the supporting structures. In cases in-
volving equipment mounted on equipment , the
frequencies of all supporting structures should be
included.

(b) Table N-1226-1 provides some systematic methods
which may be used for choosing spectrum frequencies.
Another acceptable method is to choose a set of frequen-
cies such that each frequency is within 10% of the pre-
vious one and then add the natural frequencies of the
supporting structures to the set.

(c) A more simplified acceptable method for construct-
ing floor response spectra from the ground spectrum is gi-
ven in refs. [36] and [37].

N-1226.2 Spectral Peaks. Studies (refs. [38] and
[39]) have shown that, in general, the calculation of re-
sponse of a piece of equipment having a frequency equal
to a frequency of the supporting structure will be conser-
vative if the spectrum at the equipment support is gener-
ated using a model of the supporting structure that does
not include the equipment. This is because the exact reso-
nance of an uncoupled analysis is not possible in the
coupled case where the resonant frequencies tend to shift
away from each other when the models are coupled.
Further, it has been shown in ref. [39] that undamped
peak amplification for singly supported equipment struc-

tures cannot exceed a maximum , where J is the

modal mass for each mode of the primary structure and
m is the mass of the supported subsystem. Since this limit
is a function of the mass of the particular subsystem, the
peak response may be calculated on a case‐by‐case basis.
This rule is recommended only for relatively simple
systems.

N-1226.3 Spectrum Peak Broadening.
(a) To account for the effect on structural frequency

variation of the possible uncertainities in the material
properties of the structure and soil, and the approxima-
tions in the modeling techniques used in seismic analysis,
the initially computed floor response spectra are usually
smoothed, and peaks associated with the structural fre-
quencies are widened. A recommended method of deter-
mining the amount of peak widening, associated with
the structural frequency, is described below.

(b) Let f j be the j th mode structural frequency that is
determined from the structure model. The variation in
the structural frequency is determined by evaluating the
individual frequency variation due to the variation in each
parameter that is of significant effect, such as the soil mod-
ulus, material density, etc. The total frequency varia-
tion ±Δf j is then determined by taking the SRSS of a
minimum variation of 0.05f j plus the individual frequency
variation (Δf j)n , that is

(c) A value of 0.10f j is recommended if the actual com-
puted value of Δf j is less than 0.10f j . Figure N-1226-1
shows a sample of such a smoothed floor spectrum curve.
Note that the broadened peak is bounded on each side by
lines which are not vertical but parallel to the lines form-
ing the original spectrum peak.

(d) An alternative method for the broadening of the
structural peaks can be based on a probabilistic approach,
as discussed in ref. [40]. In the particular case where there
is more than one equipment or piping frequency located
within the frequency range of a widened spectrum peak
that is associated with a structural frequency f j , the floor
spectrum curve may be more realistically applied in accor-
dance with the following criterion. Based on the fact that
the actual natural frequency of the structure can possibly

Table N-1226-1
Suggested Frequencies, Hz, for Calculation of Ground and Floor Response Spectra

Ground Spectra [Note (1)] Floor Spectra [Note (2)]

Frequency Range Increment, Hz Frequency Range Increment, Hz

0.5–3.0 0.10 0.5–1.6 0.10
3.0–3.6 0.15 1.6–2.8 0.20
3.6–5.0 0.20 2.8–4.0 0.30
5.0–8.0 0.25 4.0–9.0 0.50
8.0–15.0 0.50 9.0–16.0 1.0
15.0–18.0 1.0 16.0–22.0 2.0
18.0–22.0 2.0 22.0–34.0 3.0
22.0–34.0 3.0

NOTES:
(1) Calculate response at all frequencies within the ranges shown, at the corresponding increments (results in 72 frequencies).
(2) Calculate response at all frequencies within the ranges shown, at the corresponding increments (results in 46 frequencies); also calculate

response at all natural frequencies of the supporting structures with the overall range.

2013 SECTION III APPENDICES

277
--``,,,,,````,`,`,`,`,```,,,,-`-`,,`,,`,`,,`---



Figure N-1226-1
Response Spectrum Peak Broadening and Peak Amplitude

2
0
1
3
SE

C
T
IO

N
III

A
P
P
E
N
D
IC
E
S

2
7
8

--``,,,,,````,`,`,`,`,```,,,,-`-`,,`,,`,`,,`---



assume only one single value within the frequency range
defined by f j ± Δf j , but not a range of values, only one of
these equipment or piping modes can respond with a mag-
nitude indicated by the peak spectral value.

Therefore, seismic analysis of the equipment or piping
systems using the broadened floor design response spec-
tra may be accomplished by the following alternative
method which can be used for equipment when analytical
techniques are justified for predicting the natural
frequencies.

Determine the natural frequencies (f e)n of the system
to be qualified in the broadened range of the maximum
spectrum acceleration peak.

If no equipment or piping system natural frequencies
exist in the ±15% interval associated with the maximum
spectrum acceleration peak, then the interval associated
with the next highest spectrum acceleration peak shall
be selected and used in the following procedure.

Consider all N natural frequencies in the interval

where

f j = the frequency of maximum acceleration in the un-
broadened spectra

n = 1 to N

The system shall then be evaluated by performing N + 3
separate analyses using the unbroadened floor design re-
sponse spectrum and the unbroadened spectrummodified
by shifting the frequencies associated with each of the
spectral values by a factor of +0.15; −0.15, and

where

n = 1 to N

The resultants of these separate seismic analyses shall
then be enveloped to obtain the final resultant desired
(e.g., stress, support loads, acceleration, etc.) at any given
point in the system. If three different floor spectrum
curves are used to define the response in the two horizon-
tal and the vertical directions, then the shifting of the spec-
tral values as defined above may be applied to these three
spectrum curves.

The criterion is illustrated by the following example.
Figure N-1226-2, sketch (a) represents the peak broaden-
ing on the floor spectrum curve associated with the j th
mode structural frequency. Let there be two equipment
or piping frequencies (f e )1 and (f e )2 that are within
the frequency interval of f j ± 0.15f j , Figure N-1226-2,
sketch (b). Thus N equals two and therefore five separate
floor response spectra must be considered. The
unbroadened floor response spectrum as indicated in

Figure N-1226-2, sketch (a) would be the first floor spec-
trum considered. The unbroadened floor response spec-
trum modified by shift ing all of the frequencies
associated with the spectral acceleration values by a factor
of −0.15 is illustrated in Figure N-1226-2, sketch (c). In
Figure N-1226-2, sketches (d) and (e) illustrate the mod-
ifications made to the unbroadened floor response spec-
trum by shifting a factor of

respectively.
Figure N-1226-2, sketch (f) illustrates the modifications

made to the unbroadened floor response spectrum by
shifting by a factor of +0.15. For this example, the five se-
parate seismic analyses are performed with the individu-
ally modified floor response spectrum curves.

The required resultants, stresses, support loads, accel-
erations, moments, forces, etc., associated with each of
the five separate seismic analyses are then obtained. As
any of the five modified spectra has an equal probability
of occurrence, the resultant utilized to evaluate the seis-
mic loadings shall be the envelope values from the five se-
parate seismic analyses.

N-1227 Multiple Input Response Spectra Analysis

If a structural system is being analyzed by the response
spectra method and is supported at intermediate locations
with different characteristic response spectra, then the dy-
namic analysis performed should take into consideration
the different response spectra. The effect of relative seis-
mic anchor displacements between the intermediate an-
chor points should also be considered.

N-1227.1 Inertial Effects Due to Multiple Response
Spectra Input. The effect on a structural system of multi-
ple supports with different characteristic response spectra
may be accounted for by selecting a single spectra which
will effectively produce the critical maximum responses
due to different acceleration existing at anchor points
and intermediate restraint points of the system. This
may be conservatively accomplished by enveloping the re-
sponse spectra for the different seismic anchor and re-
straint locations. Other procedures may be used, if
applicable. Acceptable alternative procedures are given
in refs. [7], [43], [44], and [45].

For a structural system which is restrained in different
buildings, the response spectra of the restraint point
should be enveloped.

N-1227.2 Stresses Due to Relative Seismic Support
Displacements.

(a)When determining stresses the effects of relative
seismic support movements should be considered. When
these effects are considered significant, they may be ob-
tained by performing a static structural analysis of the sys-
tem including anchor movements. For structural systems
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Figure N-1226-2
Use of Floor Spectra When Several Equipment Frequencies Are Within the Widened Spectral Peak
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with several possible combinations of anchor movements,
any of the following methods may be used for determining
the stresses due to relative support displacements.

(1) Stresses resulting from the differential movement
of supports may be calculated for each significant mode
using the modal displacement of the supports obtained
from the structural response calculations. The maximum
model responses are then combined following any of the
acceptable methods described in this Appendix. If no sup-
port structure modal information is available, then the ab-
solute sum of the displacements may conservatively be
used.

(2) If the system is supported on independent struc-
tures, then the absolute sum of displacements in each di-
rection should be used unless more detailed analyses
are used in accordance with N-1700.

(3) If a displacement time history of the supporting
structure is available, the procedures given in N-1228.4
may be used.

(b) Other detail considerations may be specified for dy-
namic analysis of Section III components, such as NB‐3600
for piping, and these component related rules should be
considered in the dynamic analysis.

N-1228 Multiple Time History Excitations
For structural systems supported at several locations,

the responses due to simultaneous excitations by different
motions at each support may be determined exactly by
time history methods, as in N-1228.1. Having performed
a time history response analysis, reaction loads and mo-
tions may also be determined on a time history basis, as
in N-1228.2. Since the inertial effects may be considered
to produce primary stresses and the differential support
motions may be considered to produce secondary stres-
ses, as in NB‐3650, the inertial effects may be determined
separately from the differential support movement effects,
as in N-1228.3.

N-1228.1 Time History Response Analysis.
(a) Several different acceptable methods have been pre-

sented in the literature (refs. [7], [43], and [44]) for sol-
ving the equations of motion for a structural system
excited by multiple simultaneous forcing functions. Since
the basic problem to be solved must satisfy the fundamen-
tal principles of dynamics, the differences between the
various methods are primarily in the approach of the solu-
tion process. One method of solution is summarized here
to provide insight into the basics of time history analysis
for multiple excitations.

Figure N-1226-2
Use of Floor Spectra When Several Equipment Frequencies Are Within the Widened Spectral Peak (Cont'd)
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(b) The general matrix form of the undamped coupled
equations of motion may be written (refs. [7] and [45])
as follows:

ð32Þ
where X″ represents the absolute acceleration of the mass
point dynamic degrees of freedom, and U represents those
displacements of the mass and support point dynamic de-
grees of freedom which would tend to cause distortions in
the system. Rigid body translations or rotations are in-
cluded in the mass acceleration terms on the left‐hand side
of the equation. Such rigid body motions would not tend to
distort the system and accounted for by defining one of the
system support points to be the datum support, and de-
scribing the motion of all other nondatum supports as mo-
tions relative to the datum support.
(c) Equation (b)(32) can be expanded to give

ð33Þ

where

Fs = the reaction forces at the system support points
due to the response of the system to the motion
of the support structure

K = the stiffness matrix of the system model con-
densed in a manner such that only mass point ele-
ments (subscript m ) and active, nonreleased,
nondatum support elements (subscript s) remain
in the matrix

Mm = a diagonal submatrix of the system model lumped
masses

Ms = a submatrix of inertia terms associated with the
support joints of the system. For the purposes of
this analysis, Ms = 0 because there is no mass
lumped at support joints

Um = displacement of mass point dynamic degrees of
freedom relative to the datum support in each co-
ordinate direction

Us = displacement of nondatum support points relative
to the datum support

X″m = absolute acceleration of mass point dynamic de-
grees of freedom of the model

X″ s = absolute acceleration of the system support points

(d) The time history support motions imposed at the
nondatum supports include only such displacements as
would tend to cause distortions in the system. Rigid body
translation or rotation of the supporting structure would
not distort the system being analyzed; therefore, such

rigid motions of the supporting structure are removed
by computing the nondatum support relative motions as
follows:

ð34Þ

where

Rs = a matrix of three vectors representing distances
from the datum support point of the nondatum sup-
port points

Us = displacements of nondatum support points relative
to the datum support in each direction of excitation

Xd = absolute displacements of datum supports in each
direction of excitation

Xs = absolute displacements of nondatum supports in
each direction of excitation

θ = rigid body rotations of the supporting structure
about each of the three coordinate axes

(e) The first equation of the set of eq. (c)(33) yields:

ð35Þ

(f) A separation of variables can be achieved by defin-
ing the absolute acceleration of a mass point in terms of
acceleration relative to the datum support, such that:

ð36Þ

where

Rm = a matrix of three vectors representing distances
from the datum support point to the mass points
for each of the rotational components

X″ s d = the absolute accelerations of the datum support in
each coordinate direction

γ = matrix defining the direction of each respective
translational dynamic degree of freedom

where

γ i j = 1, if the i th dynamic degree of freedom is in
the direction of the jth direction of support
translation

γ i j = 0, if the i th dynamic degree of freedom is
not in the direction of the j th direction of
support translation

θ″ = rotational accelerations of the datum support

(g) Equation (e)(35) then becomes

ð37Þ

(h) At this point it is to be noted that the equations of
motion are in a form expressing three dimensional re-
sponse of the system mass points due to multiple transla-
tional and rotational support excitations in one or more
coordinate directions. Normally, the rotations will consist
of two components representing rocking about two
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orthogonal horizontal coordinate axes. The equations,
however, are also valid for rotation about the vertical axes.
It should be noted again that Um and Us are only the dis-
tortional portions of the total mass and support motions.

(i) The coupled equations of motion, eq. (g)(37), may
be solved by one of the methods of direct integration, or,
introducing the normal mode coordinate transformation:

ð38Þ

where

ϕ = the matrix of eigenvectors of the supported system
q = the normal mode coordinate

(j) Then making the usual assumption of proportional
damping for the modes of the supported system, the equa-
tions of motion can be uncoupled and written in the fol-
lowing form:

ð39Þ

where

ω2 = diagonal matrix of eigenvalues
2ξω = diagonal matrix of modal damping terms

(k) The right‐hand side of eq. (j)(39) contains no damp-
ing terms in a rigorous sense only if the modal damping is
proportional to stiffness. However, Ref. [46] points out
that the contribution of these terms to earthquake forces
can be expected to be small. This term is usually neglected
for systems exhibiting structural damping characteristics
within the range of the values in Table N-1230-1.

N-1228.2 Time History Reaction Analysis.

(a) Having solved the dynamics problem for the time
histories of the mass point motions, the resultant reactions
at locations throughout the system can be determined for
each time step by imposing the deflections on the struc-
ture in a series of statics problems; one static solution
for the deflected shape at each time step. Although this ap-
proach is analytically valid, it is generally not practical be-
cause of the many thousands of solutions required for the
number of time steps in a typical seismic analysis. The pro-
blem may be reduced to a single static deflection analysis
by applying unit displacements to each mass and support
point to determine a set of influence coefficients for each
desired reaction. The given support displacements and
computed mass point displacements at each time step
are multiplied by the set of influence coefficients to per-
form a complete reaction analysis of the system at each
time step.

(b) The desired components of reaction (force, moment,
stress, or deflection) are computed at each time step as
follows:

ð40Þ

where

Cm = a matrix of mass point unit displacement influ-
ence coefficients (one column per mass point
and one row per reaction component)

Cs = a matrix of nondatum support point unit displa-
cement influence coefficients (one column per
nondatum support and one row per reaction
component)

R(t) = a vector of reaction components at time t
Um(t) = a vector mass point relative displacements at

time t
Us(t) = a vector of nondatum support relative displace-

ments at time t

(c) In a similar manner, the absolute acceleration of any
point in the system may be computed by multiplying the
mass point and support relative accelerations by the influ-
ence coefficients for displacement reactions, and adding in
the datum support rigid body rotational and translational
absolute accelerations as follows:

ð41Þ

where

Cm = a matrix of mass point unit displacement influ-
ence coefficients for components of displace-
ment reactions

Cs = a matrix of nondatum support unit displace-
ment influence coefficients for components of
displacement reactions

Rp = a matrix containing distances to the reaction
point from the datum

R″(t) = a vector of absolute acceleration components at
time t

U″m(t) = a vector of mass point accelerations relative to
the datum at time t

U″s (t) = a vector of nondatum support relative accelera-
tions at time t

X″s d(t) = the translational absolute acceleration of the da-
tum support at time t

γ = a vector defining the direction of excitation,

where

γ i j = 1, if the i th component of reaction is in
the direction of j th support motion

= 0, if the i th component of reaction is not
in direction of the jth support motion
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θ″(t) = the rotational absolute acceleration of the da-
tum support at time t

(d) This method, therefore, permits the calculation of
any desired force or moment, or nonmass point motion
on a time history basis.

(e) The ability to calculate time history acceleration of
nonmass locations in the system permits the subsequent
generation of response spectra at any arbitrary point in
the system without the necessity of lumping mass at these
points.

N-1228.3 Separation of Inertial and Relative Anchor
Movement Stress Effects.

(a) The terms of the Cs coefficients matrix can be found
by applying a unit displacement to each nondatum sup-
port in turn, holding all other supports and mass points
fixed, and calculating the desired reaction at a given loca-
tion. The reactions found in this manner are the combined
effect of inertial and relative displacement stress produ-
cing effects, suitable for meeting the appropriate Code re-
quirements, such as eq. (10) of NB‐3653.1 for Class 1
piping.

(b) Alternatively, one may break up the C terms into
two terms Cs1 and Cs2 such that

ð42Þ

or

ð43Þ

and

ð44Þ

where

Cs1 = a matrix of influence coefficients due to holding
all supports fixed and applying the set of forces
to all mass points which would be required to
hold the mass point in place due to a unit displa-
cement of each nondatum support in turn

Cs2 = a matrix of influence coefficients to a unit displa-
cement of each nondatum support in turn, allow-
ing all mass points to respond freely as static
degrees of freedom in the structure

R1(t) = a vector of stress reaction components at time t
due to inertial responses

R2(t) = a vector of stress reaction components at time t
due to relative support motions

(c) The coefficients for a component of shear for a unit
displacement of a nondatum support may be visualized as
shown in Figure N-1228.3-1.

(d) The C s 1 term therefore represents inertial effect
produced by the differential support motion, and the Cs2

term represents the relative displacement effect of the dif-
ferential support motion. The separate stresses

determined in this manner may be used to meet the ap-
propriate Code requirements, such as eq. (9) of NB‐3652
for Class 1 piping.

N-1228.4 Envelope Excitations.
(a)Where the responses are calculated using a single

time history excitation for a multiply supported system,
the response spectrum of the single time history used
should envelop the spectra for the individual support mo-
tions. The secondary stress effects of differential support
motions may then be determined by a separate static ana-
lysis where either

(1) the set of maximum displacements over all time
for each support are applied simultaneously in a single
analysis, or

(2) the displacements of each support are applied to
perform an analysis for each time step, accounting for sign.
(b)Where the maximum displacements over all time

are used in a single analysis, then
(1) for systems supported at multiple locations on the

same floor/wall where one flexural mode dominates, the
relative displacement set for the dominant mode may be
used, where justified

(2) for systems supported at multiple locations on
different floor/walls or on different structures where dif-
ferent flexural modes can dominate, the displacement may
be applied statically as prescribed in N-1227
(c) Note that, in general, different support displacement

sets may be required to obtain conservative secondary
stress effect at different locations within a system, de-
pending on the complexity of a given system.

N-1230 DAMPING
N-1231 Damping Values

(a) Motions in a structural system will dissipate energy
from the system. The phenomenon of this kind of energy
loss is called damping. In a structural system, sources of
energy loss may be due to: a structural damping, which
is caused by internal friction within the material or at con-
nections between elements of a structural system; a vis-
cous damping, which is caused by motions in a fluid;
Coulomb damping which results from the sliding friction

Figure N-1228.3-1
Coefficients for a Component of Shear for a Unit

Displacement of a Nondatum Support
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motion of a body on another surface. The following equa-
tion of motion is generally used for structural systems and
components

ð45Þ

where

D = damping force vector
F = force vector
K = stiffness matrix
M = mass matrix
X = displacement vector
X ′ = velocity vector
X″ = acceleration vector

(b) The damping force {D} represents the energy losses
of the system. To evaluate these losses, the following alter-
native mathematical expressions are recommended for
the vector {D}.

(1) Viscous damping:

ð46Þ

where [C] is a viscous damping matrix. The damping force
is proportional to the velocity.

(2) Hysteretic damping:

ð47Þ

where v represents the structural damping factor (ref.
[47]). This damping is also called complex damping. The
damping force is proportional to the amplitude of the dis-
placement and opposite in direction to the velocity:

ð48Þ

where g is a damping coefficient (ref. [48]). This damping
is also called the Reid’s damping. The damping force is
proportional to the resisting force due to deformation
and in the opposite direction of the velocity in harmonic
motion.

(3) Coulomb damping:

ð49Þ

where μ is the coefficient of friction and N is the normal
force vector. The sign is chosen to be opposite the velocity.
The damping force is due to friction and proportional to
the normal force.

(4) General dashpot damping:

ð50Þ

where α is a damping constant and n is an integer. This
damping force is due to the turbulence and the dashpot
geometry.

(c) These expressions permit the simulation of the en-
ergy loss for a particular problem. It is extremely difficult
to give an accurate analytical expression for the different

forms of damping in complex structural systems. The ana-
lyst may select a simple expression, such as viscous or hys-
teretic damping, to solve the problem by assuming that the
energy losses are equivalent; i.e., viscous damped system
introduced in the analysis will have the same energy loss
per cycle as the real structure.

(d) To establish an equivalent viscous damping matrix
[C] for the system, experimental data is usually required.
Important experimental results, which indicate that en-
ergy losses increase with stress or displacement ampli-
tude, or both, have been compiled in existing literature
(refs. [49] and [50]). The incorporation of this behavior
to the equivalent viscous damping in the transient analysis
will usually lead to an expression of the damping force
which will make the equations of motion nonlinear. To
avoid this inconvenience, conservative modal damping va-
lues may be used for nuclear systems and structures for
OBE and S SE c ond i t i o n l o a d s , r e s p e c t i v e l y .
Table N-1230-1 shows the modal damping values recom-
mended. Damping values higher than the ones given in
Table N-1230-1 may be used in a dynamic analysis if the
basis is justified.

(e) Methods of incorporating the damping in structural
dynamics are usually dependent on the mathematical con-
venience. The energy loss per cycle is simulated by a con-
venient mathematical scheme; frequently viscous
damping expressions are adopted in the analysis. In
N-1232 and N-1233, methods of proportional and nonpro-
portional dampings are discussed and the physical inter-
pretations associated with each method is also examined.

N-1232 Proportional Damping

(a) Consider a viscously damped system of the follow-
ing form:

ð51Þ

Table N-1230-1
Damping Values

Percent of Critical Damping

Earthquake Magnitude

Structure or
Component

Operating Basis
Earthquake

Safe Shutdown
Earthquake

Equipment 2 3
Piping systems 5 5
Welded steel
structures 2 4

Bolted steel
structures 4 7

Prestressed concrete
structures 2 5

Reinforced concrete
structures 4 7
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Let [ϕ] be the modal matrix of the undamped system of

ð52Þ

such that

ð53Þ

and

where

[ϕ ]T = transpose of the matrix [ϕ]
I = identity matrix

ω2 = diagonal matrix
ω i = circular frequencies

(b) If the matrix [C ] in eq. (a)(51) can be diagonalized
by the undamped normal modes (i.e., [ϕ]T[C][ϕ] is a diag-
onal matrix), then the damping matrix [C ] is called the
proportional damping matrix; otherwise, it is called the
nonproportional damping matrix.

(c) Reference [52] has illustrated that the matrix [C ]
can be diagonalized when it is a linear combination of
[M ] and [K ] matrices. Caughey (ref. [53]) has derived
more general conditions under which the matrix [C ] can
be diagonalized.

(d) For proportional damping the equations of motion
may be uncoupled into a set of independent one degree
of freedom systems. In this case, the damping ratio asso-
ciated with the different modes can be determined.

(e) Among the category of proportional dampings, two
types of damping matrix [C ] are commonly adopted;
namely, the mass and stiffness damping and the orthogo-
nal modal damping. Both types of damping are discussed
in N-1232.1 and N-1232.2.

N-1232.1 Mass and Stiffness Damping (Ref. [53]).

(a) In this damping, the matrix [C] is assumed to be pro-
portional either to the mass matrix [M] or to the stiffness
matrix [K ] or to a linear combination of the two. That is, it
can be written as follows:

ð54Þ

where

α and β = two real constants
α[M] = mass damping
β[K] = stiffness damping

(b) In using the mass and stiffness damping, damping
values of the entire system are determined by the two con-
stants α and β . To determine the value of α and β , one can
control the damping ratios for two frequencies.

(c) Let ω r and ω s be the two frequencies that we want
to have a damping ratio of ξ r and ξ s , respectively. Then α
and β may be determined (ref. [54]) as follows:

ð55Þ

Then, for an arbitrary frequency ω i the damping ratio ξ i
can be computed by eliminating α and β and is given as:

ð56Þ

where

is due to mass damping and

is due to stiffness damping.
(d) The application of the mass and stiffness damping

concept is illustrated by a following numerical example.
Consider a structural system with frequencies of fn = n
Hz for n = 1 , 2 , . . . , 25 . For a damping ra t io o f
ξ 1 0 = 0.05 = ξ 2 0 at frequencies f 1 0 = 10 Hz and
f20 = 20 Hz and by using eq. (c)(56), the damping ratios
for the other modes may be computed. For example, at
the frequencies of 5, 15, and 25 Hz, the corresponding
damping ratios are ξ 5 = 0.075, ξ 1 5 = 0.047, and
ξ25 = 0.055.
(e) It should be noted that in eq. (c)(56), the damping

ratio is the sum of the contributions due to the mass and
stiffness damping. Using mass damping α ≠ 0, β ≠ 0, the
damping ratio will decrease with increase of the fre-
quency. On the other hand, using stiffness damping
α = 0, β ≠ 0, the damping ratio will increase with the in-
crease of the frequency.
(f) Mass damping introduces the damping forces that

are proportional to the velocities of each mass point in
the system. Mass damping may be used to represent the
energy loss due to impact and friction. Stiffness damping
introduces the damping forces that are proportional to
the time rate of deformation. Stiffness damping can be
used to represent the structural damping. While the mass
damping introduces the damping forces due to the rigid
body motion (displacements without deformations) of
the system, the stiffness damping does not.
(g) In seismic analysis of a structural system, the equa-

tion of motion is generally formulated in terms of the dis-
placements with respect to the base. If the damping ratios
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are established for the two significant frequencies, the
mass and stiffness dampings may be adopted. The damp-
ing ratios for the other frequencies are computed with the
aid of eq. (c)(56). If only stiffness damping is used, and for
the significant frequency Ωr the established damping ratio
is ξ r , then

where ξ i is the damping ratio for the modal frequency ω i .

N-1232.2 Orthogonal Modal Damping (Ref. [54]). In
the orthogonal modal damping method, the damping ma-
trix [C] in eq. N-1232(a)(51) is not formulated in advance.
After solving the eigenvalue problem, the system or un-
coupled equations are assumed to have the form

ð57Þ

where the second term in eq. (57) is added to account for
the damping. The damping ratio for each frequency is free
to be determined by the analyst without any mathematical
restriction. The damping ratio assigned to one mode will
have no effect on the damping ratios of the others; the
modes are orthogonal. These ratios can be obtained from
the experimental results. This method is used often in sol-
ving viscously damped systems. The example problems for
the various damping methods discussed here are given in
ref. [55].

N-1233 Nonproportional Damping

In the foregoing discussion of the proportional damping
(N-1232), the damping of a structural system was as-
sumed to have a form that couplings do not exist between
the classical modes of vibrations; i.e., the mode shapes ob-
tained from the solution of a free vibration of the un-
damped system. This approach is appropriate for the
correlation of test data for a structural system composed
of a single material, or damping mechanism which is
homogeneous throughout the system. However, for a sys-
tem which is composed of different materials, such as a re-
actor coolant loops, containment building, and soil
foundation, the damping mechanism of one type of mate-
rial may be considerably different from the other. In order
to have a better simulation of the damping, it is useful to
construct a damping matrix which reflects the material
composition rather than the mathematical convenience
(refs. [56] and [57]). The damping matrix so constructed
will no longer be diagonalized by the classical modes.
The term nonproportional damping is used for this type
of damping. In nonproportional damping, the matrices
[M], [K], and [C] are used to solve the complex frequencies
and mode shapes. From the complex frequencies, damping
ratios associated with each mode can readily be computed.
Unlike proportional damping, the matrix [C] of a nonpro-
portional damping system cannot be formulated simply by

specifying a set of damping ratios, unless a mathematical
process of successive approximations is performed. Due
to the mathematical complexity involved in the complex
frequencies and mode shapes solution, the process of as-
signing a set of damping ratios with respect to the complex
modes becomes impractical. For certain types of struc-
tures such as reactor coolant loops, the system exhibits a
pronounced modal behavior (ref. [58]). Instead of using
a set of damping ratios based on the complex frequencies
and modes, the classical modes and frequencies may be
used to avoid the mathematical complexity. N-1233.1
and N-1233.2 describe acceptable methods for the formu-
lation of a nonproportional damping matrix for a structur-
al system which is composed of different materials.

N-1233.1 Composite Mass Damping and Stiffness
Damping.

(a) In the proportional damping, eq. N-1232(a)(51), the
system damping matrix is assumed to be a linear combina-
tion of the system mass and stiffness matrices, without
any distinction of the material damping property. Differ-
ent sets of proportional constants for mass and stiffness
may be assumed to formulate a system damping matrix.
Using the concept of mass and stiffness damping, the en-
ergy dissipation function D for the system can be written
as follows:

ð58Þ

where

[K]i = stiffness matrix of subsystem i
[M]i = mass matrix of subsystem i
nc = number of subsystems
α i = mass proportional constant of subsystem i
β i = stiffness proportional constant of subsystem i

For the systems with constant damping values, α i and β i

are the same for all elements. However, when the system
is composite, which consists of subsystems with different
damping values, α i and β i are different for different sub-
systems but constant within each subsystem. These con-
stants may be established for each subsystem as
discussed in N-1232.1.

(b) This decomposition to allow different damping con-
stants α i and β i to be used for each different subsystem
may be based on the damping values recommended in
Table N-1230-1.

(c) To determine the constants α i and β i , the frequen-
cies and modes of the free undamped vibration of the i
th subsystem are used as a basis. The mathematical pro-
cess involved is similar to the one of stiffness and mass
damping described in N-1232.1 except the constants α i

and β i are different for each material or subsystem.
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(d) Using eq. (a)(58), the equation of motion of a vis-
cously damped system has the following form:

ð59Þ

(e) equation (d)(59) may be integrated directly to ob-
tain the response. If normal mode method is used,
eq. (d)(59) may be solved by neglecting the modal cou-
pling effect to decouple the equations of motions on the
normal mode basis.

(f) Let {ϕ} be the modal matrix of the undamped sys-
tem of eq. (d)(59) and {ϕ j} be the j th modal vector. With
the aid of the orthogonality conditions, the equation of mo-
tion for the j th mode can be written in the following form:

ð60Þ

where q″j is the j th generalized coordinate. The second
term on the left‐hand side of eq. (60) contains the coupling
terms. If these coupling terms are neglected, eq. (60) re-
duces to the following equation:

ð61Þ

or

ð62Þ

Consequently, the effective damping for the j th mode is
as follows:

ð63Þ

or

ð64Þ

(g) Equation (f)(63) can be greatly simplified if either α i

or β i is assumed to be zero. This assumption may be used
in the structural analysis for seismic loads where damping
is generally assumed proportional either to the kinetic en-
ergy distribution of the subsystems or to the strain energy
stored.

(h) Once the damping ratio ξ j is known, the analysis can
be carried out using a time history or response spectrum
technique.

N-1233.2 Subregional Modal Damping.
(a) In dynamic analysis of soil–structure interaction, the

modal damping value of the soil is often higher than that of
the superstructure. In addition, the modal damping values
of the various subsystems, building, loop, etc., of the super-
structure may be different. There are several acceptable
approximate methods to simulate this subregional modal
damping characteristic. These methods are briefly dis-
cussed here. One method from ref. [15] is to relate compo-
site damping to absolute displacement eq. (65), while
another method (ref. [59]) is to relate it to relative displa-
cement eq. (66):

ð65Þ

ð66Þ

where

[K] = total system stiffness matrix
[K]i = stiffness matrix of i th subsystem
[M] = total system mass matrix
[M]i = mass matrix of i th subsystem
nc = number of subsystems

{ϕ j } = j th eigenvector
β i = % critical damping associated with i th subsystem
ξ j = % critical damping for j th mode

(b) Another acceptable approximate method employs
mass and stiffness damping for each subsystem.
Th i s me thod ca l cu l a t e s coe f f i c i en t s α and β ,
eq. N-1232.1(c)(55), for a subsystem such that its modal
damping is simulated in the frequency range of interest.
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The damping matrices of all the subsystems are assembled
to formulate a total system damping matrix. Another ac-
ceptable approach to generate a total damping matrix is
discussed in ref. [62].

(c) All the methods discussed above are approximate.
More accurate techniques are also acceptable. A more rig-
orous method to formulate a damping matrix for a total
system is based on the modal synthesis procedure. This
procedure is explained by Hurty (ref. [56]). Various inves-
tigators have developed another method (ref. [63]) modi-
fying this procedure. In this procedure, the total system
having nonproportional damping is divided into subsys-
tems, each having proportional damping. Each subsystem
is represented by its modal mass, damping, and stiffness
matrices. As each subsystem has a proportional damping,
the associated modal damping matrix is formulated with-
out any approximation. The modal matrices of all the sub-
sys tems are assemb led and the d i sp l acement
compatibility at subsystem interfaces are satisfied. The re-
sulting equations of motion are solved and with the aid of
a transformation matrix, actual response is obtained. Re-
ferences [57], [64], and [65] give the details of the applica-
tion of this method.

(d) The total damping matrix developed by the preced-
ing methods represents the viscous damping. An accepta-
ble alternative formulation for damping, derived in ref.
[66], is an equivalent modal damping ratio which repre-
sents the viscous damping in the swaying spring and the
hysteretic damping in the rest of the soil–structure sys-
tem (the superstructure and the rocking spring).

N-1234 Linear Hysteretic Damping

(a) In this paragraph the linear hysteretic damping of
the Reid’s model (ref. [48]) will be discussed. This non-
linear model leads to well posed mathematical problems
for transient and steady‐state oscillations of all kinds.
The damping forces of the Reid’s model are assumed to
be proportional to the internal forces of the structure
but in phase with the associated velocities. By using the
Reid ’s damping model , the equat ion of mot ion
[eq. N-1231(a)(45)] becomes:

ð67Þ

where

abs [K] {X} = the absolute value of each component
g = damping coefficient

sgn {X′} = the algebraic sign of the velocity {X ′}

(b) The Reid’s damping model has the following charac-
teristics (ref. [67]):

(1) the energy loss per cycle in a harmonic motion is
proportional to the coefficient g and square of the ampli-
tude of displacement and independent of the frequency;

(2) for light damping (g2 ≪ 1) the Reid’s damping
model will be equivalent to the classical modal damping
with a damping ratio of ξ = g/π for each mode of vibration.

(c) Similar to the case of composite mass damping and
sti f fness damping, the damping coeff ic ient g in
eq. (a)(67) may also be considered as the elemental basis
for a structural system which is composed of materials
with different damping values.

N-1300 FLOW‐INDUCED VIBRATION OF
TUBES AND TUBE BANKS

N-1310 INTRODUCTION AND SCOPE

The flow‐induced vibration (FIV) potential of structures
has been known for a long time (refs. [79] through [84]).
FIV analyses are required to determine the adequacy of
a design, or in areas of uncertainty, to be aware of the need
for experimental verification (refs. [85] and [86]) if high
reliability of the component is a necessity. FIV may be
due to any one of several excitation mechanisms because
power systems include many types of flexible components
subject to a variety of fluid flows, such as pipe, channel,
and jet flows followed by mixing in plenums and heat ex-
changers. Since a single component is often subjected to
different turbulent flows from several directions because
of the influence of adjacent structures and boundaries,
FIV analyses for more than one excitation mechanism is
not unusual.

The quantitative data and correlations available to per-
form FIV analyses are unique to the flow geometry created
by each component. More quantitative information and
design methods are available for some components than
others. In particular, the circular cylinder has been studied
most. N-1320 through N-1340 of this Appendix are pre-
sented to illustrate one or more acceptable steps for the
FIV analysis of arrays of cylinders subject to the three
most significant excitation mechanisms. The general meth-
ods employed are applicable to other types of compo-
nents, but the data are specifically for single cylinders
and cylindrical arrays. Because of the large number of
FIV mechanisms, the methodology of analysis is refer-
enced, but enough information is given to understand a
mechanism and make design calculations. Because of the
developing nature of the subject, more than one set of de-
sign data or methods may be recommended with the im-
plication to the designer to use either the more
appropriate or the more conservative predictions.

Semiempirical correlations based on experimental data,
but guided by the equations of motion, often form the ba-
sis of a design method. The state‐of‐the‐art regarding de-
scr ip t ion o f the FIV mechan isms is tha t many
mathematical models have been proposed for fluid‐
structure coupling forces, but general agreement on the
physics of many of the phenomena has not been attained,
although models simulating the behavior may be available.
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N-1311 Definitions

In this section some commonly used terminologies in
flow‐induced vibration analysis are defined and briefly
described.

(a) Fluid forces can be defined into two broad categories
to describe FIV excitation mechanisms (refs. [79] through
[83]). Fluid excitation forces are created by the incident
flow on a structure, and they would occur, in some form,
even without structural motion. Fluid‐structure coupling
forces are induced by structural motion, and they occur
in both flowing and nonflowing fluids.

(b) Added mass and added damping have been success-
fully used to characterize the fluid‐structure coupling
forces created by the motion of a structure in a nonflowing
fluid (refs. [87] through [93]). Added mass and added
damping increase the effective mass and damping of a
structure vibrating in a fluid. In addition, the presence of
a dense fluid between otherwise unconnected, adjacent
structures can couple their vibrations and result in signif-
icantly different natural frequencies, mode shapes, and
damping from those obtained in a vacuum. For a low den-
sity fluid (e.g., air); the added mass is often negligible.
Added mass is a function of the geometry of the structural
surface exposed to fluid and the presence of adjacent
structures, if any. Table N-1311-1 gives equations for
added mass for two‐dimensional sections and rigid bodies
in two‐dimensional motion. These equations were deter-
mined from exact solution of inviscid potential flow with
a moving structural boundary. See N-1400 for dynamics
of coupled fluid shells.

(c) In a weakly coupled fluid‐structure system, the FIV
excitation mechanism causes small structural motion
and the fluid forces induced by the structural motion
can be linearly superimposed onto the fluid excitation
forces which are largely independent of the structural mo-
tion. The fluid‐structure coupling forces can be expressed
to a first order of approximation in terms of added mass,
stiffness, and damping matrices. The fluid excitation forces
can be determined separately from the coupling forces
either by analysis or by model tests with only the hydrau-
lics simulated.

Examples of FIV excitation mechanisms producing
weakly coupled fluid‐structure systems are incident flow
turbulence and turbulent boundary layers over rods,
plates, and shells (refs. [81] and [82]); some wake flows
produced by flow across bluff bodies; and many sources
of acoustic noise (refs. [80] and [95]). In these cases, the
fluid excitation energy is generated at some point in the
fluid circuit and the structure is the recipient of the en-
ergy. The forces due to flow turbulence and attached
boundary layers typically are broadband random, while
separated wake flows that roll into periodically shed vor-
tices can produce very discrete frequency forces (refs.
[82], [87], and [97]).

(d) In a strongly coupled fluid‐structure system, the FIV
excitation mechanism causes the structural motion to be-
come large enough to change the flow field; some of the
fluid forces amplify, rather than inhibit, the structural mo-
tion that produced them. Clearly distinguishing between
fluid‐structure coupling forces and fluid excitation forces
is difficult in strongly coupled fluid‐structure systems. In
general, the coupling forces are highly nonlinear functions
of structural motion and flow velocity.
(e) Fluid‐elastic instability of closely packed heat ex-

changer tube bundles (refs. [80], [81], [82], and [88]) is
an example of a strongly coupled fluid‐structure system.
The motion of each tube affects the fluid forces and the
motion of the other tubes to produce self‐excitation. The
occurrence of the instability has been interpreted as due
to adverse changes in the structural mass, damping, and
fluid‐structure coupling force (ref. [88]). However, most
of the expressions for predicting the onset of instability
are based on compilations of direct measurements of the
critical velocities at the onset of instability.
(f) Cross flow is a flow perpendicular to the structural

longitudinal axis. Cross flow is one example where an
FIV mechanism is produced that can create either a
weakly or a strongly coupled fluid‐structure system. Vor-
tex shedding in the wake of a tube in cross flow produces
both fluid excitation forces and fluid‐structure coupling
forces that amplify structural motion. For ideal cross flow,
where a long, smooth surface tube is isolated in uniform
(2–D) cross flow with little or no turbulence in the ap-
proaching flow stream, very periodic, two‐dimensional
vortices are shed. These vortices produce alternating lift
forces normal to the tube axis and flow and are nearly
as large as the steady, flow direction drag forces, if the
Reynolds number, based on the tube diameter, is below
2 × 105 (refs. [82], [87], and [89]). If the vortex shedding
frequency is sufficiently different from the structural nat-
ural frequencies, the alternating lift forces act as fluid ex-
citation forces only. However, if the vortex shedding
frequency and one of the structural natural frequencies
are sufficiently close to each other and the fluid excitation
forces can produce large enough motion, then coupled
fluid‐structure forces occur, which apparently further am-
plify the motion. Enough experimental data are available
to bound the fluid excitation forces, but the representation
of the coupled fluid‐structure forces is still being re-
searched. Most of the representations are based on highly
phenomenological models that stimulate, to various de-
grees, a small amount of data covering only a narrow
range of idealized conditions.
(g) The joint acceptance is a measure of the probability

that a structure vibrating in one mode will remain in the
same mode when excited by a random force; the cross ac-
ceptance is a measure of the probability that a structure
vibrating in one mode will change to another mode when
excited by a random force. For many applications only the
joint acceptance is assumed to be important. When mode
shapes are normalized to unity, the sum of the joint
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Table N-1311-1
Added Mass for Lateral Acceleration of Structures in a Fluid Reservoir

Geometry Added Mass for Lateral Acceleration (Acceleration left to right) [Note (1)]

1. Circular Section
a

ρπa2b [159]

2. Elliptical Section

2a

ρπa2b [159]

3. Square Section
2a

2a

1.51 ρπa2b [159]

4. Rectangular Section

2a

2d

kρπa2b [159]
a/d k

0.1 2.23
0.2 1.98
0.5 1.70
2.0 1.36
5 1.21

k = 1 for d < < a

5. Sphere

2a 2/3ρπa
3 [159]

6. Cube
a

a a

0.7 ρa3 [159]

7. Cylinder Section in an Array of
Fixed Cylinders

D

P

where

De/D = (1 + 0.5 P/D)P/D

Approximate solution from ref. [160].
See refs. [161] and [162] for arrays of flexible cylinders.

8. Circular Section With a Fluid
Filled Annulus

R2

R1

, inner cylinder

, outer cylinder

[163] See N-1451.1.

GENERAL NOTES:
(a) b = length of section; ρ = fluid mass density. (refs. [159], [160], [161], [162], and [163].)
(b) See N-1400 for finite length shells.

NOTE:
(1) The bracketed numbers refer to the references list following this Appendix.
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acceptances is equal to 1. (See ref. [112].) Therefore, the
assumption that the joint acceptance is equal to 1 gives
conservative estimates of structural responses.

(h) Damping is the result of energy dissipation during
structural vibration. Damping limits resonant vibration
amplitude and delays the onset of fluid elastic instability.
Damping is the result of material damping within a struc-
ture, motion of trapped fluid within joints, and impact,
scraping, and friction within joints. The material damping
of nickel, copper, and steel is low, less than 0.1% critical
damping. Damping at joints and supports dominates the
damping of tubes that are supported by passing through
oversized holes in support baffles. Table N-1311-2 gives
general guidelines for damping in flow‐induced vibration.
Testing is required to establish more precise estimates of
damping for specific designs.

N-1312 Nomenclature

Cn = reduced damping in n th mode
CL = lift coefficient
D = cylinder diameter
E = Young’s modulus
fn = natural frequency of n th vibration mode, hertz
f s = frequency of periodic vortex shedding, hertz
F = force
Gf = single‐sided power spectral density of the forcing

function, in (force/length)2 per Hz
= Gf spectrum for the i th span of a multi‐span tube

Gy = single‐sided power spectral density of response
Hj = transfer function of j th vibration mode
I = area moment of inertia
J 2 = joint acceptance

= cross acceptance for the j th and k th vibration
modes

= acceptance for the i th span

ℓ c = axial correlation length

= 2 r(x ′) dx ′where r(x ′) is the correlation func-

tion and x ′ is the separation distance
= correlation length in the i th span

Le = cylinder length subject to vortex shedding
Lt = span length
m = mass per unit length

mA = added fluid mass per unit length
mc = contained fluid mass per unit length
mf = cylinder displaced fluid mass/length
ms = structural mass per unit length
mt = total mass per unit length of tube

= mA + mc + ms

Mj = modal mass
Mn = effective modal mass/length for n th vibration

mode
n = vibration mode, n = 1 is fundamental mode
p = pressure
P = tube pitch

= distance between tube centers
q = dynamic pressure, (1/2)ρV

2

Re = Reynolds number, VD/ν
Rp = Cross correlation of the pressure field
S = Strouhal number, f s D/V
Sf = cross spectral density of the forcing function on a

cylinder, (force/length)2 per Hz
Sfo = power spectral density of the forcing function
Sp = cross spectral density of the pressure field
Sy = power spectral density of cylinder response
t = time

Uc = convection velocity

Table N-1311-2
Guidelines for Damping of Flow‐Induced Vibration

Critical Damping Ratio, ζ

Description of Tube Installation Fluid Surrounding Tube
Low

[Note (1)]
Typical Design

Value High [Note (2)]

Thermowells and single span tubes supported
by welded or rolled in ends

Liquid and gas 0.0005 0.002 0.005

Multispan heat exchanger tubes supported by
passing through oversized holes in plates

Low density gas 0.008 0.017 0.03 [Note (3)]
Water and other liquids 0.01 0.02 0.03 [Note (3)]

GENERAL NOTE: This table applies to metallic tubes with 0.5 in. (13 mm) to 2.0 in. (50 mm) outside diameter. For tubes
passing through oversized holes in support plates, this table applies to typical diametrical clearance between tube outside
diameter and tube support inside diameter of 0.010 in. (0.2 mm) to 0.030 in. (0.8 mm).

NOTES:
(1) Low value: For midspan rms vibration amplitude less than 1% of tube diameter and smaller than the diametrical clearance

between the tube and the support plate.
(2) High value: For midspan rms amplitudes comparable to or larger than the diametrical clearance between the tube and the

support plate. Tube wear can result.
(3) Critical damping ratios 0.03 < ζ < 0.05 can be used if justified by applicable experimental data.

2013 SECTION III APPENDICES

292 --``,,,,,````,`,`,`,`,```,,,,-`-`,,`,,`,`,,`---



V = mean velocity
x = axial distance
= maximum displacement in n th vibration mode

= mean square response of a cylinder

αn = amplification factor in nth vibration mode
γn = mode shape factor in n th vibration mode
Γ = coherence of forcing function on a cylinder
Γ i = coherence for i th span
δm = mass‐damping parameter, 2πξn mt/ρD

2

δn = log decrement for n th vibration mode
= 2πξn

ξn = fraction of critical damping for n th mode
ρ = fluid mass density

ϕn = n th vibration mode shape
= maximum value of ϕn

θ = angle between direction of flow and normal to
tube axis

ν = kinematic viscosity
ω = frequency, radian/sec

N-1320 VORTEX SHEDDING
N-1321 Vortex Shedding From a Fixed Bluff Body

For a bluff body in uniform cross flow, the wake behind
the body is no longer regular, but contains distinct vortices
of the pattern shown in Figure N-1321-1 for a circular cy-
linder. The vortices are shed alternatively from each side
of the body in a regular manner and give rise to an alter-
nating lift force. Experimental studies of this vortex shed-
ding process have shown (refs. [94] and [95]) that the
frequency in hertz of the alternating lift force can be ex-
pressed as:

ð68Þ
Some common types of bodies or structures for which

vortex shedding occurs are shown in Figure N-1321-2.
The following discussions are based on the circular cylin-
der; however, the concepts apply equally well to other
bluff bodies.

The oscillating lift force produced on an isolated single
cylinder of diameter D and length L by uniform cross flow
can be expressed as (refs. [96] and [97]):

ð69Þ

where CL, fs, and J are functions of the Reynolds number

Re and must be determined experimentally. In uniform
cross flow, the energy of vortex shedding occurs over a
very narrow frequency band with a center frequency f s ,
except over a transition band of Reynolds number
(2 × 105 to 3 × 106) where the character of the frequency
content may vary from almost periodic to completely ran-
dom. The measured Strouhal number is S ≈ 0.2 for
103 < Re < 2 × 105; for larger Re , experimental values
of S and CL show considerable scatter.

The alternating vortex fluid forces are not generally cor-
related over the entire cylinder length L . As a conse-
quence, two limiting cases of the joint acceptance exist
for a uniform rigid‐body‐mode (ref. [97]).

ð70Þ

Figure N-1321-1
Vortices Shed From a Circular Cylinder

Figure N-1321-2
Some Typical Cross Sections of Bluff Bodies

That Can Experience Vortex Shedding
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The correlation length in the lift direction for stationary
cylinders has been found to be approximately 3 to 7 dia-
meters (3D < ℓc < 7D ), for 103 < Re < 2 × 105 (ref.
[87]). For larger Reynolds numbers, the correlation
lengths for stationary cylinders can be expected to be even
smaller because the attached boundary layer becomes
fully turbulent. J2 is usually much less than 1 for long sta-
tionary cylinders. Motion of the cylinder at the frequency
of vortex shedding substantially increases the correlation
length (refs. [82] and [87]) as discussed in N-1323 and
N-1324.

Vortex shedding also induces a force in the streamwise
or drag direction. The drag force occurs at twice the vortex
shedding frequency for single cylinders (ref. [87]). How-
ever, the magnitude of the oscillating drag force is typi-
cally an order of magnitude smaller than the oscillating
lift force.

N-1322 Practical Cross Flow

The case of ideal cross flow is rarely found except in the
laboratory. Many practical conditions reduce the effective-
ness and strength of vortex shedding as an excitation
mechanism:

(a) If the body is located in a turbulent flow, or if the
tube surface is rough, the turbulence tends to widen the
band of shedding frequencies and decrease the energy at
the dominant shedding frequency (ref. [129]).

(b) If the cylinder is inclined to the flow, the shedding
frequency can be adequately predicted by employing the
component of flow velocity normal to the cylinder axis

ð71Þ

where θ is the angle between the direction of flow and the
normal to the cylinder axis. Inclined flow tends to reduce
the magnitude of the vortex shedding forces (ref. [98]).

(c) Spanwise variations in flow velocity imply that the
vortex shedding frequency also varies in the spanwise di-
rection. This effect will generally reduce the magnitude of
the net vortex shedding excitation.

(d) There is some evidence (refs. [99] and [100]) that
vortex shedding does not occur in two‐phase flow and that
vortex shedding is only a concern in single‐phase flows.

(e) While the vortex shedding characteristics discussed
above have general applicability, the effects of adjacent
bodies have not been specifically included. Studies of
two (ref. [101]) or more circular cylinders show that vor-
tex shedding does occur, but its character is very sensitive
to the relative location and spacing of the cylinders. For
the important case of tube arrays, the values of S, J, and
CL to be employed in eq. N-1321(69) are much more un-
certain than for single cylinders, as is evident by the con-
siderable scatter in the experimental data (refs. [100],
[102], [103], [104], [105], [139], and [140]).

N-1323 Flexible Cylinders

When the vortex shedding frequency f s is sufficiently
different from the structural natural frequencies, a condi-
tion called off‐resonance, the representation of the vortex
shedding lift force by F given in eq. N-1321(69) is valid,
and is conservative if CL = 1 and J = 1 is chosen. This con-
servative representation of the force can be extended to
nonuniform loading, and modal response can be employed
to simplify the analysis of cylinders where many modes
are active. Normally, off‐resonance response is small.
However, as resonance is approached, large motions are
encountered.
In the case of a single flexible or resiliently supported

tube, once vibration begins the shedding frequency and
the tube natural frequency can become synchronized if
the two are sufficiently close. For a spring‐supported cy-
linder in an air stream, it was shown (ref. [106]) that
the velocity range over which synchronization persists de-
pends upon the damping parameter, m t δ n /ρD

2. In
Figure N-1323-1, the shaded area is the region of synchro-
nization. The ordinate, V/fn D, is a reduced velocity, where
fn is the natural frequency of the spring‐mounted cylinder.
Note, in particular, that with increasing mtδn/ρD

2 the re-
duced velocity range over which synchronization persists
decreases, and no synchronization occurs for m t δ n

/ρD2 > 32. Outside the shaded area, the cylinder experi-
ences an alternating lift force at the vortex shedding fre-
quency for a stationary cylinder, as given previously in
eq. N-1321(69).
The consequences of synchronization are many. As the

flow velocity is either increased or decreased so that the
vortex shedding frequency approaches the structure fre-
quency, the following will occur.
(a) The vortex shedding frequency shifts to the struc-

tural natural frequency, i.e., it synchronizes with or
“locks‐in” to the structural frequency even if the flow ve-
locity or the structural frequency is varied within the
range of sychronization as indicated in Figure N-1323-1.
(b) The spanwise correlation of the vortex shedding for-

cing function increases rapidly as structural response
increases.
(c) The lift force becomes a function of structural

amplitude.
(d) The drag force on the structure increases.
(e) The strength of the shed vortices increases.
Within the synchronization band, substantial resonant

vibration in lightly damped structures often occurs. Vibra-
tion amplitudes up to three diameters peak‐to‐peak have
been observed in dense fluids, such as water, over cables
and tubing. The vibrations are predominantly transverse
to the flow and they are self‐limiting (refs. [82], [87],
and [94]).
Large‐amplitude, synchronized vibrations in the drag

direction have been observed for a single cylinder in
water. These oscillations initiate at relatively low flow ve-
locities corresponding to subharmonic frequencies of
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vortex shedding, i.e., at 1/4,
1/3, or

1/2 the flow velocity re-
quired for synchronization according to eq. N-1321(68)
(refs. [107] and [108]). However, the synchronization in
the drag direction is not as strong as in the lift direction,
and usually occurs only for lightly damped structures in
dense fluids (refs. [87] and [110]). Lock‐in has not been
observed in two‐phase flow or deep (more than a few
rows) inside a closely spaced tube bundle.

N-1324 Design Procedures for a Circular Cylinder

Whenever possible, lock‐in operating conditions should
be avoided, but complex designs often make this impossi-
ble. Thus, criteria are given for which lock‐in can be
avoided, and off‐resonance structural dynamic analysis
can be employed, as well as design procedures to calculate
the response during lock‐in.

N-1324.1 Avoiding Lock‐In Synchronization. Lock‐in
for a single cylinder can be avoided by one of the following
four methods (refs. [82], [106], [108], and [109]). For tube
arrays, only (a), (b), and (c) are applicable methods, and V
must be the flow velocity in the minimum gap (P – D).

(a) If the reduced velocity for the fundamental vibration
mode (n = 1) satisfies:

ð72Þ

then both lift and drag direction lock‐in are avoided.

(b) If for a given vibration mode the reduced damping is
large enough

ð73Þ

then lock‐in will be suppressed in that vibration mode.

(c) If for a given vibration mode

ð74Þ

and

ð75Þ

then lift direction lock‐in is avoided and drag direction
lock‐in is suppressed.

Figure N-1323-1
Synchronization of the Vortex Shedding Frequency and the Tube Natural Frequency for a Single,

Flexibly‐Mounted Circular Cylinder

GENERAL NOTE: Synchronization occurs within the shaded region. (Ref. [106])
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(d) If the structural natural frequency falls in the ranges
fn < 0.7f s or fn > 1.3f s , then lock‐in in the lift direction is
avoided in the n th mode.
The reduced damping Cn is calculated according to

ð76Þ

where ξn = δn/2π is the fraction of critical damping mea-
sured in air and Mn is the generalized mass

ð77Þ

with ϕn the n th mode shape function and mt(x) is the cy-
linder mass per unit length. The range Le in the denomina-
tor implies that the integration is over only the region of
the cylinder length subject to lock‐in cross flow. Note that
mt is calculated according to:

ð78Þ

For an isolated cylinder, mA is the displaced fluid mass.
If sections of the cylinder are close to other bodies, then
the possibility of increased added mass and fluid damping
must be taken into account (refs. [81], [82], [90] to [93]).

N-1324.2 Vortex‐Induced Response. Off resonance,
the response can be calculated using standard methods
( r e f . [ 96 ] ) o f f o r c ed ‐v i b r a t i o n ana l y s i s and
eq. N-1321(69) for the forcing function (refs. [82] and
[89]). The resultant response is ordinarily small. If operat-
ing conditions are such that lock‐in cannot be avoided or
suppressed, then the resonant vortex induced response
must be calculated. Three approaches for calculating the
response are recommended for three classes of structures
and flows: single uniform cylinder in uniform flow, tube
arrays, and nonuniform cylinders in nonuniform flow.
(a) Uniform Structure and Flow. If a uniform cylinder is

subject to uniform cross flow over its span, then both the
vortex shedding frequency and the vortex force are con-
stant over the span of the cylinder. The periodic vortex in-
duced lift force is given by eq. N-1321(69). At lock-in, the
vortex shedding frequency equals the natural frequency of
the n th vibration mode, fs = fn, and the cylinder response
is given by (refs. [82] and [89])

ð79Þ

This equation provides a conservative upper bound es-
timate to the amplitude of periodic vortex‐induced vibra-
tion if the lift coefficient is taken as unity, CL = 1, and the
vortex shedding is fully correlated along the span of the
cylinder, J = 1. Other values of CL and J may be used in cir-
cumstances where experimental data are available. How-
ever, eq. (79) with CL = 1 and J = 1 has been found to
give overly conservative predictions owing to the

tendency of the actual lift coefficient to decrease at vibra-
tion amplitudes exceeding 0.5 diameter and the lack of
perfect spanwise correlation at lower amplitudes. To ob-
tain less conservative predictions, three semiempirical
nonlinear methods are given in Table N-1324.2(a)-1. The
mode shape factor γ generally varies between 1.0 and
1.3 (ref. [82]) and C n is determined according to
eq. N-1324.1(d)(76) using ξn determined in air.

(b) Within Tube Arrays. Coherent vortex shedding has
been found to exist only in the first few rows in arrays
of cylinders with center‐to‐center spacing less than 2 dia-
meters, and the design procedures for a single cylinder are
applicable using the velocity in the minimum gap (P – D).
Within the array vortex shedding exists over a broad
range of frequencies rather than at a single distinct fre-
quency. The response within the array is generally less
than that of a comparable single cylinder. The techniques
that have been developed to predict vibration within the
array are based on the theory of random vibration and
are given in N-1340.

(c) Nonuniform Structures and Flow. Many cylindrical
structures have nonuniform distribution of mass and stiff-
ness, and they are exposed to flow velocities that vary over
the span. In this case, only a part of the span of structure
will resonate with vortex shedding and contribute to the
excitation.

One method for treating nonuniform structures in non‐
uniform flows is

(1) determine the natural frequencies and mode
shapes of the structure.

(2) determine the spanwise distribution of the flow.

(3) identify portions of the structure that can reso-
nate with vortex shedding for each mode. This can be done
by calculating the spanwise distribution of the vortex
shedding frequency and estimating the potential for reso-
nance by a band of plus or minus 30% from this frequency.

Table N-1324.2(a)-1
Semiempirical Correlations for Predicting

Resonant Vortex‐Induced Vibration
Amplitude

Reference Predicted Resonant Amplitude

111

82

110
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(4) Apply a lift force given by eq. N-1321(69) with
fn = fs and CL = 1 to those segments of the span that are
resonant.

Procedures (1) through (4) are illustrated in refs. [89]
and [112]. For a uniform cylinder in uniform cross flow,
assumption (4) of complete correlation and CL = 1 gives
overly conservative predictions. Other values for CL may
be used where experimental data are available.

N-1330 FLUID‐ELASTIC INSTABILITY

Many FIV mechanisms exist wherein as energy supplied
to the system is increased, usually as increased flow velo-
city, a critical value is attained at which a large increase in
response occurs. Continued increases in the supplied en-
ergy results in continued static or dynamic divergences
(rapid increases) of the response. In general, fluid‐elastic
instability is a result of strong coupling between the struc-
ture and the fluid.

N-1331 Instability of Tube Arrays in Cross Flow

Fluid flow across an array of elastic tubes can induce a
dynamic instability that can result in very large amplitude
vibrations once a critical cross flow velocity is exceeded.
Often, motion is limited only by tube‐to‐tube impacting.
The flow of fluid over the tubes results in both fluid exci-
tation and fluid‐structure coupling forces on the tubes.
The fluid‐structure coupling excitation forces fall into sev-
eral groups

(a) forces that vary approximately linearly with displa-
cement of a tube from its equilibrium position (displace-
ment mechanisms) (ref. [113]).

(b) fluctuations in the net drag forces induced by the os-
cillating tube’s relative velocity with respect to the mean
flow (fluid damping mechanism) (ref. [88]).

(c) combinations of the above forces that exhibit step
changes as a certain amplitude is exceeded because of
the abrupt shift in the point of flow separation (jet switch
mechanism) (Ref. [114]). Instability may result from any
or all of these fluid forces which are functions of the tube
motion.

The general characteristics of tube vibration during in-
stability are as follows.

(d) Tube Vibration Amplitude. Once a critical cross flow
velocity is exceeded, vibration amplitude increases very
rapidly with flow velocity V , usually as Vn where n = 4
or more, compared with an exponent in the range
1.5 < n < 2.5 below the instability threshold. This can be
seen in Figure N-1331-1, which shows the response of
an array of metallic tubes to water flow. The initial hump
is attributable to vortex shedding that tends to produce
larger amplitudes in water flow than air flows.

(e) Vibration Behavior With Time. Often the large ampli-
tude vibrations are not steady in time, but rather beat with
amplitudes rising and falling about a mean value in a pseu-
dorandom fashion (ref. [115]).

(f) Synchronization Between Tubes. Most often the tubes
do not move as individuals, but rather move with neigh-
boring tubes in somewhat synchronized orbits, as shown
in Figure N-1331-2. This behavior has been observed in
tests both in water and air (refs. [113], [115], [116], and
[117]), with orbit shapes ranging from near circles to near
straight lines. As the tubes whirl in their oval orbits they
extract energy from the fluid. The stiffness mechanism re-
quires motion of the adjacent tubes, but the damping me-
chanism does not.

(g) Influence of Structural Variations. Restricting the
motion or introducing frequency differences between
one or more tubes often increases the critical velocity
for instability (refs. [115], [116], and [118]). Such in-
creases are generally no greater than about 40%. Often
the onset of instability is more gradual in a tube bank with
tube‐to‐tube frequency differences than in a bank with
identical tubes which are free to vibrate.

N-1331.1 Prediction of the Critical Velocity. Dimen-
sional analysis considerations imply that the onset of in-
stability is governed by the following dimensionless
groups: the mass ratio mt/ρD

2; the reduced velocity
V/fD ; the damping ratio ξ n , measured in the fluid; the
pitch to diameter ratio P/D ; the array geometry (see
Figure N-1331-3), and the Reynolds number VD/ν . In this
section, V is the flow velocity in the gaps between the
tubes, and is determined by the product of P/(P – D )
and the (approach) flow velocity that would occur if the
tubes were not present. Note the added mass part of mt

may be much larger than the displaced fluid mass because
of the confining effect of adjacent tubes (refs. [81], [90],
and [92]). Also, for most cases, the flow is fully turbulent
(VD/ν > 2000) and the Reynolds number is not expected
to play a major role in the instability. In such cases, the re-
duced critical velocity for the onset of instability can be ex-
pressed as a function of the remaining nondimensional
parameters.

The relationship between the parameters can be inves-
tigated theoretically or experimentally. One general form
that has been used to fit experimental data is

ð80Þ

where C and the indices a and b are functions of the tube
array geometry. Experimental data suggest that a and b
fall in the range 0.0 < a, b < 1.0 (refs. [115], [116], [119],
[138], and [139]).

N-1331.2 Recommended Formula. Mean values for
the onset of instability can be established by fitting semi-
empirical correlations to experimental data. The correla-
tion form chosen is

ð81Þ
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Figure N-1331-1
Response of a Tube Bank to Cross Flow (Ref. [115])
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where

Vc = critical cross flow velocity
fn = natural frequencies of the immersed tube

For uniform cross flow, the tubes will be stable if the re-
presentative cross flow velocity V is less than the critical
velocity V c . If the flow is nonuniform over the tube
lengths, an equivalent uniform cross flow gap velocity
can be defined as either the maximum cross flow velocity,
or the modal weighted velocity:

ð82Þ

where V(x) is the cross flow velocity at each axial location
of the tube. The tubes will be stable if Ve < Vc for all modes.

The available 170 data points for onset of instability
(ref. [120]) are shown in Figure N-1331-4. In the range
m(2πξn)/ρD

2 > 0.7, there are sufficient data to permit fit-
ting of eq. (81) to data for each array type. The mean va-
lues of C are

Triangle
Rotated
Triangle

Rotated
Square Square All

Cmean 4.5 4.0 5.8 3.4 4.0

Based on theory for the displacement mechanism (Ref.
[113]), which is active in this parameter range, a = 0.5
was chosen in these fits. For m(2πξn)/ρD

2 < 0.7, where
the fluid damping mechanism is primarily active, neither
the theory nor data are sufficient to establish values of C
and a in eq. (81). Conservative estimates of the mean va-
lues of Vc/f nD for mt(2πξn)/ρD

2 < 0.7 can be obtained

using eq. (81) with a = 0.5 and the mean C given in the
table above. The use of eq. (81) with a = 0.5 and C = 3.3
has been recommended (refs. [80], [100]) for the entire
mass damping parameter range of Figure N-1331-4.

N-1331.3 Suggested Inputs. Accurately predicting
the critical velocity requires scale model testing to deter-
mine the value of C and the damping ratio in each applica-
tion, because practical flow and structural geometries
contain features nonexistent in the simpler, controlled la-
boratory tests used to establish the data base of
Figure N-1331-4 (ref. [120]). Usually, industrial tube ar-
rays (bundles) involve multiple spans with intermediate
supports provided by plates with holes slightly larger than
the tube diameter. Also, flow may pass around the edge of
the bundle and does not have the pure cross flow direction
shown in Figure N-1331-3, even within the bundle.
Furthermore, when the vibration amplitude is small, such
as that experienced during subcritical vibration, not all
support plates are active. Damping ratios in this vibration
mode are typically small, from 0.1% in gas to about 1% in
steam or water. When the vibration amplitude is large, as
characterized by the onset of instability, support plate‐to‐
tube interaction greatly increases the damping ratio which
can reach 5% or more.

All the practical features discussed above tend to raise
the critical f low velocity. Thus, the data base of
Figure N-1331-4 can be used to determine a conservative
criterion for avoiding fluid‐elastic instabilities of tube ar-
rays: if the design equivalent uniform cross flow gap velo-
city [eq. N-1331.2(82)] is less than the critical velocity
[eq. N-1331.2(81)] computed with the suggested design
values defined by the solid line (C = 2.4, a = 0.5) in

Figure N-1331-2
Tube Vibration Patterns at Fluidelastic Instability for a Four‐Tube Row (Ref. [118])
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Figure N-1331-3
Tube Arrangements
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Figure N-1331-4
Stability Diagram
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Figure N-1331-4 and with a damping ratio of 0.5% in gas,
or 1.5% in “wet” steam or liquid, then instability is almost
certainly not a problem, and scale model testing will not
be necessary. Otherwise, more accurate values of C and
the immersed tube’s damping ratios, or the critical velo-
city itself, must be determined by either model testing
or from operational experience.

N-1340 TURBULENCE

In general, the coolant flow paths and flow rates pro-
mote and maintain turbulent flows that are optimal for
purposes of heat transfer, but provide sources for struc-
tural excitation. Also, turbulence in the flow can affect
the existence and strength of other excitation mechanisms
associated with separating boundary layer flows (wakes),
as discussed in N-1320 on vortex shedding. This section
will concentrate on turbulence as a source of fluid excita-
tion forces.

N-1341 Random Excitation

Where turbulent flow comes into contact with the sur-
face of a structure some of the momentum in the flow is
converted into fluctuating pressures. In addition to any
forces produced by the mean flow component, random
surface pressure fluctuations are produced by the turbu-
lent velocity component. The time history of the surface
pressure fluctuations, like the flow turbulence, is complex
and amenable to description only on a statistical basis.
However, the fluctuating pressure and the resulting
flow‐induced response usually can be regarded as ergodic
and analyzed with a finite‐time record not dependent
upon the time origin.
For purposes of structural analysis and design, most

useful information on the fluctuating pressures becomes
available once the spatial spectral densities of the pres-
sure field, Sp(x1 , x2 , Ω), are determined. The spectral den-
sity is the Fourier transform of the cross correlation of the
pressure field

ð83Þ

and provides information about the average products of
components of the pressure p(x, t) as a function of the cir-
cular frequency Ω in radian/sec for every possible pairing
of structural points, x1 and x2 , including the same point.
Sp has units of (pressure)2 (second). The frequency con-
tent of the spectra are band limited, from zero to a maxi-
mum frequency determined by the turbulence source.
The magnitude of the power spectra increases when the
energy of the turbulence at frequency Ω increases. The

size of a region of the structure over which the pressures
at different points are coherent, or has some cause‐effect
relationship, is interpreted as a correlation length of the
pressure field, or the size of the associated turbulent eddy
(ref. [82]).

Only select parts of the surface pressures are effective in
exciting dynamic structural response: those parts with fre-
quency content in narrow bands centered on the structur-
al natural frequencies and with correlation lengths similar
in size to the spatial wavelength of the associated vibra-
tion mode (ref. [122]). The resulting structural response
occurs in the narrow frequency bands with random ampli-
tudes, and the widths of the frequency bands are deter-
mined by the system damping. Knowledge of the surface
pressure statistics enables prediction of the associated
structural response statistics utilizing the probabilistic
theory of structural dynamics.

N-1342 Structural Response of Tubes and Beams

N-1342.1 Response to Homogeneous Turbulence Ex-
citation. The assumption of a linear structure is justifiable
for the small vibrations associated with the turbulence ex-
citation of weakly coupled fluid‐structure systems, and the
linear structural dynamic analysis theory for arbitrary
random loading of beams is highly developed. Since the
energy dissipation mechanism of turbulent flow rapidly
smooths disturbances caused by the structural boundaries
of and in the flow channel, the statistical character of tur-
bulent cross flow often varies gradually over the total
length of select spans of single tubes and tube bundles,
especially within the bundles. Thus, in many applications,
the assumption of a uniform mean velocity and homoge-
neous turbulence is reasonable.

Assuming a homogeneous and ergodic pressure field,
the equations of motion can be uncoupled to allow solu-
tion by modal analysis (see N-1222). The expression for
the power spectral density of the cylinder response is
(ref. [123])

ð84Þ

The mode shapes ϕj (x ) satisfy the orthogonality
relation

ð85Þ

whereMj is the generalized mass, defined here to have the
same dimensions as mt . Thus, if mt is constant, Mj = mt

and the orthogonality condition reduces to

ð86Þ
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The transfer function for the j th mode is

ð87Þ

where ω j and ξ j are the modal natural frequency and
damping, respectively. The acceptance integral is

ð88Þ

where the complex coherence function is

ð89Þ

and Sf is the cross spectral density of the turbulent forcing
function per unit length between two different points on
the cylinder’s length, x = x1 and x = x2. When x1 = x2 = x,
Sf(x, x, ω) = Sfo(ω) is the power spectral density (or auto-
spectrum) that is independent of location for a homoge-
neous pressure field. The joint acceptance J j j(ω) reflects
the relative effectiveness of the forcing function to excite
the j th vibration mode while the cross acceptance
J j k (ω ), j ≠ k , reflects contributions due to coupling be-
tween different modes. In general, the responses in two
different modes are dependent upon each other.

The mean square response is the most useful

measure for the amplitude or stress and strain design,
and is found by integration of the power spectral density
of the response, Sy(x , ω) = Sy(x, x, ω) over the frequency
band, or

ð90Þ

The distribution of the positive and negative peaks in
displacement has been found for the fundamental mode
of a rod in parallel flow to be Gaussian (refs. [81], [82],
and [124]). Assuming a Gaussian fluctuating pressure dis-
tribution, a Rayleigh distribution is expected for the abso-
lute amplitude of response (refs. [82] and [125]).

Based on physical reasoning and experimental data, the
complex coherence function of the homogeneous turbu-
lence pressure field for the tubes in cross flow has been
characterized as (refs. [122] and [126])

ð91Þ

where l c ≪ L is the correlation length, which is a measure
of the coherence range of the turbulent pressure field; Uc

is the convection velocity, or the velocity at which the tur-
bulent eddies move with the flow; and θ is the angle be-
tween the direction of the flow and the normal to the
axis of the tube. Note that Uc/sin θ is the phase velocity
of the pressure signal along the tube.

In the case of lightly damped structures with well‐
separated modes, cross modal contribution to the re-
sponse can be ignored, and eq. (90) can be analytically
evaluated to be (refs. [112] and [125]):

ð92Þ

In the second equality, the response is expressed in
terms of the more commonly used engineering variables
frequency f (in Hz) and the single‐sided power spectral
density G as a function of f , where

ð93Þ

Under the same assumption of light structural damping

ð94Þ

where Gf(f j) is the single‐sided power spectral density in
(force/length)2/Hz generated by the turbulent pressure
field at the natural frequency f j of the j th vibration mode.

N-1343 Design Procedures for Tubes and Beams
in Turbulent Cross Flow

In most situations, the component of turbulent flow nor-
mal to the axis of a cylinder is a more dominant excitation
mechanism than the parallel component. The exception
occurs when the flow direction is parallel or barely in-
clined to the cylinder axis. Thus, cross flow analysis using
the component of flow normal to the cylinder should al-
ways be made, supplemented by the parallel flow analyses
of N-1345 at small angles of inclination.

The theory in the subsections that follow can be applied
to one‐dimensional structures in general, but the specific
information on the statistics of the pressure field must
be limited to tubes (circular cylinders) until adequate in-
formation is available for other beam cross sections.

N-1343.1 Uniform Cross Flow. In the simplest case of
uniform cross flow over the entire length of a lightly
damped, rigid cylinder with an evenly distributed total
mass and spring supports at both ends, ϕ = L−1/2, θ = 0
in eq. N-1342.1(91), and the joint acceptance integral of
eq. N-1342.1(88), with i = j = 1, reduces to (refs. [112]
and [127])

ð95Þ

The correlation length l c in most cross flows over a tube
(circular cylinder) is no more than three diameters (see
N-1322). Also, although eq. (95) were derived for the fun-
damental mode of the transverse vibrations of a rigid,
spring‐supported cylinder, they can be used to estimate
the joint acceptance of the fundamental mode of cylinders
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which are simply supported or clamped at both ends. Of
course , in determining the RMS response with
eq. N-1342.1(94), the mode shapes corresponding to the
actual boundary conditions and normalized according to
eq. N-1342.1(86) are used. For other boundary conditions
and higher modes, the joint acceptance integral will have
to be evaluated either numerically (most cases) or in

closed form from eq. N-1342.1(91). Since ≤ 1.0, (ref.

[127]), an upper bound response estimate can be found
by setting all the J j j = 1.0 in eq. N-1342.1(94).

The random characteristics of the forces exerted on the
tubes by the turbulent flow must be obtained from tests.
Two expressions for the power spectral density of the tur-
bulent force per unit length on tubes in a tube array are:

ð96Þ

(ref. [100]) and

ð97Þ

(ref. [128]) where the gap velocity Vg is related to the ve-
locity upstream of the tubes, V∞ , by

ð98Þ

The coefficient CR(f) in eq. (96) has units of sec−1∕2 and
is given in Figure N-1343-1 as a function of the frequency
f . Therefore, the application of eq. (96) should be limited
to the parameter range for which the data were taken,
namely, high turbulent water flow (1 to 2 m/sec) entering
closely spaced heat exchanger tubes of 12 to 19 mm in dia-
meter. The decrease in CR (f ) with penetration into the
bundle is attributed to the highly turbulent inlet flow
and possible vortex excitation observed in the first few
tube rows. Data for the nondimensional lift coefficient
CL(f) of eq. (97) have not been obtained for as many tube
array configurations (refs. [141] and [142]), but use of this
alternative expression may predict less conservative re-
sponses (ref. [142]).

For an isolated tube in cross flow, which is not subject to
conditions of lock‐in vortex shedding (see N-1323), the
power spectral density G f (f ) and the correlation length
are strong functions of the turbulence created in the inci-
dent flow stream by the upstream structures. Relatively
small amounts of turbulence can cause significant reduc-
tions in the effectiveness of vortex shedding as an excita-
tion mechanism, and all periodicity can be eliminated
with sufficiently strong incident turbulence. For given tur-
bulence intensities and scale lengths of the incident flow,
Gf(f ) is available (ref. [129]) and the correlation length
l c may be approximated by the scale length of the incident
flow. In the absence of specific information about the inci-
dent flow, the random turbulence coefficient for the up-
stream tube in Figure N‐1343‐1(a) can be used to
estimate G f (f ) for most isolated tubes in cross flow

because of the wide variety of incident flow conditions
contained in the data base. In the latter case, the velocity
used in eqs. (96) and (97) should be the free stream velo-
city of the flow.
If upstream structures produce well defined vortices,

strong excitation mechanisms may be created on isolated
cylinders more than twenty diameters downstream (ref.
[130]). Such configurations should be avoided.

N-1343.2 Multiple Spans of Uniform Cross Flow. In
many applications, a cylinder is subject to one or more
partial spans of uniform, but different, velocity and density
cross flows that are uncorrelated with each other or with
the flow over the remainder of the cylinder’s length. These
conditions often exist when baffles are used to channel dif-
ferent density flows in the interior of the pressure vessels
(heat exchangers, reactors, etc.). The mean square re-
sponse for such conditions can be determined by simple
generalizations of the results given in N‐1342.2 for homo-
geneous turbulence excitation.
Since the uniform cross flow over the span of length Li

is uncorrelated with the uniform cross flows over the

other spans, in eq. N-1342.1(94) can be calculated

(ref. [127]) by summing the products of the locally defined

spectra and joint acceptances over all the spans i

over which there is significant cross flow. Thus, the mean
square response becomes

ð99Þ

where

ð100Þ

are determined with eq. N-1342.1(88) using that

part of ϕ j , denoted by , that is active over the i th span

with length Li . As discussed in N-1343.1, if is similar to

the fundamental mode shape of a one‐span beam with
s imple or c lamped supports a t each end , then

. The correlation lengths inside a tube bundle

are smaller than that for an isolated tube, being about 1–2

tube diameters. After specifying and using eqs.

N-1343.1(96) and N-1343.1(97) for instance, the mean
square response can be determined.

N-1343.3 Nonuniform Cross Flow. In industrial heat
exchangers, the cross flow velocities are seldom uniform
over the entire length, or even one span of the tubes. While
an average cross flow velocity can be used to estimate the
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force spectra in eqs. N-1343.1(96), N-1343.1(97), and
N-1343.1(98), when the velocity distribution is available,
better estimates can be obtained by using mode shape‐
weighted power spectral densities similar to the general-
ized forces used in deterministic analysis (ref. [127]):

ð101Þ

for a single‐span tube of uniform mass density and

ð102Þ

for a multi‐span of spanwise uniform mass density. These
estimates are not rigorously derivable, but they will lead
to more accurate estimates of response, especially when
the peaks in the velocity distributions are close to the anti-
nodes of the vibration modes.

N-1344 Vortex‐Induced Vibrations in a Tube
Bundle

The existence of vortex shedding deep in a tube bundle
is much less clearly defined than for a single cylinder. Ex-
perimental measurements involving tube bundles showed

that even if a resonance peak exists in the dynamic pres-
sure power spectral density, it is much broader and not
as well defined as in the case of a single tube. Furthermore,
these peaks are bounded by the pressure power spectral
density given by eq. N-1343.1(96). However, if lock‐in
vortex‐induced vibration occurs in a particular span, the
forcing function and the tube mode shape will be fully cor-
related and in‐phase for that span. This means that the

span joint acceptance, = 1.0. To be conservative, a lock‐

in vortex‐induced vibration amplitude deep in a multi‐
span tube bundle can be calculated by substituting

= 1.0 into eq. N-1343.2(99), for all spans and all modes

where lock‐in cannot be avoided or suppressed according
to N-1324.1.

Classical vortex shedding does occur in the boundary
tubes. For the first two to three rows of tubes in a tube
bundle, vortex‐induced vibration analysis following the
procedure outlined in N-1320 is recommended.

N-1345 Cylinders in Axial Flow

Turbulence generally is a much weaker excitation me-
chanism in axial flow compared with cross flow, where
the flow separates from the vibrating body. Also, axial flow
is a source of flow damping which increases with flow rate

Figure N-1343-1
Random Excitation Coefficient for Arrays in Cross Flow (Ref. [100])
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(refs. [81], [82], and [131]). As a result, RMS vibration am-
plitudes of tubes in axial flow are typically only a few per-
cent of the tube diameter.
The surface pressure fluctuations that excite a tube in

axial flow are due to many sources: local turbulence cre-
ated by the shear flow in the developing boundary layer;
free stream turbulence created by upstream disturbances
(grid supports, abrupt changes in channel size, elbows,
valves, etc.) that quickly attenuate downstream of the dis-
turbance, localized acoustic noise (waves); and system
acoustic noise that can propagate long distances (ref.
[136]). For pipes and single rods in annuli subject only
to fully developed flow, relatively general experimental
characterizations of the homogeneous pressure fields are
possible (ref. [131]), because they depend only on the lo-
cal channel geometry and the flow rates. However, general
characterizations have not been developed that account
for upstream disturbances and adjacent bodies, although
many specific systems have been studied (refs. [131]
through [137]). Evidently, accurate predictions can be
made when the pressure field is characterized in the same
system as the response is measured, but the predictions
from system to system may vary by an order of magnitude
for the same axial flow velocity. Because response is usual-
ly much easier to measure than the pressure fluctuations
necessary to characterize a pressure field, especially a
nonhomogeneous one, empirical correlations of response
have been developed for important component geome-
tries (refs. [99] and [137]). The component and prototype
tests upon which the correlations are based include all
component geometries and excitation sources. Of course,
the use of these correlations must be limited to the type
of components and parameter variations for which they
were developed.

N-1345.1 Recommended Design Procedures.
(a)When the characterization of the pressure field is

available, then the response of the structure can be pre-
dicted by the general method outlined in N-1342. But, un-
like cross flows, the convection velocity Uc is important
and must be known in axial flow before the acceptance in-
tegral, eqs. N-1342.1(88) and N-1342.1(91), can be evalu-
ated. In axial flows, it is not generally true that the larger
the correlation length ℓc , the larger the response as in
cross flows. Rather, the response is governed by the
matching of the structural mode shape and the phase‐
coherence of the pressure field (refs. [112] and [122]),
in addition to its power spectral density.
(b) Regardless of whether a pressure field characteriza-

tion is available, the maximum amplitude of motion can be
estimated to within an order of magnitude using the em-
pirical correlation (ref. [99])

ð103Þ

if the cylinder parameters are within the ranges covered
by the correlation:

where Kn is a noise factor representing a departure from
quiet, steady axial flows of Kn = 1. Commercial systems are
expected to be bounded by Kn = 5. E is the modulus of
elasticity, I is the beam area moment of inertia, and ν is
the fluid kinematic viscosity.

N-1400 DYNAMICS OF COUPLED
FLUID‐SHELLS

N-1410 INTRODUCTION

It is well known that the motion of a solid in a heavy li-
quid is different from that in a vacuum. In the case of a
sphere or a cylinder moving in an infinite fluid medium,
for example, the presence of the fluid can be accounted
for by simply adding to the physical mass of the solid,
the mass of fluid it displaces. Hence the term added mass,
or hydrodynamic mass, has been used to describe this
solid‐fluid interaction phenomenon. When the fluid is vis-
cous, then in addition to an added mass, there is an appar-
ent added damping, or hydrodynamic damping, due to the
viscosity of the fluid.

In the case of thin cylindrical shells vibrating with fluids
entrapped in‐between, the effect of fluid‐structure interac-
tion is far more complicated. Data from pre‐operational
tests of nuclear plants showed that the natural frequencies
of the thermal shields of light water nuclear reactors were
much lower than their corresponding values measured in‐
air. Since then, theoretical studies by Fritz and Kiss (ref.
[143]), Horvay and Bowers (ref. [144]), Au‐Yang (refs.
[93] and [145]), Chen (refs. [90] and [146]), Krajcinovic
(ref. [147]), and Levin and Milan (ref. [148]) conclusively
showed that the coupling effect of narrow fluid gaps on
thin cylindrical shells is much stronger than that of infinite
fluid media. Their conclusions are supported by
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laboratory tests (refs. [90] and [149]). A few review pa-
pers on this topic were written by Chen (ref. [90]), Brown
(ref. [150]), and Au‐Yang (ref. [151]).

This guide describes a simple method to account for the
effect of fluid‐structure interaction on the response of cy-
lindrical shells coupled by fluid gaps, using the structural
priority approach (ref. [155]). In this approach, the effect
of fluid‐structure interaction is completely accounted for
by the “added mass” and the “added damping” terms.
The principal advantage of this method is its simplicity.
Once the added mass and the added damping terms are
computed, the structural response analysis can be carried
out by standard methods without any need to revise the
computer programs either for calculating the structural
response or for calculating fluid forcing function. On the
other hand this method is based on linear dynamic theory
in which the principal interest is to estimate low‐
frequency structural responses. The vibration amplitude
of the structure must be small compared with the width
of the fluid gaps in order that linear dynamic theory holds.
Internal structures of commercial nuclear reactors such as
the core support structure and the thermal shield are
usually restricted by limiter blocks so that their motions
are small compared with the fluid annular gap width. In
flow‐induced vibration, seismic and loss‐of‐coolant ana-
lyses of these components, usually only the responses of
the lower few modes are of interest, and the methods de-
scribed in this guide can be applied. Structural analyses in-
volving large displacements or in which responses to the
high frequency components of the forcing function cannot
be ignored, or analyses in which the principal interest is to
estimate the hydraulic forcing function rather than the
structural responses, should not follow the methods de-
scribed in this guide.

N-1420 NOMENCLATURE

a = radius of inner cylinder or (when used as a sub-
script or superscript) pertaining to the inner
cylinder

b = radius of outer cylinder or (when used as a sub-
script or superscript) pertaining to the outer
cylinder

c = velocity of sound
Cαm = Fourier coefficient of the m th cylinder axial mode

onto the αth acoustic mode
[C] = equivalent viscous damping coefficient matrix
f = frequency in Hz

{f0} = externally applied force
{ f} = reaction force due to fluid shell coupling
fm ,n = natural frequency of the (m,n)th mode

h = Fourier component of the hydrodynamic mass ma-
trix element

H = hydrodynamic mass
= generalized hydrodynamic mass

I = modified Bessel function of first kind
J = Bessel function of first kind

K = modified Bessel function of second kind
[K] = stiffness matrix
Ki j = element of the stiffness matrix
ℓ = length of cylindrical shell
m = axial modal index of the cylindrical shell
n = circumferential modal index of the cylindrical shell
p = pressure
q = (u, v, w), displacement vector of the shell
r = radial coordinate or (used in Figure N-1451-1,

= a/b)
R = radial function of acoustic mode
u = displacement of the shell in the axial direction
v = displacement of the shell in the tangential

direction
w = displacement of the shell in the normal direction
x = axial coordinate
α = axial mode number for the acoustic mode
β = circumferential mode number for the acoustic

mode

δ33 = matrix in the (u, v, w) space

ϵ = α or (2α −1)/2 as defined in eq. N-1440(108)
θ = azimuthal coordinate

= mode shape function
λ = defined in eq. N-1451.2(115)
μ = surface mass density of the shell
ν = hysteretic damping factor; kinematic viscosity
ρ = mass density of fluid
ϕ = axial acoustic mode shape function
ψ = axial cylinder mode shape function
ω = angular frequency (rad/sec)

N-1430 FREE VIBRATION OF THIN CYLINDRICAL
SHELL IN AIR

Figure N-1430-1 shows the vibration mode of a thin, fi-
nite cylindrical shell. Viewed from the ends, the vibration
of the cylinder may consist of any number of waves dis-
tributed around the circumference. The number of circum-
ferential waves is denoted by n , with n = 1 being the beam
mode. Throughout this write‐up, it is assumed that the cir-
cumferential mode shape is normalized to unity,

ð104Þ

When viewed from the side, the deformation of the cy-
linder consists of a number of waves distributed along the
length of a generator. The number of half waves along a
generator is denoted by m, m = 1, 2, 3,... As shown in
Figure N-1430-1, the axial wave forms depend on the
end conditions of the cylinder.
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The equation of motion for the free vibration of the shell
is,

ð105Þ

Thus to determine the natural frequencies, one has first
of all to calculate the modal stiffness matrix. In simple
cases of cylinders with simply supported or clamped ends,
simplified expressions for the stiffness matrix elements
have been derived (refs. [92] and [152]), and the natural
frequencies of the shell can be computed. There will be
three roots for each set of Ki j , corresponding to three nat-
ural frequencies for each set of m,n. Two of these frequen-
cies are usually much higher than the third one. These are

associated with vibrations predominantly in the axial and
tangential directions. The lowest frequency, on the other
hand, is associated with vibrations predominantly in the
normal direction. This is the flexural mode and is usually
the mode of interest in structural analysis.

Figure N-1430-1
Vibration Forms for Circular Cylindrical Shells
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N-1440 ACOUSTIC MODES OF A FLUID ANNULUS
BONDED BY RIGID WALLS

The natural frequencies associated with the (α ,β )th
mode of the fluctuation pressure distribution

ð106Þ

inside the fluid annulus are given by the roots of the equa-
tion (ref. [153]),

ð107Þ

where J, Y are Bessel functions and,

ð108Þ

where

ϵ = α if the fluid annulus has both pressure released
(p = 0) or both hard (p = max.) ends;

= (2α −1)/2 if one end is pressure released and the
other end is hard.

Note that acoustic modes exist in the fluid annulus only
if,

The frequency at which,

is known in acoustics as the coincidence frequency.

N-1441 Frequency Equation and Mode Shape for
a Thin Fluid Annulus

For many applications, the fluid annulus is thin com-
pared with its radius, so that the condition (b −a)/a > 5
is satisfied. Under this condition, the following approxi-
mate equation for the natural frequencies holds true for
the plane wave mode (no radial node).

The second radial mode (with one radial node) usually
has a lowest frequency much higher than that of the fun-
damental radial mode up to α = β = 5. Thus, it can be ig-
nored if only the lowest twenty or so acoustic modes are
included in the analysis.

N-1450 FREE VIBRATION OF COUPLED
FLUID‐SHELL SYSTEMS

When the cylindrical shells bounding the fluid annulus
are flexible, then not only are the motions of the shells
coupled to the fluid, but they are coupled together by
the fluid between them. It was shown that (ref. [145])
there is no cross circumferential model coupling between
the fluid and a system of two coaxial, circular cylindrical

shells. However, except in the rare case when both the cy-
linder and the fluid can be represented by the same mode
shape function, as is the case of a simply supported cylin-
der vibrating in a fluid annulus with open ends, there will
be coupling between the axial structural and acoustic
modes (refs. [93] and [145]).

N-1451 The Hydrodynamic Mass Matrix

It was shown that for small motions of the shell, the
pressure induced by the structure in the fluid is propor-
tional to the normal component of the acceleration ẅ, of
shell (refs. [93], [145], and [155]):

ð109Þ

The “constant” of proportionality is commonly called
the hydrodynamic mass or added mass matrix. In general,
it is a full matrix, the element of which is dependent on the
frequency. For two coaxial cylindrical shells coupled by a
fluid gap, the hydrodynamic mass matrix elements are
(refs. [93] and [145]),

ð110Þ

where for example, is the projection of the m th axial

mode shape, ψm of cylinder a (the inner cylinder) onto the
αth axial acoustic mode shape ϕα of the fluid annulus:

ð111Þ

are similarly defined. h (and hence H) are in units of

mass per unit area.
The general expressions for the hydrodynamic mass

which are valid for any boundary condition and any D/ℓ
ratio, are quite complicated, but still can easily be com-
puted with the aid of a personal computer. In the following
paragraphs, simplified expressions for computing h are gi-
ven for several commonly encountered special cases.

N-1451.1 Slender Cylinder Approximation.When the
conditions |ϵπa/ℓ −ωa/c| ⪡ 1 and |ϵπb/ℓ −ωb/c | ⪡ 1 are
simultaneously satisfied, ref. [145] shows that:

ð112Þ
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Note that the h s are independent of the axial acoustical
wave number α in this case. From N-1452.1, the general-
ized hydrodynamic masses per unit length for the beam
mode (n = 1) are,

N-1451.2 The Ripple Approximation. When the ratio
(b −a)/(b + a) is small, curvature effects become unimpor-
tant and the annular gap can be treated as a rectangular
fluid region. In this case, the expressions for the hydrody-
namic masses are greatly simplified to,

ð113Þ

ð114Þ

where

d = b −a and,

ð115Þ

N-1451.3 Incompressible Fluid Assumption. When
ω/c ⪡ϵπ/ℓ, the term ω/c can be dropped from the argu-
ment of the Bessel function in eq. N-1440(107), the result-
ing hydrodynamic masses are independent of frequency.
Since this condition is satisfied when c → ∞, it is called
the incompressible fluid assumption. However, the incom-
pressible fluid assumption must be used with caution for
applications to large structures. For a structure 300 in.
(7.6 m) long, vibrating in water at 600°F (315°C) (e.g., nu-
clear reactor internal components), the incompressible
fluid assumption generally introduces errors in the hydro-
dynamic matrix elements of more than 10% for frequen-
cies above 20 Hz. Thus, it should not be used in analyses
involving rapid transients in which high frequency contri-
butions to the response are significant.

N-1451.4 Single Beam Mode (n = 1) in Narrow
Annuli. When a cylinder vibrates inside a stationary, rigid
cylinder of slightly larger diameter, its added mass due to
the water between the two cylinders can be estimated by a
very simple equation (ref. [143]):

ð116Þ

The above equation is valid only for the beam mode
(n = 1) vibration. Figure N-1451-1 is a comparison be-
tween eq. (116) and the exact solution and shows

surprisingly good agreement between them as long as
the fluid gap is small. From N-1452.1, the generalized, or
effective hydrodynamic mass per unit length of the cylin-
der is:

ð117Þ

N-1451.5 Single Cylinder Containing Fluid. The case
when there is only one cylinder containing a fluid is given
by (ref. [145]):

ð118Þ

where Jn, In are Bessel and modified Bessel functions of the
first kind. From N-1452.1, for the beam mode (n = 1), the
generalized hydrodynamic mass per unit length of the cy-
linder is,

N-1451.6 Single Cylinder in Infinite Fluid. The case
where there is only one cylinder in an infinite fluid is given
by

ð119Þ

From N-1452.1, for the beam (n = 1) mode, the general-
ized hydrodynamic mass per unit length is,

N-1452 Natural Frequencies of Coupled
Fluid‐Shells in Special Cases

Once the hydrodynamic mass matrix is computed, it can
be input into finite element computer programs to calcu-
late the natural frequencies of fluid coupled shells. First,
several special cases in which simplified method of analy-
sis can be used will be considered.

N-1452.1 One‐Axial Mode Approximation. In many
cases of practical importance, when the D/ℓ ratio of the
cylinders are not very small, only the first axial mode is
important in the dynamic analysis. Under these circum-
stances the frequencies of two coaxial cylindrical shells
coupled by a fluid gap between them can be estimated
by solving the following simplified coupled equations
(ref. [154])
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Figure N-1451-1
Comparison of Fritz and Kiss Solution With Exact Solution
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ð120Þ

where [ ] is the generalized hydrodynamic mass matrix
with elements:

ð121Þ

, for example, is the generalized hydrodynamic mass

of the inner cylindrical shell, expressed in terms of the hy-
drodynamic mass defined in eq. N-1451(110). From
eq. (121) it can be seen that, because the hydrodynamic
mass effects exist only in the normal direction, the effec-
tiveness of H in reducing the natural frequencies of the
shell is decreased by the factor 1 + n−2. For the beammode
(n = 1), its effectiveness is reduced by a factor of 1/2. For
high shell modes (n ≫ 1), it is as effective as the physical
mass.
For each n , two coupled frequencies and amplitude ra-

tios for wa/wb can be obtained by solving the system of
eq. (120). The torsional and longitudinal modes of vibra-
tion are not affected and are not coupled by the fluid
gap in the inviscid fluid assumption. Note that [H ] is de-
pendent on f , and eq. (120) has to be solved by iteration
except in the incompressible fluid limit.
The above equations can be generalized to a system of

several coaxial cylindrical shells coupled by fluid gaps be-
tween them (ref. [155]). However, since the hydrodynamic
mass is frequency dependent, many iterations may be ne-
cessary to obtain all the coupled frequencies. This proce-
dure may become prohibitive when there are more than
three cylinders.

N-1452.2 Cases When Only One Cylinder is Flexible
(ref. [156]). If only one cylinder is flexible, coupling be-
tween cylinders can be ignored. The only parameter of in-
terest is the “in‐water” frequency of the shell, which is also
the natural frequency of the fluid‐shell system. In this case,
the natural frequencies can be obtained by a graphical
method. If one plots the two functions

ð122Þ

ð123Þ

then where g1 and g2 intercept is a natural frequency of
the coupled fluid‐shell system. The lowest coupled fre-
quency is usually referred to as the “in‐water” frequency

of the shell while the higher coupled frequencies are
usually referred to as acoustic frequencies. This distinc-
tion, however, has no technical basis.

In the incompressible fluid limit, only the “in‐fluid” nat-
ural frequency of the cylinder is of interest. This is given
by,

ð124Þ

N-1453 Use of Hydrodynamic Mass Matrix in
Finite Element Structural Computer
Programs

Closed form solutions are possible only in highly idea-
lized cases of perfect circular cylindrical shells with classi-
cal boundary conditions coupled by perfectly uniform
annular gaps. In many applications, even though the fluid
gaps are annular and the uncoupled fluid dynamic pro-
blem is amenable to closed form solution, closed form so-
lutions to the coupled fluid shell problem are not possible
because the cylindrical shells are not uniform, and the
boundary conditions are not classically simply supported
or clamped. Examples of this sort are common in the nu-
clear industry. In these cases, the structural problem is
usually solved with the help of finite element computer
programs.

The effect of fluid‐structure interaction can be readily
incorporated into the finite element computer program
using closed form solutions for the hydrodynamic mass
matrix, provided that the finite element computer pro-
gram is designed to accept a full mass matrix. Many com-
mercially available finite element computer programs
have this capability.

It was shown in ref. [155] that in finite element form,
the hydrodynamic mass matrix can be written as:

ð125Þ

where ΔAa , ΔAb are element surface areas. These mass
matrices can then be input into the finite element compu-
ter program just as the physical mass, with the exception
that unlike the physical mass, the hydrodynamic mass,
being a pressure, is effective only in the normal direction
of the shell. Hence, the hydrodynamic mass should be as-
sociated only with the normal degree of freedom.
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In the incompressible fluid approximation where the
hydrodynamic mass matrix is independent of frequency,
solution of the coupled fluid‐shell dynamic problem is
straightforward. In general, however, the hydrodynamic
mass matrix is a full matrix with frequency dependent ma-
trix elements. Solution of the coupled fluid‐shell problem
involves iteration between calculation of the mass matrix
elements and the finite element computer program. When
some of the coupled natural frequencies are near to the
classical hard‐walled acoustic modal frequencies, the hy-
drodynamic masses become extremely sensitive to the fre-
quencies and solution to the coupled fluid‐shell system
can be difficult.

The method reported in ref. [149] greatly simplifies the
above computational procedure by reducing the size of the
matrix, while still giving reasonable estimates of the
coupled frequencies of the fluid shell system. It consists
of calculating the 2 × 2 “generalized” hydrodynamic mass

matrix, , , , and of the cylindrical

shells a and b , and uniformly distributing these hydrody-
namic masses over the cylindrical surfaces. For the off di-

agonal elements, , , it is assumed that coupling

exists only for elements of the cylinders that are directly
opposite to each other. The resulting mass matrix is tri‐
diagonal instead of full, and greatly simplifies the compu-
tational procedure. The tri‐diagonal hydrodynamic mass
matrix approach yielded natural frequencies of a coupled
fluid‐shell system that agree quite well with those ob-
tained from closed form solution.

N-1460 FORCED RESPONSE OF COUPLED‐SHELL
SYSTEM

When the motion of the shells is small, the equation of
motion for forced response of a coupled fluid‐shell system
can be written as

ð126Þ

where ν is the equivalent hysteretic damping factor, f o is
the incident force acting on the shells, which is present ir-
respective of the motion of the shells. Examples of f o are
random pressure caused by turbulent boundary layers,
or transient pulses caused by shock waves impinging on
the shells. f is the reaction pressure induced on the shell
as a consequence of its own motion: a result of the inter-
action (or coupling) between the fluid and the structure.
From eq. N-1451(109),

ð127Þ

so that eq. (126) becomes,

ð128Þ

Equation (128) is exactly the same as the equation of
motion in‐air with the forcing function f o . The only differ-
ence is that added to the physical mass matrix [μ ] is a

hydrodynamic mass matrix MH , which is effective only
in the normal direction of the shells. Thus, once the hydro-
dynamic mass matrix is computed, the dynamic problem
can be solved routinely, by finite element structural analy-
sis computer programs or otherwise, as if there were no
coupling between the fluid and the structure.

N-1470 HYDRODYNAMIC DAMPING

Just as the fluid mass adds to the effective mass of cy-
lindrical shells, the viscosity of the entrapped fluid adds
to the effective damping of the coupled fluid‐shell system.
This hydrodynamic damping, or added damping, due to
coupling of a cylindrical structure and a viscous fluid,
was studied by Chen (refs. [90] and [146]), Yeh and Chen
(Ref. [157]), and Mulcahy (ref. [158]). It was shown that
the equivalent hydrodynamic modal damping ratio is de-
pendent on a dimensionless parameter,

ð129Þ

where ν is the kinematic viscosity of the entrapped fluid.
The general expression for the hydrodynamic damping ra-
tio, like that for the hydrodynamic mass, is quite compli-
cated. Some insight, however, can be gained by studying
the special case of the beam mode (n = 1) vibration of
an infinitely long cylinder of radius a inside a stationary
cylinder of radius b . In this case, the equivalent hydrody-
namic modal damping ratio is given by

ð130Þ

where Z is a fairly complicated function of modified Bessel
functions and S . Figure N-1470-1, reproduced from ref.
[146], gives theoretical values of −Im(Z) as a function of
the radius ratio b/a , for different values of S , and shows
that as S → ∞, −Im(Z ) becomes infinitesimal even for
small ratios of b/a , indicating that hydrodynamic damp-
ing is negligible for large values of S . As an example, for
the vibration of the core support structure of a typical nu-
clear reactor inside the reactor vessel, S ≈ 109. Thus, the
hydrodynamic damping in this case is negligible. This con-
clusion, however, may not be true for the vibration of a
thin rod inside a fluid‐filled jacket of slightly larger
diameter.

Although the above example is for the beam mode vi-
bration of an infinitely long cylinder, the same conclusion
holds true qualitatively for the shell mode vibration of fi-
nite cylindrical shells. This theoretical deduction is also
supported by experimental observations. Damping ratios
of thermal shields measured during pre‐operational tests
of pressurized water reactors show little difference from
their corresponding values measured in‐air. Thus, hydro-
dynamic damping in large cylindrical structures can be
ignored.
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Figure N-1470-1
Imaginary Part of Z as a Function of b/a for Selected Value of S (Ref. [146])
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N-1500 FLUID TRANSIENT DYNAMICS

In the course of preparation.

N-1600 MISCELLANEOUS IMPULSIVE AND
IMPACTIVE LOADS

In the course of preparation.

N-1700 COMBINED RESPONSES

N-1710 DYNAMIC RESPONSE COMBINATION

In the design of nuclear power components it is neces-
sary to consider the combined responses caused by two or
more different sources of dynamic loading. There are two
situations which arise: one in which the time phase rela-
tionship between the two or more responses is known
(deterministic); and a second, where the time phase rela-
tionship is said to be random. In the first situation, the re-
sponse may be determined by the algebraic summation
method of N-1720. In the second case where the time
phase relationship is random, one of the three methods
N-1721, N-1722, or N-1723 may be used depending upon
satisfying the qualifying conditions contained in N-1721,
N-1722, or N-1723. The owner, either directly or through
his designee, may prescribe whether the time phase rela-
tionship of individual load responses is to be considered
deterministic or random. Consideration may be given to
the probability of occurrence of the associated events
which cause the combined loading in arriving at detailed
procedures for combining randomly phased responses
(see discussion in N-1725).

N-1720 ALGEBRAIC SUMMATION

When the time phase relationship between two or more
time history responses is known and the dynamic system
is linear, the individual collinear responses may be algeb-
raically added to determine the combined maximum and
minimum structural response. If the dynamic system is
nonlinear, then the combination loading should be input
into the dynamic system analysis in order to determine
the combination response.

N-1721 Peak Combined Response

In those cases where the dynamic system is linear and
where two or more responses are to be combined, the
peaks of the individual collinear responses can always
be conservatively added to obtain the combined response
irrespective of whether the phase relationship of the re-
sponses is undefined, deterministic, or random.

N-1722 SRSS (Square Root of Sum of Squares)
Method

N-1722.1 For Responses With Nearly Equal Domi-
nant Frequencies. In those cases where the dynamic sys-
tem is linear and where (a) the time phasing of the peak

individual collinear responses is random and (b) all of
the indiv idual responses have near ly an equal
dominant36 frequency with arbitrary amplitude, the SRSS
method may be used to determine the combined design
response (refs. [68], [69], and [70]).

N-1722.2 For Uncorrelated Dynamic Responses. The
intent of this method for combination of transient dynamic
responses is to achieve a conditional nonexceedance prob-
ability of at least 50% for the peak combined response of
the system, component, or element considered. That is,
there is a 50% probability that the magnitude of the
summed responses will not exceed the SRSS value, given
that the combined events have occurred. This goal is
achieved by compliance with the following criteria pro-
vided that the amplitude of loads or accelerations for each
input are conservatively represented (approximately at
the level of the 84th percentile or the mean plus one stan-
dard deviation of the input amplitude).

Criterion. Dynamic or transient responses of linear
structures, components, and equipment arising from com-
binations of dynamic loading or motions may be combined
by SRSS provided that each of the dynamic inputs or re-
sponses has a limited number of peaks of force or accelera-
tion and approximately a zero mean , and that the
individual component inputs can be considered to be rela-
tively uncorrelated (refs. [75] to [78]). Specific criteria for
these three requirements are given below.

The requirement of a limited number of peaks is satisfied
if any one of the following three criteria is met.

(a) For each response time history in the combination:

and

where T75 represents the summation of time intervals for
all peaks over which the response exceeds 75% of either
the maximum or minimum response (whichever is great-
er), T50 represents the time over which the response ex-
ceeds 50% of either the maximum or minimum response
(whichever is greater), and ΔT represents the total time
interval over which the maximum responses are expected
to occur. For the case of random relative start times, ΔT
represents the time interval during which the strong re-
sponses may overlap (generally taken as the time interval
from the zero crossing time just preceding the first peak
that exceeds 50% of the absolute maximum response to
the zero crossing time just following the last peak that ex-
ceeds 50% of the absolute maximum response, of the long-
er time history). The strong motion of a seismic time
history is discussed in N-1212.2(f). In determining the
time T75 and T50 , only the durations of peaks with the
same sign (positive or negative) are additive. These defini-
tions are illustrated in Figure N-1722.2-1.
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Figure N-1722.2-1
Definition of Notation
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(b) For each input‐time history in the combination:

and

where the definitions are the same as above, except for the
substitution of input for response.

(c) If criteria (a) or (b) above are not met by each of the
responses or inputs, respectively, in the combination, this
requirement is still satisfied if the effective time ratios
(T75/ΔT)e and (T50/ΔT)e for the response combination
meet the requirements of (a) above. The effective time ra-
tios for the response combination are given by:

where i represents each individual response in the combi-
nation and (Rm)i represents the maximum amplitude of
that response component. The effective time ratio (T50/
ΔT )e is obtained by substituting 50 for 75 in the above
equation.

The requirement of approximately a zero mean is satis-
fied if, for the duration of strong input (or response), the
ratio of the mean to maximum input (or response) is less
than 0.20. The mean value is:

where μ is the mean value, Rj is the response at time in-
crement j , and N is the total number of equally spaced
time increments.

If this requirement is not met, responses can be divided
into two parts (nonzero mean part and peak response re-
lative to mean response) provided the response function is
not skewed from the axis of the mean μ . The nonzero
mean part of response can be combined algebraically (ac-
counting for the sign of the mean response) and the peak
responses relative to the mean responses can be combined
SRSS if these relative responses meet the provisions of this
section.

The requirement of relatively uncorrelated inputs is met
if either of the following is satisfied:

(1) the individual dynamic inputs or responses are
from events such that their relative start times are
uncertain;

(2) if the relative start times are known, then the coef-
ficient of correlation must be less than 0.3.

N-1723 SRSSE (Equivalent SRSS) Method

(a) In those cases where individual linear system time
history responses have randomly defined time phase rela-
tionships and condition (b) of N-1722 is not satisfied, the
SRSSE method may be used to determine the combined
design response. As an illustration, N-1723.1 and
N-1723.2 describe a detailed numeric procedure for deter-
mining the combinations for the case where two indivi-
dual time history responses have a uniform random time
phase relationship.

(b) For the case when three or more linear time history
responses are to be combined, the procedures of N-1724
may be used to determine the combined SRSSE design re-
sponses (ref. [68]).

N-1723.1 SRSSE Method for Two Time History Re-
sponses. A method may be constructed to obtain the
SRSSE response combinations as given in (a), (b), and (c).

(a) Determine one time history as a reference function.
Bring the origin of the second function coincident with the
origin of the reference function. Care should be taken to
determine the reference function so that the time shift of
the second function is consistent with the actual sequence
of events expected. The origin of the second function could
occur at, before, or after the origin of the reference func-
tion. The case where the origins are coincident will be dis-
cussed in (b) and (c). The procedure for the other two
cases are similar.

(b) Shift the second function in small time steps relative
to the reference function until the origin of the second
function goes to the end of the reference function (see
Figure N-1723.1-1). For each time phase difference τ , a
scan is made from the time zero to τ + T2 , if (τ + T2) ≥ T1 ,
or from the time zero to (τ + T2) < T1 , to determine the
largest amplitude (peak) of the sum of the two functions.
T1 and T2 are the time duration of the reference function
and second function, respectively. The algebraic maximum
and minimum of these peaks, Maximum Combined Ampli-
tude (FF), are plotted as functions of the time phase
difference τ . The resulting function is called the
Amplitude Phase Function (APF) which is shown in
Figure N-1723.1-3.

(c) The functional relationship between the APF and the
Probability Density Function (PDF) for the time shift
(Figure N-1723.1-2) is then used to compute the Cumula-
tive Distribution Functions (CDF) of the maximum and
min imum combined ampl i tudes as deta i l ed in
N-1723.1.1 (Figure N-1723.1-4). The choice of the appro-
priate PDF for τ should be developed on a case‐by‐case ba-
sis . The uniform PDF is frequently a reasonable
assumption when there is a weakly known cause and ef-
fect between the initiation of the causative events.

N-1723.1.1 Cumulative Distribution Function
(CDF). Both the maximum and minimum Cumulative Dis-
tribution Functions need to be constructed.
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Figure N-1723.1-1

Figure N-1723.1-2
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Figure N-1723.1-3

Figure N-1723.1-4

2013 SECTION III APPENDICES

319
--``,,,,,````,`,`,`,`,```,,,,-`-`,,`,,`,`,,`---



(a) From Figure N-1723.1-3, which illustrates the max-
imum APF function, it can be seen that any possible com-
bined amplitude FF falls between two extreme limits
FFmax and FFmin. It is clear that the probability that the va-
lue of FF is less than FFmax is one, and the probability that
the value of FF is less than FFmin is zero. Hence, in
Figure N-1723.1-4, we can immediately plot these two ex-
treme points.
(b) The intermediate points on the CDF are found by in-

tegration of the distribution of the time shift τ between ap-
propriate limits. Hence, at this point, the choice of the
distribution for τ enters the calculations.
(c) Calculation of the intermediate points on the CDF re-

quires the consideration of the functional relationship be-
tween the maximum combined amplitude FF and the time
phase shift τ . For a given value of FF on Figure N-1723.1-3
(in this case FF1) there is an interval on the τ axis (τ2 , τ3)
in Figure 1723.1‐3. This same τ interval (τ2 , τ3) can also
be observed on the Probability Density Function for
τ i n F i gu r e N -1723 . 1 - 2 . The shaded a r e a o f
Figure N-1723.1-2 represents the probability that τ falls
in the interval (τ2 , τ3). The event of τ falling in the inter-
val (τ2 , τ3) corresponds exactly to the event that FF is less
than or equal to FF. Therefore, the ordinate P of
Figure N-1723.1-4 corresponding to FF can be computed
as

ð131Þ

and for the case where

ð132Þ

then

ð133Þ

(d) The same procedure is followed for other levels of
FF. Note that care must be exercised when integrating
multiple valued functions to avoid a loss of information.
If the level of FF selected contains more than one interval
of τ , all intervals must be integrated to obtain the asso-
ciated probability. For example, in the case of FF, the inte-
gration limits in eq. (c)(131) would be from τ1 to τ4 and
from τ5 to τ6 . The result of the integration is designated
P2 and plotted in Figure N-1723.1-4.
(e) Selecting different levels of FF and repeating the

above procedure, the CDF function as shown in
Figure N-1723.1-4 can be constructed.
(f) This entire procedure is then repeated for the mini-

mum APF function to find its corresponding CDF.

N-1723.1.2 Cumulative Distribution Function for
the Absolute Maximum. An alternative and more conser-
vative procedure than that given in N-1723.1.1 may also
be used to generate the CDF of combined responses. In
this alternative procedure, instead of summing the posi-
tive and negative peaks of the response separately as in

N-1723.1.1, the absolute value of the peak combined re-
sponse is identified for each value of τ when generating
the APF. In this alternative procedure, a single APF is gen-
erated which corresponds to a combination of both posi-
tive or negative combined responses, whichever is
greater in absolute magnitude for each value of τ . The pro-
cedure to construct the absolute maximum CDF is the
same as stated in N-1723.1.1, except that only one CDF
is generated for each response combination instead of
two.

N-1723.2 SRSSE Values. From the maximum and
minimum CDF determined in N-1723.1.1, select the values
for SRSSE maximum and SRSSE minimum combinations
corresponding to the 50% probability levels. It should
be noted that these 50% levels are conditional probability
levels given that the causative events have occurred. In or-
der to determine total probability levels associated with
the SRSSE values, it is necessary to multiply by the corre-
sponding simultaneous combined event occurrence as il-
lustrated in ref. [70].

N-1724 SRSSE Method for Three or More
Functions

A Monte Carlo simulation procedure (refs. [69] and
[70]) will generally be required to generate the CDF if
there are more than two time history response functions
to be combined. The SRSSE maximum, minimum, or abso-
lute maximum values are at the same 50% probability le-
vels used in N-1723.2.

N-1725 Alternative CDF Values

The SRSSE values of N-1723.2 and N-1724 are at a con-
ditional nonexceedance probability level of 50%. That is,
there is a 50% probability that the magnitude of the
summed responses will not exceed the SRSSE values, gi-
ven that the combined events have occurred. When the
peak combined response values of N-1721 are used, the
100% nonexceedance values result. Since the use of either
of these levels (50%, 100%) must be specified through
consideration of systems requirements and service levels,
alternative nonexceedance probability levels between
50% and 100% may also be used.
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NONMANDATORY APPENDIX O

ARTICLE O-1000
RULES FOR DESIGN OF SAFETY VALVE INSTALLATIONS

O-1100 SCOPE AND DEFINITIONS

O-1110 SCOPE

(a) The scope of Nonmandatory Appendix O is confined
to the design of the safety valve installations as defined in
O-1120. The loads acting at the safety valve station will af-
fect the bending moments and stresses in the complete
piping system, out to its anchors and/or extremities, and
it is the designer’s responsibility to consider these loads.
This Appendix, however, deals primarily with the safety
valve installation and not the complete piping system.

(b) The design of the safety valve installation requires
that careful attention be paid to all loads acting on the sys-
tem, the forces and bending moments in the piping and
piping components resulting from the loads, the loading
and stress criteria, and general design practices. All com-
ponents in the safety valve installation must be given con-
sideration, including the complete piping system, the
connection to the main header, the safety valve, valve
and pipe flanges, the downstream discharge or vent pip-
ing, and the system supports. The scope of this Appendix
is intended to cover all loads on all components.

(c) This Appendix has application to either safety, relief,
or safety relief valve installations. For convenience, how-
ever, the overpressure protection device is generally re-
ferred to as a safety valve. The loads associated with
relief or safety relief valve operation may differ signifi-
cantly from those of safety valve operation, but otherwise
the rules contained herein are equally applicable to each
type of valve installation.

(d) Pressure relief safety valve stations require detailed
analysis. In performing its design function the station is
subject to dynamic loading from the structural response
to both thermal and hydraulic forces and, in some in-
stances, significant impact loading from the valve mechan-
ism. The resultant loading is a mechanical load.

(e) This Appendix provides guidance for design and
analysis of the piping components of a safety valve station.
The guidance is presented by discussing four areas of
consideration

(1) load computation — open discharge system

(2) stress evaluation — open discharge system

(3) closed discharge system
(4) general design considerations

O-1120 DEFINITIONS

(a) Safety Valve. An automatic pressure relieving device
actuated by the static pressure upstream of the valve and
characterized by full opening pop action. It is used for gas
or vapor service.
(b) Relief Valve. An automatic pressure relieving device

actuated by the static pressure upstream of the valve
which opens further with the increase in pressure over
the opening pressure. It is used primarily for liquid
service.
(c) Safety Relief Valve. An automatic pressure actuated

relieving device suitable for use either as a safety valve
or relief valve, depending on application.
(d) Power‐Actuated Pressure Relieving Valve. A relieving

device whose movements to open or close are fully con-
trolled by a source of power (electricity, air, steam, or hy-
draulic). The valve may discharge to atmosphere or to a
container at lower pressure. The conditions, and such ef-
fects, shall be taken into account. If the power‐actuated
pressure relieving valves are also positioned in response
to other control signals, the control impulse to prevent
overpressure shall be responsive only to pressure and
shall override any other control function.
(e) Open Discharge Installation. An installation where

the fluid is discharged directly to atmosphere or to a vent
p ipe tha t i s uncoup led f rom the sa fe ty va lve .
Figure O-1120(e)-1 shows a typical open discharge instal-
lation with an elbow installed at the valve discharge to
control direction of flow. Figure O-1120(e)-2 shows a typi-
cal open discharge system discharging into a vent pipe.
The values for l and m in Figure O-1120(e)-2 are upper
limits for which the rules for open discharge systems
may be used.
(f) Closed Discharge Installation. An installation where

the effluent is carried to a distant spot by a discharge pipe
which is connected directly to the safety valve.
(g) Safety Valve Installation. The safety valve installation

is defined as that portion of the system shown on Figures
O-1120(e)-1 and O-1120(e)-2. It includes the run pipe, the
branch connection, the inlet pipe, the valve, the discharge
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piping, and the vent pipe. Also included are the compo-
nents used to support the system for all static and dy-
namic loads.

O-1200 METHOD OF AND PROCEDURE FOR
LOAD COMPUTATION

O-1210 BASIC CONSIDERATIONS

(a) The load computation includes two thermodynamic
computations: evaluation of momentum effects and eva-
luation of pressure effects. The response computation of
the piping system includes consideration of transient, dy-
namic loading effects of the sudden opening and closing

valve action. The loads computation is combined with
other specified loads and translated to a stress computa-
tion which is then compared to the Code allowable stress
for acceptability.

(b) The basic principles of analysis of a pressure relief
valve station are generally applicable to both open and
closed discharge systems. The application of these basic
principles may be quite different.

O-1220 OPEN SYSTEM — DISCHARGE THRUST

(a) The limiting dimensions for safety valve arrange-
ments are shown by Figure O-1120(e)-2. The determina-
tion of the reaction force F value(s) is the responsibility
of the piping system designer.

(b) The steady‐state load due to steam reaction force
from the opening and subsequent venting of the safety
valve shall include consideration of both momentum and
pressure effects and may be computed by the formula

where

A = exit flow area at point e
F = reaction force
g = gravitational constant, 32.2 lbm-ft/lbf-sec2

(9.81 m/s)
Pe = static gage pressure at point e
Ve = exit velocity at point e
W = mass flow rate (relieving capacity stamped on the

valve × 1.11 — adjust for units to be compatible,
if necessary)

The reaction force F is a design mechanical load that re-
quires structural equilibrium for system stability and is
applied as shown in Figure O-1120(e)-1.

(c) To ensure consideration of the effects of the sud-
denly applied load F , a dynamic load factor DLF, based
on the relief/safety valve opening time and system dy-
namic characteristics, shall be applied to the forces and
moments due to the reaction force F .

(d) Instead of a simplified dynamic analysis with the ap-
plication of the DLF a dynamic hydraulic/structural sys-
tem analysis may be performed.

O-1230 OTHER MECHANICAL LOADS

Other mechanical loads to be considered should include,
as a minimum

(a) interaction loads on the run pipe when more than
one valve releases, and

(b) the transient impacting of the valve mechanism
opening and closing, if applicable

Figure O-1120(e)-1
Application Point of Venting Force F

Figure O-1120(e)-2
Limiting Safety Valve Arrangements and

Dimensions
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O-1300 STRESS EVALUATION OPEN SYSTEM

Evaluation of stresses due to the design mechanical
loads may be made by using the rules for Class 1 piping,
O-1310 and for Class 2 or Class 3 piping, O-1320.

O-1310 CLASS 1 PIPING

(a)Whenever any of the equations of NB‐3650 are used
in the analysis of Class 1 piping systems, the value of Mi

shall include the reaction force moment. The contribution
from the reaction force F to the branch momentMb , as de-
fined in Note (5) of Table NB‐3682.2‐1, shall be no less
than the product F × nominal discharge pipe size × DLF.

(b) Note that the use of the equations of NB‐3650 for
branch connections requires a nozzle spacing as defined
by NB‐3686.1(c).

(c) When eq. (9) of NB‐3650 is used in the analysis, the
value of Mi shall be defined as:

Mi = resultant moment due to a combination of primary
loads. Loads to be considered include: weight;
earthquake, considering only one‐half the range of
the earthquake and excluding the effects of anchor
displacement due to earthquake; thrusts from relief
and safety valve loads from pressure and flow tran-
sients; and other sustained mechanical loads.

(d) The combination of loads shall be specified in the
Design Specification. In the combination of loads, all direc-
tional moment components in the same direction shall be
combined before determining the resultant moment; i.e.,
resultant moments of loads shall not be combined.

(e) When eq. (10) of NB-3650 is used in the analysis, the
value of Mi shall be defined as:

Mi = resultant range of moment due to a combination of
primary plus secondary loads. Loads to be consid-
ered include: thermal expansion; anchor movement
from any cause; earthquake effects; thrusts from re-
lief and safety valve loads from pressure and flow
transients; and other mechanical loads.

(f) The combination of loads shall be specified in the
Design Specification. The earthquake loading shall be con-
sidered in conjunction with the operating conditions.
Weight effects need not be considered in the range loading
because they are noncyclic in character. In the combina-
tion of loads, all directional moment components in the
same direction shall be combined before determining
the resultant moment; i.e., resultant moments of loads
shall not be combined. If a combination includes earth-
quake effects,Mi shall be the greater of the resultant range
of moment due to the combination of all loads considering
one‐half the range of the earthquake or the resultant range
of moment due to the full range of the earthquake.

O-1320 CLASS 2 OR CLASS 3 PIPING

(a) For Class 2 or Class 3 piping, eq. (9) of NC‐3652 or
ND‐3652 is to be used with Mb to include the reaction
force moment. The contribution from the reaction force
F to the branch moment, as defined in NC‐3652.4 or
ND‐3652.4, shall be no less than the product, F × nominal
discharge pipe size × DLF.
(b) Note that the use of eq. (9) of NC‐3652 or ND‐3652

for branch connections requires a nozzle spacing, as de-
fined by NC‐3643.3(c)(6) or ND‐3643.3(c)(6).

O-1400 CLOSED DISCHARGE SYSTEMS —
OPEN DISCHARGE SYSTEMS WITH
LONG DISCHARGE PIPES —
SYSTEMS WITH SLUG FLOW

(a) For closed discharge systems, open discharge sys-
tems with long discharge pipes, and systems with slug
flow, the state of the art does not lend itself to a well de-
fined method of load computation. For these systems the
dynamic interaction forces of the total system including
the attached discharge piping must be considered.
(b)When a safety valve discharge is connected to a re-

latively long run of pipe and is suddenly opened, there is
a period of transient flow until the steady‐state discharge
condition is reached. During this transient period, the
pressure and flow will not be uniform. When the safety
valve is initially opened, the discharge pipe may be filled
with air. If the safety valve is on a steam system, the steam
discharge from the valve must purge the air from the pipe
before steady state steam flow is established and, as the
pressure builds up at the valve outlet flange and waves
start to travel down the discharge pipe, the pressure wave
initially emanating from the valve will steepen as it propa-
gates, and it may steepen into a shock wave before it
reaches the exit.
(c) Relief valves discharging into an enclosed piping

system create momentary unbalanced forces which act
on the piping system during the first few milliseconds fol-
lowing relief valve lift. The pressure waves traveling
through the piping system following the rapid opening
of the safety valve will cause bending moments in the
safety valve discharge piping and throughout the remain-
der of the piping system. In such a case, the designer must
compute the magnitude of the loads and perform appro-
priate evaluation of their effects.
(d) Particular attention should be given to the large for-

cing functions acting on the pipe if it contains water seals,
two phase flow, or if there is a water column in the dis-
charge piping.
(e) The reaction force effects are dynamic in nature. A

time history dynamic solution, incorporating a multi‐
degree‐of‐freedom model solved for the transient hydrau-
lic forces is considered to be a preferred method of
analysis.

2013 SECTION III APPENDICES

328

-
-
`
`
,
,
,
,
,
`
`
`
`
,
`
,
`
,
`
,
`
,
`
`
`
,
,
,
,
-
`
-
`
,
,
`
,
,
`
,
`
,
,
`
-
-
-



O-1500 DESIGN CONSIDERATIONS

Reference should be made to NB/NC/ND-7000.
It is recommended that the following be included as

part of the total design consideration.
(a)Where not required by the Code, it is recommended

that the header penetrations for relief valves be in accor-
dance with the nozzle spacing recommendation of
NB‐3686.1(c).

(b) No more than one penetration should be made
around the circumference of the run pipe (i.e., no two pe-
netrations in the same transverse plane), the spacing to be
in accordance with the preceding (a).

(c) The stress analysis of the pipe could require addi-
tional thickness for membrane protection above that re-
quired by the thickness equation for pressure load only.

(d) Detail design should preclude sharp notches that
may be generated by the use of saddles, gussets, ribs, etc.

(e) Contoured outlets are often advantageous.
(f) The direction of discharge of several pressure relief

valves on the same run pipe should be such as to tend to
balance one another for all modes of operation specified in
the piping design specification.

(g) Supports may require a detailed analysis to deter-
mine their role in restraint as well as support. Considera-
tions should be given to the possibility that, under load,
snubbing devices may permit significant deflections.

(h) The reaction force moment arm on the outlet piping
should be minimized in accordance with the valve manu-
facturer’s recommendation.

(i) The relief valve outlet piping stack clearance should
be checked for interference from thermal expansion,
earthquake displacements, etc. The vent stack and valve
discharge piping system should be arranged such that pull
out of the valve discharge pipe does not occur.

(j) Thermal expansion effects are to be considered as
they presently are defined in the Code.

(k) The force due to venting should be included in the
evaluation of the stack forces. The effects of back pressure
in the discharge stack can be significant.

(l) The station should be arranged such that the dis-
charge piping is void of collected water. The discharge pip-
ing from each valve or device should be at least of the
same size as the valve outlet.

(m) Drains shall be provided so that condensed leak-
age, rain, or other water sources will not collect on the dis-
charge side of the valve and adversely affect the reaction
force. Safety valves are generally provided with drain
plugs that can be used for a drain connection. Discharge
piping shall be sloped and provided with adequate drains
if low points are unavoidable in the layout.

(n)Where water seals are used ahead of the safety
valve, the total water volume in the seals should be mini-
mized. To minimize forces due to slug flow or water seal
excursion, the number of changes of direction and the
lengths of straight runs of piping should be limited.

(o) Often safety valves are full lift, pop‐type valves and
are essentially full flow devices with no capability for flow
modulation. In actual pressure transients, the steam flow
required to prevent overpressure is a varying quantity,
from zero to the full rated capacity of the safety valves.
As a result, the valves may be required to open and close
a number of times during the transient. Since each opening
and closing produces a reaction force, consideration
should be given to the effects of multiple valve operations
on the piping system, including supports.

2013 SECTION III APPENDICES

329

-
-
`
`
,
,
,
,
,
`
`
`
`
,
`
,
`
,
`
,
`
,
`
`
`
,
,
,
,
-
`
-
`
,
,
`
,
,
`
,
`
,
,
`
-
-
-



NONMANDATORY APPENDIX P

ARTICLE P-1000
CERTIFIED MATERIAL TEST REPORTS

P-1100 INTRODUCTION

The requirements for a Certified Material Test Report
(CMTR) are stated in NCA‐3860. However, the material re-
quirements vary with the class of construction, the pro-
duct form of material, the requirements of the material
specification, and the manufacturer’s procedures. Since
changes in any of these requirements may be made by Ad-
denda or new editions of the Code, it is important for the
purchaser and the supplier to know the requirements of
the applicable edition and Addenda, so that the reported
results can be compared with the requirements to deter-
mine whether or not the material is in compliance with
the Code.

P-1200 GENERAL REQUIRED INFORMATION

The items of information given in (a) through (i) below
are required in the CMTRs for metallic material (as de-
fined by NCA‐1220 and NB/NC/ND/NE/NF/NG‐2100)
used in Section III, Division 1, construction.

(a) Name of certifying organization [P‐1200(j)].

(b) Number and expiration date of the organization’s
Certificate of Authorization or Quality System Certificate
(Materials). Alternatively, if the organization was qualified
by a party other than the Society, the revision and date of
the written program under which the material is being
certified.

(c) Purchaser’s order or contract number.

(d) Description of the material, including specification
number, grade, class, type, and nominal size, as applicable.
For pipe made to specifications which include both seam-
less and welded pipe, the report shall designate which
type it is.

(e) Description of material identification marking.

(f) Actual results of chemical analyses, tests, and exam-
inations required by the Material Specification and this
Section.

(g) Reports of weld repairs performed, if any, as re-
quired by NB/NC/ND/NE/NF/NG-2500, including radio-
graphic films, when radiography is required.

(h) Charpy V‐notch and drop‐weight test results re-
quired by NB/NC/ND/NE/NF/NG-2320, when this testing
is required by NB/NC/ND/NE/NF/NG-2311. When Char-
py V‐notch impact tests are required, the report shall in-
clude the test temperature; the absorbed energy when
required; the lateral expansion; and the location and or-
ientation of the specimens used. When drop‐weight tests
are required, the report shall include the test temperature;
the type, location, and orientation of the specimens used;
and the results of the tests (break or no break).

(i) Nondestructive examinations performed and ac-
cepted as required by NB/NC/ND/NE/NF/NG-2500.

P-1300 INFORMATION REQUIRED UNDER
SPECIFIC CIRCUMSTANCES

The information given in (a) through (f) is required un-
der specific circumstances.

(a) Heat treatment data, as follows:

(1) temperatures (or temperature ranges) and times
at temperature used when the material specification re-
quires specific temperatures and times

(2) heat treatment conditions when no specific tem-
peratures (or temperature ranges) or times are required
by the material specification

(3) the minimum solution annealing temperature
used for austenitic stainless steels and high nickel alloys

(4) recorded temperature ranges and actual times at
temperature, and heating and cooling rates, for postweld
heat treatment of materials that are repaired by welding,
when postweld heat treatment is required by NB/NC/
ND/NE/NF/NG-2500

(5) recorded temperatures and actual times at tem-
perature for test coupons when required by NB/NC/ND/
NE/NF/NG‐2210, when those paragraphs are applicable

(b) Hydrostatic test pressure, when a hydrostatic test is
required by the material specification, or notation that the
hydrostatic test has not been performed, if it is deferred.

(c) Ferrite Number for all A‐No. 8 welding material ex-
cept type 16‐8‐2, as required by NB/NC/ND/NE/NF/
NG‐2433.
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(d) The grain size, reported in accordance with ASTM
E112, when a fine grain size is specified for metallic
materials.

(e) For welding materials, in addition to applicable
paragraphs above, the process, the preheat and interpass
temperature, the type of chemical analysis (filler metal/
undiluted deposit), the shielding gas composition, and
the Ferrite Number shall be reported as required by NB/
NC/ND/NE/NF/NG‐2400 and as applicable.

(f) A list of chemical analyses, tests, examinations, and
heat treatments required by the Material Specification that
were not performed.

P-1400 EXECUTION

(a) All requirements of the material specification and
this Section need not be performed by the same organiza-
tion. In that case the certifying organization shall ensure
that each organization, providing material or services, is
identified on the CMTR along with the activities for which
it is responsible. Alternatively, the CMTR’s furnished by
the other organizations may be referenced on and at-
tached to the CMTR of the organization which supplies
the material.

(b) The CMTR shall include a dated statement affirming
that the contents of the report are correct and accurate.

(c) Signing or notarization of the CMTR is not required.
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NONMANDATORY APPENDIX Q

ARTICLE Q-1000
DESIGN RULES FOR CLAMP CONNECTIONS

Q-1100 INTRODUCTION

Q-1110 SCOPE

(a) The rules in Nonmandatory Appendix Q apply speci-
fically to the design of clamp connections for pressure ves-
sels and vessel parts and may be used in conjunction with
the applicable requirements in Subsections NC, ND, and
NE. These rules are not to be used for the determination
of the thickness of supported or unsupported tube‐sheets
integral with a hub nor for the thickness of covers. These
rules provide only for hydrostatic end loads and gasket
seating and do not consider external loads or thermal
effects.

(b) The design of a clamp connection involves the selec-
tion of the gasket, bolting, hub, and clamp geometry (see
Figure Q-1130-1). Bolting shall be selected to satisfy the
requirements of Q-1140. Connection dimensions shall be
such that the stresses in the clamp and hub, calculated
in accordance with this Appendix, do not exceed the allow-
able stresses specified in Q-1180. All calculations shall be
made on dimensions in the corroded condition. Calcula-
tions for both assembly and operating conditions are
required.

(c) It is recommended that either a pressure energized
or a low seating load gasket, or both, be used to compen-
sate for possible nonuniformity in the gasket seating force
distribution. Hub faces shall be designed so as to have
metal‐to‐metal contact outside the gasket seal diameter.
This may be provided by recessing the hub faces or by
use of a metal spacer (see Figure Q-1130-1). The contact
area shall be of sufficient cross‐sectional area to prevent
yielding of either the hub face or spacer under both oper-
ating and assembly axial loads.

(d) It is recognized that there are clamp designs which
utilize no wedging action during assembly since clamping
surfaces are parallel to the hub faces. These designs
should satisfy the bolting and corresponding clamp and
hub requirements of a clamp connection design with a to-
tal included clamping angle of 10 deg. This will provide
some safety against loads imposed by angular deflections
of the connection faces during operation and also provide
some compensation against mechanical and thermal
ratcheting.

(e) The rules of this Appendix should not be construed
to prohibit the use of other types of clamp connections
provided that they are designed in accordance with good
engineering practice and the method of design is accepta-
ble to the Inspector. These rules shall apply only to new
construction.
(f) Clamps designed to the rules of this Section shall be

provided with a bolt retainer. The retainer shall be de-
signed to hold the clamps together independently in case
of failure of the primary bolting. An appropriate external
yoke or multiple bolting is considered satisfactory for this
requirement. Clamp–hub friction shall not be considered
as a retainer method.

Q-1120 MATERIALS

(a) Materials used in the construction of clamp connec-
tions shall comply with the requirements given in NC, ND,
or NE‐2000, as applicable.
(b) Hubs and clamps shall not be machined from plate.

Q-1130 NOTATION

The symbols defined below are used in the equations
for the design of clamp‐type connections (see also Figures
Q-1130-1 and Q-1130-2).

A = outside diameter of hub
Ab = total cross‐sectional area of bolts per clamp lug

using the root diameter of the thread or least dia-
meter of unthreaded portion, whichever is less.
Cross‐sectional area of bolt retainer shall not be
included in calculation of this area.

Ac = total effective clamp cross‐sectional area
= A1+A2+A3

A1 = partial clamp area
= (Cw − 2Ct)(Ct)

A2 = partial clamp area
= 1.571Ct

2

A3 = partial clamp area
= (Cw − Cg)l c

Am1 = total cross‐sectional area of bolts per clamp lug at
root of thread or section of least diameter under
stress, required for the operating conditions

= Wm1/2Sb
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Am2 = total cross‐sectional area of bolts per clamp lug at
root of thread or section of least diameter under
stress, required for gasket seating

= Wm2/2Sa
Am3 = total cross‐sectional area of bolts per clamp lug at

root of thread or section of least diameter under
stress, required for assembly conditions

= Wm3/2Sa
Am = total required cross‐sectional area of bolts per

clamp lug taken as the greater of Am1 , Am2 , or
Am3

b = effective gasket or joint‐contact surface seating
width (see Table XI-3221.1-2)

bo = basic gasket or joint‐contact surface seating width
(see Table XI-3221.1-2)

B = inside diameter of hub
Bc = radial distance from connection center line to ef-

fective center of bolts
C = diameter of effective clamp–hub reaction load

= (A + Ci)/2
Ci = inside diameter of clamp
Cg = effective clamp gap taken at clamp–hub contact

center (C)
Ct = effective clamp thickness
Cw = effective clamp width
eb = radial distance from effective center of the bolts

to the centroid of the clamp body
= Bc − (Ci/2) − lc − X

f = h u b s t r e s s c o r r e c t i o n f a c t o r f r o m
Figure XI-3240-6. (This is the ratio of the stress
in the small end of the hub to the stress in the
large end.) (For values below limit of the Figure,
use f = 1.0.)

go = thickness of hub neck at small end
g1 = thickness of hub neck at intersection with hub

shoulder
g2 = height of hub shoulder (g 2 shall not be larger

than T)
= radial distance from the hub inside diameter to

the hub shoulder ring centroid

=

G = diameter at location of gasket load reaction. Ex-
cept as noted in Figure Q-1130-1, G is defined
as follows (see Table XI-3221.1-2):
(a) when b0 ≤ 1/4 in. (6 mm), G = mean dia-

meter of gasket or joint contact face
(b) when b0 > 1/4 in. (6 mm), G = outside dia-

meter of gasket contact face less 2b
h = hub taper length

hD = radial distance from effective clamp–hub reaction
load to the circle on which HD acts

= [C − (B + g1)]/2
hG = radial distance from effective clamp–hub reaction

load to the circle on which HG acts (for full face
contact geometries hG = 0)

hn = hub neck length (minimum length of hn is 0.5g1

or 1/4 in. (6 mm), whichever is larger)

ho =

hT = radial distance from effective clamp–hub reaction
load to the circle on which HT acts

= [C − (B + G)/2]/2
h2 = average thickness of hub shoulder

= T − (g2 tan ϕ)/2
= axial distance from the hub face to the hub

shoulder ring centroid

=

H = total hydrostatic end force
= 0.785 G2P

HD = hydrostatic end force on bore area
= 0.785 B2P

HG = difference between total effective axial clamping
preload and the sum of total hydrostatic end force
and total joint contact surface compression

= [1.571W/tan(ϕ + μ)] − (H + Hp)
Hm = total axial gasket seating requirements for make-

up (3.14bGy or the axial seating load for self‐
energizing gaskets, if significant)

Hp = total joint‐contact surface compression load
= 2b × 3.14GmP (for self‐energized gaskets, use

Hp = 0 or actual retaining load if significant)
HT = difference between total hydrostatic end force

and hydrostatic end force on bore area
= H – HD

I c = effective moment of inertia of clamp relative to
axis of entire section

=

Ih = effective moment of inertia of hub shoulder ring
relative to its neutral axis

=

=

= in.4 + in.4 = in.4

=

= mm4 + mm4 = mm4

La = distance fromW to the point where the clamp lug
joins the clamp body

Lh = clamp lug height
Lw = clamp lug width
l c = effective clamp lip length
lm = effective clamp lip moment arm

= l c − (C − Ci)/2
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m = gasket factor from Table XI-3221.1-1
MD = component of moment due to HD

= HD hD
MF = offset moment

= HD(g1 − go)/2
MG = component of moment due to HG

= HG hG
MH = reaction moment at hub neck

=

MO = total rotational moment on hub (see Q-1150)
MP = pressure moment

= 3.14 × PBT(T/2 − )

MR = radial clamp equilibrating moment

=

MT = component of moment due to HT

= HT hT
N = outside diameter of hub neck
P = Design Pressure
Q = reaction shear force at hub neck

=

r = clamp body radius (shall be less than or equal to
Ct)

Sa = allowable bolt stress at atmospheric temperature
(see Section II, Part D, Subpart 1, Table 3)

Sb = allowable bolt stress at Design Temperature (see
Section II, Part D, Subpart 1, Table 3)

SOH = allowable design stress for hub material at (ser-
vice condition) Design Temperature (see Section
II, Part D, Subpart 1, Tables 1A and 1B)

SAH = allowable design stress for hub material at (as-
sembly condition) atmospheric temperature
(see Section II, Part D, Subpart 1, Tables 1A and
1B)

SOC = allowable design stress for clamp material at (ser-
vice condition) Design Temperature (see Section
II, Part D, Subpart 1, Tables 1A and 1B)

SAC = allowable design stress for clamp material at (as-
sembly condition) atmospheric temperature (see
Section II, Part D, Subpart 1, Tables 1A and 1B)

S1 = hub longitudinal stress on outside at hub neck
S2 = maximum Laḿe hoop stress at bore for hub neck

section
S3 = hub axial shear stress (maximum) across the hub

shoulder
S4 = hub radial shear stress (maximum) across the

hub neck
S5 = clamp longitudinal stress at clamp body inner

diameter
S6 = clamp tangential stress at clamp body outer

diameter
S7 = shear stress (maximum) across clamp lips
S8 = clamp lug bending stress

S9 = effective bearing stress between clamp and hub
T = thickness of hub shoulder for design purposes.

The hub shoulder ring is the ring with cross‐
sectional dimensions T by (A −B)/2.

W = total design bolt load required for service or as-
sembly, as may apply

We = total effective axial clamping preload on one
clamp lip and hub shoulder (gasket seating or
assembly)

= 1.571W/tan(ϕ + μ)
Wm1 = minimum required total bolt load for the service

conditions [see Q-1140(b)(1)]
Wm2 = minimum required total bolt load for gasket seat-

ing [see Q-1140(b)(2)]
Wm3 = minimum required total bolt load for assembly

[see Q-1140(b)(3)]
X = radial distance from inside surface of clamp body

to the centroid of the clamp body

=

y = gasket or joint‐contact surface unit seating load
(see Table XI-3221.1-1)

Z = effective clamp–hub taper angle, deg (for gasket
seating and preload, Z = ϕ + μ ; for operating,
Z = ϕ − μ) [see Q-1140(b)(4)]

α = hub–neck pipe transition taper, deg (α shall not
be greater than 45 deg)

μ = effective friction angle, deg
ϕ = clamp–hub taper angle, deg (ϕ shall not exceed

35 deg)

Q-1140 BOLT LOADS

(a) General. During assembly of the clamp connection,
the design bolt loadW is transferred via the clamp–hub ta-
per angle to an axial load (effective clamp preload We). In
addition, the effect of friction will cause We to be reduced
for a given W . Friction effects can be reduced by lubrica-
tion or by jarring the clamps during assembly. An appro-
priate friction angle shall be established for both
assembly and operating conditions.

(b) Calculations. In the design of the bolting for a clamp
connection, complete calculations shall be made for three
separate and independent sets of conditions which are de-
fined as follows.

(1) The required bolt load for the service conditions
Wm1 shall be sufficient to:

(-a) resist the hydrostatic end force H exerted by
the maximum allowable working pressure on the area
bounded by the diameter of gasket reaction; and

(-b) maintain on the gasket or joint‐contact sur-
face, a compression load Hp which experience has shown
to be sufficient to ensure a tight joint.

The minimum operating bolt load Wm1 shall be de-
termined in accordance with eq. (1).
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Figure Q-1130-1
Typical Hub and Clamp
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Figure Q-1130-2
Typical Clamp Lug Configurations
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ð1Þ

(2) Before a tight joint can be obtained, it is necessary
to seat the gasket or joint‐contact surface properly by ap-
plying a minimum initial load (under atmospheric tem-
perature conditions without the presence of internal
pressure), which is a function of the gasket material and
the effective gasket area to be seated. The minimum initial
bolt load required for gasket seating Wm2 shall be deter-
mined in accordance with eq. (2).

ð2Þ

(3) To ensure proper preloading of the clamp connec-
tion against service conditions, an assembly bolt loadWm3

shall be determined in accordance with eq. (3).

ð3Þ

(4) In eq. (1)(1) credit for friction is allowed based on
clamp connection geometry and experience, but shall be
limited to a value in which (ϕ – μ) is equal to or greater
than 5 deg. In eqs. (2)(2) and (3)(3), friction shall be con-
sidered and be such that μ is equal to or greater than
5 deg. This will then satisfy the requirements of
Q-1110(d).

(5) The need for providing sufficient bolt load for
either gasket seating in accordance with eq. (2)(2) or as-
sembly in accordance with eq. (3)(3) will prevail on many
low pressure designs and with facings and materials that
require a high seating load where the service bolt load
computed by eq. (1)(1) is insufficient to properly preload
the connection.

(c) Required Bolt Area. The total cross‐sectional area of
bolting Am required shall be the greater of the values for
service conditions Am1 , gasket seating conditions Am2 ,
or assembly condition Am3 . Bending of the bolting due
to nonparallel nut bearing surfaces shall be compensated
for by use of a stress correction factor in bolt area calcula-
tions or by use of spherically seated nuts and/or washers.

(d) Clamp Connection Design Bolt Load W. The bolt load
used in the design of the clamp connection shall be the va-
lues obtained from eqs. (4) and (5).

For service conditions:

ð4Þ
For assembly conditions:

ð5Þ

Q-1150 HUB MOMENTS

In the calculation of hub stresses, the moment of a load
acting on the hub is the product of the load and its moment
arm. The moment arm is determined by the relative posi-
tion of the effective hub–clamp reaction diameter with re-
spect to that of the load producing the moment [see

Figure Q-1130-1, sketches (c) and (d)]. In addition to the
load moments, additional reaction moments with relation
to the hub shoulder ring centroid are considered to com-
pensate for hub‐to‐pipe transition, radial pressure, and
clamp radial equilibrating effects.

For the service conditions, the rotational hub moment
MO is the sum of six individual moments MD, MG, MT, MF,
MP , and M R based on the des i gn bo l t l oad o f
eq. Q-1140(d)(4) with moment arms as given in
Figure Q-1130-1.

For assembly, the rotational hub moment MO is based
on the design bolt load of eq. Q-1140(d)(5) in which case

ð6Þ

Q-1160 CALCULATION OF HUB STRESSES

The stresses in the hub shall be determined for both the
service and the assembly conditions.

(a) The reaction moment MH and reaction shear Q as
defined in Q-1130 shall be calculated at the hub neck for
rotational moment MO .

(b) Hub stresses are to be calculated from the following
equations:

Hub longitudinal stress

ð7Þ

Hub hoop stress

ð8Þ

Hub axial shear stress

ð9Þ

Hub radial shear stress

ð10Þ

Q-1170 CALCULATION OF CLAMP STRESSES

The stresses in the clamp shall be determined for both
the service and the assembly conditions. Clamp stresses
are to be calculated from the following equations:

Clamp longitudinal stress

ð11Þ
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Clamp tangential stress

ð12Þ

Clamp lip shear stress

ð13Þ

Clamp lug bending stress

ð14Þ

In addition, a bearing stress calculation is to be made
from eq. (15) for either the clamp or hub.

ð15Þ

Q-1180 ALLOWABLE DESIGN STRESS FOR CLAMP
CONNECTIONS

Table Q-1180-1 gives the allowable stresses that are to
be used with the equations of Q-1160 and Q-1170.

Table Q-1180-1
Allowable Design Stress for Clamp

Connections

Stress
Category Allowable Stress

S1 1.5SOH or 1.5SAH
S2 SOH

S3 0.8SOH or 0.8SAH
S4 0.8SOH or 0.8SAH
S5 1.5SOC or 1.5SAC

S6 1.5SOC or 1.5SAC
S7 0.8SOC or 0.8SAC
S8 SOC or SAC
S9 [Note (1)]

NOTE:
(1) 1.6 times the lower of the allowable stres-

ses for hub material (SOH, SAH) and clamp
material (SOC, SAC).
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NONMANDATORY APPENDIX R

ARTICLE R-1000
DETERMINATION OF PERMISSIBLE LOWEST SERVICE METAL

TEMPERATURE FROM TNDT FOR CLASSES 2 AND MC
CONSTRUCTION

R-1100 INTRODUCTION

R-1110 SCOPE
These rules provide the method for determining the

permissible lowest service metal temperatures for materi-
als having nil‐ductility transition temperatures (TNDT) de-
termined in accordance with NC‐ or NE‐2311(a)(8) or NC‐
or NE‐2331(a)(2).

R-1200 DETERMINATION OF PERMISSIBLE
LOWEST SERVICE METAL
TEMPERATURE

The permissible lowest service metal temperature is de-
fined as:

where TNDT is determined in accordance with NC‐ or
NE‐2311(a)(8) or NC‐ or NE‐2331(a)(2), and A is deter-
mined from Figure R-1200-1 for the thickness of the
material.

R-1210 MATERIAL ACCEPTABILITY
For the material to be acceptable, the permissible low-

est service metal temperature shall not be higher than
the specified lowest service metal temperature.

2013 SECTION III APPENDICES

339

-
-
`
`
,
,
,
,
,
`
`
`
`
,
`
,
`
,
`
,
`
,
`
`
`
,
,
,
,
-
`
-
`
,
,
`
,
,
`
,
`
,
,
`
-
-
-



Figure R-1200-1
Determination of Permissible Lowest Service Metal Temperature

Permissible Lowest Service Metal Temperature = TNDT + A
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NONMANDATORY APPENDIX S

ARTICLE S-1000
PUMP SHAFT DESIGN METHODS

S-1100 INTRODUCTION

(a) This Appendix provides guidelines for the design
and evaluation of shafts for Section III nuclear pumps.
They include suggestions for the loads to be considered
and the method for arriving at a design that will sustain
these loads for the life of the pump.

(b) The method presented is not intended to exclude
other methods which may be equally satisfactory. Experi-
ence and expertise will be factors in determining the best
method. In the final analysis the skill and judgement of the
designer determine the quality of the design.

S-1200 SCOPE

The guidelines presented are intended to cover the de-
sign of pump shafts, including rigid couplings, up to, but
not including, separable parts which attach the shaft to
the driver.

S-1300 DESIGN REQUIREMENTS

S-1310 DESIGN METHODS

The design rules presented in this section are provided
as guidance to the designer of pump shafts. Alternative de-
sign methods may be used based on the pump manufac-
turer’s experience with pumps in similar service.

S-1320 OPERATING CONDITIONS

Pump shaft assemblies are subject to combinations of
steady state and variable or transient loads. These loads
include torsional, lateral, bending, axial, and thermal com-
ponents. They may occur as a result of power input, hy-
draulically imposed forces, static or dynamic unbalance,
rotating element runout, internal misalignment, thermal
distortion, system and component vibration, and reso-
nance. External system applied loads, such as seismic
and other loads associated with A, B, C, and D Service Level
Loadings must also be considered.

S-1400 RESPONSIBILITY

(a) Owner’s Responsibility. It shall be the responsibility
of the Owner or his designee to include in the Design Spe-
cification all external forces and operating conditions that
may have an effect on the operability of the pump shaft.

(b) Pump Designer Responsibility. It is the responsibility
of the pump Designer to include in the evaluation the spe-
cified pump loads and identify the type and magnitude of
the internal operating loads on the shaft assembly.

S-1500 OPERATING LOADS

S-1501 MAXIMUM SHAFT OPERATING LOADS

In establishing maximum shaft operating loads, the de-
sign should take into account plant service that the pump
will experience and external loads associated with these
conditions. Other forms of off‐normal operating loadings
may include inservice testing, inadvertent starting and
stopping, loss of coolant accident, etc.

S-1502 THERMAL LOADS

Thermal loads shall be considered as one of the internal
operating loads.

S-1503 OFF‐NORMAL OPERATING LOADS

The maximum steady state and transient loads will
usually occur in the pump when it is operating away from
its best efficiency point. Typically it will be the combina-
tion of loads producing stresses at regions of high stress
concentration that may result in high cycle fatigue failures
of shafts. The very nature of these loads makes it difficult
to quantify them and in some cases a bounding estimate
must be made. Examples of load sources include low flow
recirculation, flow separation, and other hydraulic in-
stabilities which cause radial and axial alternating or tran-
sient loads on the shaft. Lacking a thorough understanding
of these loads, conservative design practices based on
years of operating experience must be used to insure suc-
cessful design of pump shafts.
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S-1600 SHAFT FAILURE MODES

Shaft failures usually occur at points of high stress con-
centration or structural discontinuities. The most common
locations of shaft failures are threaded regions, shaft
grooves, shoulders, keyways, couplings, and collars (see

Figure S-1600-1). Areas susceptible to erosion/corrosion,
stress corrosion cracking, thermal transients, and steep
temperature gradients are also possible locations for shaft
failure.
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Figure S-1600-1
Typical Centrifugal Pump Shaft Failure Locations
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ARTICLE S-2000
DESIGN PROCEDURE

Any method of evaluation (analytical or experimental)
which can be substantiated by data from pumps in service,
experiencing conditions similar to the specified operating
limits, may be used.

S-2100 CRITICAL SPEEDS

The evaluation shall address both torsional and lateral,
and where applicable, axial critical speeds, shaft deflec-
tions, and stresses. Critical speeds and shaft deflections
shall be such as to avoid any difficulties for the specified
range of the design and operating conditions. The actual
percentage difference between critical and operating
speeds shall take account of the method of determination
of critical speed. The percentage difference between stress
allowed and calculated shall also take account of the accu-
racy of the design and the analysis method.

S-2200 MAXIMUM TORSIONAL LOAD

The maximum torsional load shall be defined. The max-
imum torsional shear stress for this load (stress resulting
from this load without application of concentration fac-
tors) shall be based on design experience or experimental
evidence for the particular class of pump involved. The
maximum driver horsepower may determine the maxi-
mum torsional loading for units with short shafts (typical
of pump types A, B, and C). The motor startup torque may
determine the maximum torsional load for pumps with re-
latively long shafts (typical of type L pumps). Torsional al-
ternating or transient loads shall be considered if
applicable.

S-2300 SHAFT EVALUATION

The flow chart, Figure S-2300-1, outlines a procedure
for evaluation of pump shafts to meet load requirements.
This procedure establishes a basic sizing criterion as well
as a detailed fatigue evaluation method.
The basic shaft sizing criterion is based on maximum

shear stress and conservative cyclic loading factors. These
fatigue factors include an evaluation of the endurance lim-
it of the unnotched and polished test specimen reverse
bending test data in air (Se), which in the absence of spe-
cified data can be approximated as:

This polished specimen test endurance limit is then fac-
tored for the product of reduction factors that account for
such items as environment, reliability, size, finish, duty cy-
cles, etc., which is conservatively estimated as one-third.
Consequently, this corrected material endurance limit
stress can be represented as:

where the terms used on the chart, Figure S-2300-1, are as
follows:

Kt = stress concentration factors. An initial value of 6.0
is suggested where reasonable stress riser control
is exercised. Higher values may be required for de-
signs with severe discontinuities (e.g., small fillet
radii relative to shaft diameter). Lower values
may be used if justified by design methods and/or
testing that accounts for the specific shaft disconti-
nuities under consideration. Notch sensitivity va-
lues, when available, may be used. For additional
information, see ANSI/ASME B106.1M‐1985.

Sa = alternating axial stress
Sb = alternating component of the shaft bending stress
Se = material endurance limit
S ′ e = design endurance limit
Ss = maximum shear stress
Ss s = material allowable shear stress

= Sy/3 unless higher values are justified through spe-
cified shear test data

Su = material ultimate strength at design temperature
Sy = material yield stress at design temperature
Ut = summation of usage cycles. Each usage cycle shall

be determined as the ratio of the maximum alter-
nating stress in the shaft divided by the design fati-
gue stress of the material for that number of cycles.
Ut will be determined by summing all of the above
ratios.

S-2400 OTHER CONSIDERATIONS

The fatigue life of a shaft is not always the limiting factor
in its design. The effect of misalignment and deflection of a
shaft on the performance of support bearings, seals, and
couplings as well as on other key power transmission
components must also be taken into account. Shafts can
be strong enough to meet fatigue life requirements, yet
not stiff enough to satisfy natural frequency and opera-
tional requirements.
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Figure S-2300-1
Steps in the Design of a Pump Shaft

Establish the maximum operating loads
on the shaft

Evaluate the stress concentration regions and
modify the configuration to reduce Kt

Break down load component into load cycles
and develop load histories

Using available material fatigue data, define
an S-N curve

for level A + B service loads

Calculate the shaft peak stress components
and develop a peak stress history

Evaluate the cumulative fatigue usage
of the shaft
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Determine the values of Sb, St, Se, Ss, Sss
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Se

Determine the values of Sb, St, Se, Ss, and Sss

Size the pump shaft for maximum
torque and axial load

Evaluate the deflection and hydraulic shaft
requirements necessary for pump operation

Determine high stress regions of the shaft
and evaluate the required stress concentration

factors, Kt
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ð13Þ

NONMANDATORY APPENDIX T

ARTICLE T-1000
RECOMMENDED TOLERANCES FOR RECONCILIATION OF PIPING

SYSTEMS

T-1100 INTRODUCTION

The building structure and major components of a
power plant are constructed according to rules that per-
mit varied tolerances. Since piping system installation fol-
lows construction of the building and installation of the
major components, the piping systems must be permitted
to vary within the space allotted to them. In addition, a
large number of systems are often installed in a limited
space. Interferences often occur and changes within In-
stallation Tolerances may be used to eliminate the inter-
ference. The tolerances provided in this Appendix bridge
the gap between the exactness associated with a design
by analysis, and a practical and acceptable installation.
The basis for the tolerances and guidance in this Appen-

dix was developed by the PVRC Technical Committee on
Piping Systems.37 Additional guidance on implementation
of these tolerances has been published by EPRI.38

T-1110 SCOPE

This Appendix provides recommended tolerances and
methods for satisfying the requirements of NCA‐3554,
“Modification of Documents and Reconciliation With De-
sign Report” for piping systems designed to the rules of
NB‐, NC‐, or ND‐3600. This Appendix provides:
(a) identification of dimensions and weights significant

to the piping stress analysis; and
(b) acceptable tolerances for these dimensions and

weights such that if piping is installed within these toler-
ances, the reconciliation is accomplished.
These tolerances have been established such that their

effect on the accuracy of analysis results is minimal and
is consistent with accepted practices and the use of toler-
ances in the Code. These tolerances are applicable to most
situations; however, specific situations where more re-
strictive tolerances may be needed are identified.
The tolerances in this Appendix are applicable to piping

systems where conventional seismic analysis methods
were used for the original design, i.e., modal response
spectrum analysis methods. For piping systems where
seismic analysis methods that are significantly more sen-
sitive to the tolerances were used in the original design

(i.e., seismic time history analysis methods), the Designer
shall review the applicability of these tolerances and es-
tablish more stringent guidelines if necessary. Further,
this Appendix shall be restricted to piping systems ana-
lyzed using linear elastic methods.
This Appendix does not relieve the Designer of respon-

sibility for consideration of other unique situations where
more restrictive tolerances may be required to satisfy the
intent of the design bases or the Code.
Installation Tolerances more restrictive than the Total

Tolerances recommended in this Appendix may be speci-
fied. Less restrictive tolerances may be specified when en-
gineering justification is provided to demonstrate that the
design requirements have been satisfied.
Tolerances for complete, installed piping systems are

addressed. Tolerances provided for manufacturing or fab-
ricating the individual items or subassemblies that make
up piping systems are not addressed, but the effect of
these tolerances on the as‐installed condition shall be
within the Total Tolerance. Other design and construction
areas which may be included in reconciliation such as de-
sign or operating conditions, support details, and gaps are
not addressed.
Tolerances for support erection, including length and

orientation of individual members and pipe location on
the support, are specified in Subsection NF, Appendix
NF-D, Tolerances.

T-1120 TERMS RELATED TO RECONCILIATION

Definitions of terms used in this Appendix are given in
the following paragraphs.

T-1121 Nominal Dimension

This is the dimension which provides configuration
and/or spatial information on piping drawings within spe-
cified tolerances.

T-1122 As‐Analyzed Configuration

This is the configuration of piping components and sup-
ports, defined by nominal sizes, weights, cross section
properties, and dimensions, which forms the basis for
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the piping stress analysis. In the case of piping systems
which are qualified by simplified rules, the design draw-
ings for the systems are considered as the As‐Analyzed
Configuration.

T-1123 Critical‐to‐Design (CTD) Dimension

A dimension that must be satisfied, within a specified
tolerance, in order for the piping stress analysis to remain
valid. These dimensions define the relative configuration
of the piping. They may also include dimensions which de-
fine the global or spatial position of the piping.

Examples of CTD dimensions are: the location of a pipe
support relative to in‐line pipe components such as valves,
anchors, and other supports; the orientation of the pipe
support center line relative to the pipe center line; length
of pipe runs; and spacing between supports.

T-1124 Fit/Clearance (F/C) Dimension

This is a dimension that is specified to provide reason-
able assurance that the piping fits into the allocated build-
ing space. These dimensions define the global position of
the piping in three‐dimensional space and deviations from
these dimensions do not have a significant effect on the va-
lidity of the piping stress analysis. Examples of F/C dimen-
sions are the locating dimensions of pipe center lines from
column lines, walls, and floors. However, dimensions de-
fining clearance required to allow thermal expansion or
to protect critical components from adverse interaction
due to dynamic (earthquake) loads are CTD dimensions.

T-1125 As‐Built Documents

These are the drawings, sketches, or other documents
which define the as‐installed piping configuration (nom-
inal dimensions and tolerances) and which have been re-
conciled with the stress analysis.

T-1126 Installation Tolerance

This is the specified acceptable departure from nominal
piping dimensions, support locations and orientations,
and component weights to be used during installation to
provide for practical installation limitations. Installation
Tolerances for CTD dimensions shall be less than or equal
to the corresponding Total Tolerances.

T-1127 Total Tolerance

This is the maximum allowable departure between cor-
responding as‐built and as‐analyzed CTD piping dimen-
s ions , support locat ions and or ientat ions , and
component weights for the piping stress analysis to be ap-
plicable. The Total Tolerance is applicable only to CTD di-
mensions since F/C dimensions are not critical to the
stress analysis. Acceptable Total Tolerances are provided
in T-1200.

T-1130 MEASUREMENT ACCURACY
Measurements of the as‐built configuration for use in

reconciliation shall be made using methods capable of pro-
ducing accuracy to the nearest inch for linear dimensions
and to the nearest 2 deg. for angular dimensions
(Figure T-1213-1 shows examples of angular dimensions).

T-1140 EVALUATION OF OUT‐OF‐TOTAL
TOLERANCE CONDITIONS

CTD values that exceed Total Tolerances shall be re-
corded and evaluated to assure the design bases, including
the applicable design code, have been satisfied. This eva-
luation may be made using engineering judgment, simpli-
fied models, or by reanalyzing the complete original
model. The objective should be to determine if the condi-
tion being evaluated had any significant effect on the re-
sponse of the piping systems to the design loadings. The
use of engineering judgment shall be documented with
the technical reasoning described so that a technically
qualified third party reviewer will understand how the
evaluation was justified. The documentation requirements
for evaluation based on engineering judgment shall be
consistent with other engineering calculations.

If it is determined that there is no significant effect, then
the original analysis remains valid and the results (stress
summaries, support design loads, etc.) need not be re-
vised. If changes are found to be significant, then the af-
fected results shall be revised.

T-1200 TOTAL TOLERANCES

T-1210 GENERAL
The Total Tolerances are given for the reconciliation of

the piping stress analysis in terms of the maximum allow-
able plus or minus departure between the as‐analyzed
(nominal) value and the as‐built value. These tolerances
should not be used to circumvent specific requirements
established by the Design or Installation Specification
nor other applicable material or fabrication standards.

As‐built piping systems that conform with the piping
stress analysis within the Total Tolerances are acceptable
and evaluation of the as‐built condition is not required.

T-1211 Altering Relative Position
Tolerances shall not be applied in such a manner that

would result in the alteration of the relative position of
piping components and supports. For example, supports
shall not be moved across valves, tees, elbows, etc. In no
case shall the permissible location change the directions
of a support or its function.

T-1212 Independence
The tolerances given are independent of each other and

are not interrelated to position of adjacent items except as
noted in T-1211. Each tolerance may be applied indepen-
dently of any other.
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T-1213 Methods of Dimensioning
Examples of angular dimensions are shown in

Figure T-1213-1. Two common methods of dimensioning
piping installation are shown in Figure T-1213-2. Either
method or some combination of these methods are usually
used on the Design Drawings. The chain method refer-
ences a dimension to the adjacent dimensions. The com-
mon point method references a number of dimensions
to a common base. All measurements should be rounded
off to the nearest inch for linear dimensions and the near-
est 2 deg for angular dimensions.

T-1220 PIPING CONFIGURATION TOLERANCES
T-1221 Center Line Lengths
Center line length to fittings, flanges, valves, and piping

specialties including branch line piping shall be within the
tolerance specified below. (Locations of branch connec-
tions on the run pipe are not included. see T-1222.)

Specified Nominal Dimension,
ft (m)

± Total Tolerance,
in. (mm)

0 to < 5 (0 to < 1.5) 3 (75)

5 to < 10 (1.5 to < 3.0) 6 (150)

10 to < 15 (3.0 to < 4.5) 9 (225)

15 to < 20 (4.5 to < 6.0) 12 (300)

20 to < 25 (6.0 to < 7.5) 15 (375)

25 to < 30 (7.5 to < 9.0) 18 (450)

30 to < 35 (9.0 to < 10.5) 21 (525)

35 and over (10.5 and over) 24 (600)

NOTE: The 3 in. (75 mm) tolerance for nominal dimensions of 0 to
less than 5 ft (1.5 m) may not be applicable in all cases. For example,
cantilevered vents and drains, relief valve inlet and outlet piping, and
instrument piping near the connection to the process piping are cases
where more restrictive tolerances may be needed. If so, they shall be
specified on the design documents.

When common point dimensions (see Figure T-1213-2) are used,
the tolerances along the pipe center line are to be applied to each pipe
leg, i.e., piping between changes in direction. There may be cases
where the nominal dimensions must be determined from the differ-
ence in common point dimensions for the ends of the pipe leg.

T-1222 Center Line Location of Branch
Connections (Relative to Run)

(a) This section applies to branch connections indepen-
dent of the connection detail or type of fitting used.
(b) The location of branches for branch/run size combi-

nations indicated by an asterisk (*) in Table T-1222-1
have no design related tolerance restrictions except when
the stress intensification factor (SIF) on the run pipe ex-
ceeds 1.0, in which case the maximum tolerance is ±2 ft
0 in. (600 mm) and the requirements of (d) shall be
satisfied.
(c) The location of branches for the branch/run size

combinations without an asterisk (*) in Table T-1222-1
(including sizes not listed in the table) have the same tol-
erance as in T-1221.

(d) For all branch/run size combinations, changes in lo-
cation of the branch connection that exceed 2 ft (600 mm)
shall be approved by the Designer and should not

(1) change the flow path defined on the piping system
diagram.

(2) affect system functional flow and pressure charac-
teristics, such as branch connections used for differential
pressure and flow measurement, for safety and relief
valves, and for core safety injection.

(3) be allowed without considering the effect of run
pipe movement on the branch pipe. (Not significant if
the tolerances of T-1221 are satisfied.)

T-1223 Angular Deviation of Pipe Center Line
Angular deviation of pipe center line from theoretical

center line is limited to ±10 deg. see Figure T-1213-1,
Rolled Elbows (“B°”) and Bends; Nonstandard Elbows
(“C°”).

T-1224 Angular Tolerance on Power Operated
Valves

Angular tolerance on power operated valves over NPS 2
(DN 50) (Nominal Pipe Size) is limited to ±15 deg. See
Figure T-1213-1, Valves (“D°”). For power operated valves
NPS 2 (DN 50) and smaller, the angular tolerance
of ±15 deg applies only when the weight of the valve op-
erator equals or is less than the valve analyzed weight.
When the weight of the valve operator exceeds the valve’s
analyzed weight for an NPS 2 (DN 50) or smaller valve, the
angular tolerance is not provided in this Appendix. There
are no CTD restrictions on angular orientation of manually
operated valves.

T-1230 PIPING SUPPORT LOCATION/
ORIENTATION TOLERANCES

The tolerance provided as piping support tolerances as-
sume the support is the specified type and rating. The sup-
port type shall not be changed without approval of the
Designer.
These tolerances are applicable to the reconciliation of

the piping stress analysis. They are not applicable for
the reconciliation of the pipe support design.

T-1231 Location of Supports
Tolerances on the location of supports, anchors, and re-

straints along the pipe center line of the horizontal or ver-
tical straight runs that do not contain significant
concentrated weight are

Pipe Size Tolerance

NPS 2 (DN 50) and smaller 6 in. (150 mm)
NPS 21/2 (DN 65) and larger One pipe diameter or 12 in.

(300 mm), whichever is greater
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Figure T-1213-1
Illustrations of Angular Dimensions — Pipe Legs, Valves, Supports, Bends
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Figure T-1213-2
Illustrations of Linear Dimensions
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Table T-1222-1
Branch/Run Size Combinations

R
un

S
iz

e
—

N
P

S
(D

N
)

3⁄4
(20)

1

(25)

11⁄2
(40)

2

(50)

21⁄2 *

(65)

3 * *

(80)

4 * *

(100)

6 * * * *

(150)

8 * * * * *

(200)

10 * * * * * *

(250)

12 * * * * * *

(300)

14 * * * * * *

(350)

16 * * * * * *

(400)

18 * * * * * *

(450)

20 * * * * * *

(500)

24 * * * * * *

(600)

3⁄4 1 11⁄2 2 21⁄2 3 4

(20) (25) (40) (50) (65) (80) (100)

Branch Size — NPS (DN)
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T-1232 Location of the First Support on Either
Side of Spans That Contain Concentrated
Weights

Tolerances on the location of the first support or re-
straint on either side of spans that contain concentrated
weights such as valves, flanges, risers, fittings, bends, or
other concentrated loads are

Pipe Size Tolerance

NPS 12 (DN 300) and smaller Smaller of 3 pipe diameters or
12 in. (300 mm)

Larger than NPS 12 (DN 300) One pipe diameter

These tolerances may not be applicable to the first re-
straint adjacent to a bend, which is oriented in the plane
of the bend, when the piping is subjected to waterhammer,
steamhammer, or relief valve discharge loading. In these
cases, if more restrictive tolerances are needed they must
be specified on the design documents.

T-1233 Location of the First Support From
Rotating Equipment Nozzles

Tolerances for the location of the first support or re-
straint in each direction from rotating equipment nozzles
are

Pipe Size Tolerance

NPS 2 (DN 50) and smaller 3 in. (75 mm)
NPS 21/2 (DN 65) and larger One‐half pipe diameter or 6 in.

(150 mm), whichever is greater

T-1234 Snubbers
The location of snubbers with axis coincident to the pipe

leg center line is not a critical dimension. However, snub-
bers with tolerances greater than those of T-1231 should
be approved by the Designer whomust assure they are not
affected by the anticipated thermal movements.

T-1235 Angular Orientation of Supports

The tolerance for the angular orientation of supports
is ±5 deg [see Figure T-1213-1, Supports (“E°”)]. The angu-
lar tolerance may be increased to ±10 deg if this value plus
the angularity change from thermal expansion of the sys-
tem does not exceed functional limitations established by
the support manufacturer and the Designer assures that
any increased loadings on the connection are compatible
with the design.

T-1240 WEIGHT TOLERANCES
T-1241 General

Tolerances on both uniformly distributed weights and
concentrated weights are included in this Appendix. These
tolerances do not imply that components should be
weighed, but provide for reconciliation of weight changes
identified in the design process. As a practical matter, the
concentrated weight of items is a concern primarily for
valves and other in‐line components of significant weight,
but particularly power operated valves. Changes to the
distributed weight of insulation systems and other piping
items should also be considered.

T-1242 Uniformly Distributed Weight

The uniformly distributed weight for the piping system
may vary by ±20% from the as‐analyzed weight.
This weight tolerance may need to be reduced for piping

primarily supported by constant force supports or
springs.

T-1243 Concentrated Weight

Concentrated weights of in‐line items such as valves
may vary by the greater of ±20% of the analyzed weight
or 20 lb (9 kg).
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NONMANDATORY APPENDIX U

ARTICLE U-1000
RULES FOR PUMP INTERNALS

U-1100 INTRODUCTION

U-1110 SCOPE
These rules apply to materials, fabrication and examina-

tion of internal items for Classes 1, 2 and 3 pumps. Pump
internal items are those parts other than pump cases, in-
lets and outlets, covers clamping rings, seal housings, re-
lated bolting and other items as covered in Subsections
NB, NC, and ND.

U-1120 CATEGORIES
Category as set forth in Table U-1600-1 is the grouping

of various pump internal items for the purpose of applying
the rules of this Appendix. Categories for typical pump
types are shown in Figures U-1500-1 through U-1500-7.
The figures are not to scale, and are not intended to con-
vey any preference for pump type or design, but are pro-
vided as a guide to the manufacturer to identify the
various internal items of a pump for categorization. In de-
termining categories for items of pump types not specifi-
cally illustrated, a pump or pump detail which is most
nearly representative shall apply. Categories 1 and 2 are
pressure retaining items presently covered by Subsections
NB, NC and ND. Categories 3 through 6 are pump internal
items which may be constructed in accordance with this
Appendix except that Material Manufacturers and/or Ma-
terial Suppliers for Category 3 through 6 items are not re-
quired to comply with NCA‐3800. Material which forms an
integral welded extension to Category 1 material in
Figure U-1500-1, items 1–5, may be classified as Category
4 or 5 material when it serves a nonpressure‐retaining
function and its structural effect is considered in the de-
sign of the Category 1 material. For use in Class 1, 2, and
3 pumps the extension material shall satisfy the require-
ments of NB‐2300 NC‐2300, or ND‐2300.

U-1200 GENERAL REQUIREMENTS

U-1210 RESPONSIBILITIES AND DUTIES
It is the responsibility of the Certificate Holder manufac-

turing pumps to assign each item of a pump to the proper
category and to indicate the categories in a report or on a
drawing.

U-1220 CODE STAMPING
Certification Mark is not required for pump internal

items.

U-1300 MATERIALS

U-1310 GENERAL REQUIREMENTS FOR
MATERIAL

U-1311 Scope of Principal Terms Employed
The term materials as used in this Appendix applies to

those items produced to material specifications permitted
by Section III, Division 1, and/or other material permitted
by this Appendix.

U-1312 Permitted Material Specifications

(a) Materials used for Category 3 and 4 items shall con-
form to the requirements of one of the specifications for
materials given in Table U-1610-1 of this Appendix for
Class 1, 2 and 3 pumps; materials listed in Section II, Part
D, Table 2A for Class 1 and 2 pumps; materials listed in
Table 2A for Class 2 pumps; or materials listed in Table
1A for Class 3 pumps; and to the special requirements of
this Appendix which apply to the item for which the mate-
rial is used.

(b) Category 5 and 6 items may be made from any ma-
terial suitable for the intended service.

(c) The Certificate Holder manufacturing pumps shall
provide a list which identifies the material used for each
Category 3, 4, 5 or 6 item. This list may be a bill of materi-
als or a separate list.

(d)Where the tensile strength, yield strength, temper-
ing temperature or aging temperature l isted in
Table U-1610-1 differ from the requirements of the mate-
rial specification, the minimum requirements listed in
Table U-1610-1 shall apply.

U-1313 Special Requirements Conflicting With
Permitted Material Specifications

(a) Special requirements stipulated in this Appendix
shall apply in lieu of the requirements of the material spe-
cifications wherever the special requirements conflict
with the material specification requirements. Where the
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special requirements include an examination, test, or
treatment which is also required by the material specifica-
tion, the examination, test, or treatment need be per-
formed only once. Any required nondestructive
examinations shall be performed as specified in U-1430
Any examination, repair, test, or treatment required by
the material specification or this Appendix may be per-
formed by the Material Manufacturer, Material Supplier,
or the Certificate Holder manufacturing pumps. The Mate-
rial Manufacturer or Material Supplier shall obtain ap-
proval from the Certificate Holder manufacturing pumps
for the weld repair of materials (see U-1440).

(b) For materials listed in Table U-1610-1 for Category
3 and 4 items, the tensile test requirements of the material
specification may be performed on representative samples

of each heat of material used, for each specified heat treat-
ment. The tensile strength and yield strength results shall
satisfy the specified values and be below the maximum
specified values listed in Table U-1610-1. Where the mate-
rial will be used to fabricate various item sizes in different
heat treated thicknesses, the manufacturer shall assure
himself that the heat treatment specified will be effective
for the entire size range.

U-1314 Certification of Materials

(a) Certification by Material Manufacturer. The Material
Manufacturer shall provide a Certified Material Test Re-
port for Category 3 items and Category 4, Class 1 impel-
lers, including all welding and brazing materials used on
these items. The Material Manufacturer shall certify that

Table U-1600-1
Summary of Requirements

Typical Items
Category No.
& Pump Class Stress Report

Certified
Material Test

Report
Nondestructive
Examination Impact Testing

Material
Identif.

Pressure Retaining
Items

Category 1:
X

Subsection NB, NC, ND
Class
(All)

Pressure Retaining
Bolting

Category 2:
X

Subsection NB, NC, ND
Class
(All)

Shafting Category 3:
Line Shaft Couplings Class 1 — X [Note (5)] [Note

(7)]
X X

Impeller Nuts or
Impeller Locking
Screw

Class 2 — X — [Note (4)] X
Class 3 — X — [Note (4)] [Note (1)]

Impellers Category 4:
Bearing Support Class 1 — [Note (2)] [Note

(3)]
[Note (6)] see

U-1120
— see U-1120 X

Bearings Class 2 — [Note (2)] — see U-1120 — see U-1120 X
Journals Class 3 — [Note (2)] — see U-1120 — see U-1120 [Note (1)]

Im./Case Rings Category 5:
Keys Class 1 — [Note (2)] — see U-1120 — see U-1120 [Note (1)]
Mech. Seal (Met.) Class 2 — — — see U-1120 — see U-1120 [Note (1)]
Parts Class 3 — — — see U-1120 — see U-1120 [Note (1)]
Bolting (Internal)
Bearings
Journals

Packing Category 6:
Gaskets Class 1 — — — — —
“O” Rings Class 2 — — — — —
Carbon Class 3 — — — — —

NOTES:
(1) Quality control system.
(2) Materials Manufacturer’s Certificate of Compliance.
(3) Certified Material Test Reports required for impellers.
(4) When required for the pump per Design Specification.
(5) Ultrasonic Examination required for Class 1 shafting.
(6) Magnetic Particle or Liquid Penetrant Examination required for Class 1 impellers.
(7) Magnetic Particle or Liquid Penetrant Examination required for all Class 1, Category 3 items.
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Figure U-1500-1
Typical for Type A, C, E, F, and/or Some J (NB‐3400) Pumps
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Figure U-1500-2
Typical for Type B and D Pumps (NC-3400 and ND‐3400)
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Figure U-1500-3
Typical for Type G and H Pumps (NC-3400 and ND‐3400)

2013 SECTION III APPENDICES

357

-
-
`
`
,
,
,
,
,
`
`
`
`
,
`
,
`
,
`
,
`
,
`
`
`
,
,
,
,
-
`
-
`
,
,
`
,
,
`
,
`
,
,
`
-
-
-



Figure U-1500-4
Typical for Type K Pumps (NC-3400 and ND‐3400)
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Figure U-1500-5
Typical for Type L Pumps (NC-3400 and ND‐3400)
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Figure U-1500-6
Reciprocating Plunger Pump (NC-3400 and ND‐3400)
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the contents of the report are correct and accurate, and
that all operations performed by him or his subcontractors
are in compliance with the requirements of the material
specification and this Appendix. Alternatively, the Material
Manufacturer shall provide a Certified Material Test Re-
port for operations he performed and at least one Certified
Material Test Report from each of his subcontractors for
operations they performed. Chemical analysis, tests, exam-
inations, and heat treatments required by the material
specification that were not performed shall be listed on
the Certified Material Test Report. A Material Manufac-
turer’s Certificate of Compliance with the material specifi-
cation, grade, class, and heat treated condition, as
applicable, may be provided in lieu of a Certified Material
Test Report for material used for pumps with inlet

connections 2 in. nominal pipe size and less, and bolting
1 in. nominal diameter and less. Material identification in-
cluding any marking code (see U-1316) shall be described
in the Certified Material Test Report or Certificate of Com-
pliance as applicable.

(b) Certification by Material Supplier. The Material Sup-
plier who completes any operation not performed by the
Material Manufacturer shall provide a Certified Material
Test Report for all operations performed by him. This cer-
tification affirms that the contents of the report are correct
and accurate, and that all test results and operations per-
formed by him or his subcontractors are in compliance
with the material specification and the applicable material
requirements of this Section as designated by the
purchaser.

Figure U-1500-6
Reciprocating Plunger Pump (NC-3400 and ND‐3400) (Cont'd)
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Figure U-1500-7
Typical for Type A and C Pumps (NC-3400 and ND‐3400)
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Table U-1610-1
Materials for Pump Internal Items for Class 1, 2, and 3 Pumps

.ni,ssenkcihTroretemaiDroepyT.oN.cepS
Material Product Form (8) Grade Notes (mm)

1Cr-0.2Mo Bar, Rod A-331 4140 (2)(5) Up to 2 (50) incl.
Bar, Rod A-331 4340 (2)(5)

1Cr-0.2Mo-0.3Pb Bar, Rod A-331 41L40 (2)(5)

—

13Cr FFBS A-182 F6 (1)(4)(5) Up to 8 (200) incl.
Plate A-240 410, 410S (1)(4)(5) Up to 8 (200) incl.
Tube A-268 TP410 (4)(5) Up to 8 (200) incl.
Bar, Shapes A-276 403, 410 (4)(5)
Billets, Bars A-314 403, 410 (4)(5) Up to 8 (200) incl.
Billets, Bars A-314 416, 416Se (2)(4)(5) Up to 8 (200) incl.
Castings A-217 CA15 (4)(5)
Bar, Shapes A-479 410 (4)(5) Up to 8 (200) incl.
Bars A-582 416, 416Se (2)(4)(5) Up to 8 (200) incl.
Bars A-582 403, 410 (4)(5) Up to 8 (200) incl.
Bar, Shapes A-276 414 (4)(5) Up to 8 (200) incl.
Castings A-296 CA15 (4)(5)
Castings A-296 CA40 (4)(5)
Castings A-487 CA15M (4)(5)(6)

13Cr-4Ni Castings A-296 CA6NM
Castings A-487 CA6NM

13Cr Bar, Shapes A-276 420 (2)
Bar, Shapes A-276 420 (1)2)(5)

18Cr Bar, Shapes A-276 440A (1)(2)(5)(7) Up to 8 (200) incl.
Bar, Shapes A-276 440C (1)(2)(5)(7) Up to 8 (200) incl.

13Cr Bar, Shapes A-565 615 (2)(5)(7)
Bar, Shapes A-565 616 (2)(5)(7)

—

17Cr-4Ni-4Cu Bar, Shapes A-564 630 (1)(2)(4)(5) 8 (200) max
)5()4()2()1(B5535SMAsgnitsaC

)5()4()2(A8935SMA
(2)(4)
(2)(4)

15Cr-6Ni-Cu-Mo Bar, Shapes A-564 XM-25 (2)(5) 8 (200) max
Bar, Shapes A-564 XM-25 (2) 8 (200) max
Bar, Shapes A-564 XM-25 (2) 8 (200) max

25Ni-15Cr-2Ti Bolting A-453 660 (2)
25Ni-15Cr-2Ti Bar, Shapes A-638 660 (2)(5)
16Cr-12Ni-2Mo Bar, Shapes A-276 316 (5) Up to 3⁄4 (19)

3⁄4 to 1 (19 to 25)
1 to 11⁄4 (25 to 32)
11⁄4 to 11⁄2 (32 to 38)

.lcni)05(2otpU445931-BsepahS,doR,raBeznorB-sohP
Al-Bronze Castings B-148 955

B-148 952

Pb-Sn-Bronze Castings B-584 932
B-584 937

Cu-Sn-Pb-Zn Castings B-584 836
Ni-Cr-Fe Bar, Shapes B637-84A 718 (2)(5) 4 (100) max

Bar, Shapes B637-84A 688 Type 2 (2)(5)
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Table U-1610-1
Materials for Pump Internal Items for Class 1, 2, and 3 Pumps (Cont'd)

Minimum
Tempering or

Tensile Strength, psi Yield Strength, Aging Temp.,
.oNcepS)C°(F°nim,)aPM(ispnim,)aPM(.dnoC

133-A)524(008)9601(000,551)1421(000,081TH
133-A)045(0001)6701(000,651)7221(000,871TH
133-A)524(008)9601(000,551)1421(000,081TH

—

165,000 (1138) 132,000 (910) 900 (480) A-182
136,000 (938) 112,000 (772) 1025 (550) A-240
125,000 (862) 100,000 (690) 1075 (580) A-268
120,000 (827) 90,000 (620) 1100 (595) A-276
116,000 (800) 92,000 (634) 1125 (605) A-314
110,000 (758) 90,000 (620) 1175 (635) A-314
100,000 (690) 80,000 (552) 1275 (690) A-217

90,000 (620) 65,000 (448) 1375 (745) A-479
A-582
A-582
A-276
A-296
A-296
A-487

110,000 (758) 80,000 (552) 1100 (595) A-296
110,000 (758) 80,000 (552) 1100 (595) A-487

672-A)AN(AN)543(000,05)556(000,59A
672-A)004(057)5431(000,591)4271(000,052TQ

672-A)062(005)6981(000,572)5691(000,582TH
672-A)513(006)6981(000,572)5691(000,582TH

565-A)026(0511)857(000,011)569(000,041TH
565-A)026(0511)857(000,011)569(000,041TH

—

465-A)084(009)2711(000,071)0131(000,091HP
B5535SMA)055(5201)0001(000,541)9601(000,551HP
A8935SMA)085(5701)268(000,521)0001(000,541HP

)595(0011)397(000,511)569(000,041HP
)026(0511)427(000,501)139(000,531HP

465-A)084(009)2711(000,071)1421(000,081HP
465-A)026(0511)715(000,57)268(000,521HP
465-A)AN(AN)556(000,59)268(000,521rTS

A or B 130,000 (896) 85,000 (586) 1325 (720) A-453
836-A)007(0031)685(000,58)698(000,0312ro1
672-A)AN(AN)096(000,001)268(000,521B

)AN(AN)255(000,08)397(000,511B
)AN(AN)844(000,56)427(000,501B
)AN(AN)543(000,05)096(000,001B

931-B)142(000,53)543(000,05draH
90,000 (620) 40,000 (276) NA (NA) B-148
65,000 (448) 25,000 (172) NA (NA) B-148

30,000 (207) 14,000 (97) NA (NA) B-584
25,000 (172) 12,000 (83) NA (NA) B-584
30,000 (207) 14,000 (97) NA (NA) B-584

736-B)027(5231)4301(000,051)6721(000,581HP
736-B)037(0531)397(000,511)2711(000,071HP
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(c) Certified Material Test Reports or Material Manufac-
turer or Material Supplier Certificates of Compliance are
not required for Category 5 and 6 items.

U-1315 Welding and Brazing Materials

All welding and brazing materials used on Category 3
and 4 items shall meet the requirements of NB‐2400,
NC‐2400, or ND‐2400, as applicable.

U-1316 Material Identification
U-1316.1 Class 1 and 2 Pump Items.
(a) The identification of Materials for Category 3 items

used for Class 1 and 2 pumps shall consist of marking or
tagging the material with the applicable specification num-
ber, grade, heat number or heat code, and any additional
marking required to facilitate traceability of the reports
of the results of all tests and examinations performed on
the material, except that heat number identification is
not required for pumps with inlet connections 2 in. nom-
inal pipe size (DN 50) and less. Alternatively, a

Certification Mark and/or code may be used which identi-
fies the material with the Materials Certification and such
Certification Mark and/or code shall be explained in the
certificate (see U-1314). For identification and marking
during fabrication by the Pump Manufacturer, see U-1420.

(b) The identification of Materials for Category 4 items
used for Class 1 and 2 pumps shall consist of marking or
tagging the material or its container in accordance with
the marking requirements of the applicable material spe-
cification. Category 5 items shall be identified as set forth
in the Manufacturer’s Quality System Program.

(c) Materials may be marked by any method which will
not result in any harmful contamination or sharp disconti-
nuities. Stamping, when used, shall be done with blunt‐
nosed‐continuous or blunt‐nosed‐interrupted‐dot die
stamps.

Table U-1610-1
Materials for Pump Internal Items for Class 1, 2, and 3 Pumps (Cont'd)

roretemaiDroepyT.oN.cepS
Material Product Form (8) Grade Notes Thickness, in. (mm)

AssalC004461-BdoR,raBuC-iN
)521(5otpU004561-BebuT,epiP

Pipe, Tube B-165 400 (2) Over 5 (125)
FFBS AMS 4676 Alloy 500 (5) 12 (300) max
Rounds AMS 4676 Alloy 500 (5) 4 (100) max

Cr-Ni-Cu-Mo Casting A-351 CN7M

TABLE U-1610-1
MATERIALS FOR PUMP INTERNAL ITEMS FOR CLASS 1, 2, AND 3 PUMPS (CONT’D)

gnirepmeTmuminiMelisneT
Strength, psi Yield Strength, or Aging Temp.,

.oNcepS)C°(F°nim,)aPM(ispnim,)aPM(.dnoC

461-BAN)271(000,52)384(000,07A
561-BAN)391(000,82)384(000,07A
561-BAN)271(000,52)384(000,07A

6764SMA)096(000,001)569(000,041HP
6764SMA)556(000,59)139(000,531HP

153-AAN)271(000,52)724(000,26THS

NOTES:
(1) Not to be used with Category 3 items, except for pumps with inlet piping connections NPS 2 (DN 50) and less.
(2) Welding of these materials is not permitted.
(3) Where the tensile strength, yield strength, tempering temperature, or aging temperature listed in Table U-1610-1 differ from the requirements

of the material specification, the minimum requirements listed in Table U-1610-1 shall apply. The material shall be identified with this Appendix
number in addition to the requirements for identification of para. U-1316.

(4) Cross-bracketing indicates that any of the bracketed materials may be used with any of the bracketed properties.
(5) The maximum tensile strength shall not exceed the minimum specified tensile strength listed in this Table by more than 40,000 psi (275 MPa).
(6) Welding of this material is permitted provided the carbon content is 0.25% or less.
(7) Service temperatures shall not exceed temperatures of 100°F (38°C) below the aging or tempering temperature.
(8) Material shall conform to Edition specified by N-Certificate Holder.
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U-1316.2 Class 3 Pump Items. The identification of
materials for Category 3 through 5 items used for Class
3 pumps shall consist of marking the material or its con-
tainer in accordance with the requirements of the Manu-
facturer’s Quality System Program.

U-1316.3 Welding and Brazing Material Identifica-
tion. Welding and brazing materials shall be clearly iden-
tified by legible marking on the package or container so
that they are identifiable as acceptable material until the
material is actually consumed in the process.

U-1320 FRACTURE TOUGHNESS REQUIREMENTS
FOR CATEGORY 3 MATERIALS

U-1321 Materials to Be Impact Tested

Impact tested specimens shall be representative of the
final heat treatment of the finished part.

U-1321.1 Materials for Which Impact Testing Is Re-
quired. Materials for Category 3 items for Class 1 pumps,
and for Class 2 and 3 pumps when required by the Design
Specification, shall be impact tested in accordance with the
requirements of U-1320 except that the following materi-
als do not require impact testing:
(a) all thickness of materials for pumps with a nominal

inlet pipe size 6 in. (150 mm) diameter and smaller
(b) materials for pumps with all pipe connections of

5/8 in. (16 mm) nominal pipe wall thickness and less
(c) materials with a nominal section thickness of 5/8 in.

(16 mm) and less
(d) bars with a nominal cross‐sectional area of 1 in.2

(650 mm2) and less
(e) austenitic stainless steels
(f) nonferrous materials

U-1321.2 Impact Test Procedure.
U-1321.2.1 Charpy V‐Notch Tests. The Charpy

V‐Notch Test shall be performed in accordance with
SA-370. Specimens shall be in accordance with SA-370,
Figure 11, Type A. A test shall consist of a set of 3 full‐size
10 × 10 mm specimens. The test temperature and lateral
expansion shall be reported in the Certified Material Test
Report.

U-1321.2.2 Location and Orientation of Test Spe-
cimens. Impact test specimens shall be removed from
the locations and orientations specified by the material
specification for tensile test specimens in each product
form.

U-1321.2.3 Test Requirements and Acceptance
Standards. Three Charpy V‐Notch specimens shall be
tested at a temperature equal to or lower than the lowest
service temperature. All three specimens shall meet or ex-
ceed 15 mils (0.45 mm) lateral expansion. Lowest service
temperature is the minimum temperature of the fluid re-
tained by the pump. The lowest service temperature shall
be specified in the Design Specification.

U-1321.2.4 Retests. One retest at the same tem-
perature may be conducted provided
(a) not more than one specimen per test is below the

minimum requirements, and
(b) the specimen not meeting the minimum require-

ments is not lower than 5 mils (0.13 mm) below the spe-
cified requirements

U-1400 FABRICATION REQUIREMENTS

Category 3 through 5 items shall be fabricated in accor-
dance with the requirements of U-1400 and shall be man-
ufactured from materials which meet the requirements of
U-1300.

U-1410 CERTIFICATION OF MATERIALS AND
FABRICATION BY PUMP
MANUFACTURER

The pump manufacturer shall provide certification that
all treatments, tests, repairs, or examinations performed
on pump items are in compliance with the requirements
of this Appendix. Reports of all required treatments and
the results of all required tests, repairs, and examinations
performed shall be maintained in accordance with
NCA‐3862.1 or NCA‐4134.17.

U-1420 MATERIAL IDENTIFICATION

Material for Category 3 and 4 items for Class 1 and 2
pumps shall carry identification markings, including heat
treatment grade either directly on the item or on a sepa-
rate tag that accompanies the item, which will be main-
tained during and after assembly.

U-1430 EXAMINATION OF MATERIALS

Bars and forgings for Category 3 pump shafting for Class
1 pumps, shall be ultrasonically examined in accordance
with NB‐2542 and NB‐2547. Materials for Class 1 pumps,
Category 3 items and Category 4 impellers for Class 1
pumps shall be examined on all external and accessible in-
ternal surfaces by the magnetic particle or liquid pene-
trant method in accordance with Section V. The
examination may be performed by the Material Manufac-
turer, Material Supplier, or the pump manufacturer (see
U-1313). Acceptance standards for magnetic particle
and/or liquid penetrant examination shall be as follows.
(a) Only indications with major dimensions greater than

1/16 in. (1.5 mm) shall be considered relevant.
(b) The following relevant indications are unacceptable:

(1) any linear indications greater than 1/16 in.
(1.5 mm) long for materials less than 5/8 in. (16 mm) thick;
greater than 1/8 in. (3 mm) long for materials from 5/8 in.
(16 mm) thick to under 2 in. (50 mm) thick; and 3/16 in.
(5 mm) long for materials 2 in. (50 mm) thick and greater;
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(2) rounded indications with dimensions greater than
1/8 in. (3 mm) for thicknesses less than 5/8 in. (16 mm) and
greater than 3/16 in. (5 mm) for thicknesses 5/8 in. (16 mm)
and greater;

(3) four or more indications greater than 1/16 in.
(1.5 mm) in a line separated by 1/16 in. (1.5 mm) or less
edge to edge;

(4) ten or more indications greater than 1/16 in.
(1.5 mm) in any 6 in.2 (4000 mm2) of area whose major
dimension is no more than 6 in. (150 mm) with the dimen-
sions taken in the most unfavorable location relative to the
indications being evaluated;

(5) linear nonaxial indications.

Materials for Category 4 and 5 items for Class 1 pumps
and for Category 3, 4, and 5 items for Class 2 and 3 pumps
shall be examined in accordance with the material specifi-
cation. When Category 4 or 5 material forms an integral or
welded extensions to Category 1 material (see U-1120),
the examination required for the Category 4 or 5 portion
shall be in accordance with this Appendix. In addition,
the requirements for the examination of the Category 1
portion shall be applied for a distance of at least 2t (t is
thickness of the Category 4 or 5 material) from the Cate-
gory 1 boundary as defined by the pump designer.

U-1431 Time of Examination

Magnetic particle or liquid penetrant examination shall
be performed in the finished conditions, after all heat
treatment operations and postweld heat treatment, except
that threaded items may be examined prior to threading.
Examinations shall be performed prior to any coating or
plating. Lapping of seating surfaces to reduce leakage
or lapping of bearing surfaces shall not require
reexamination.

U-1432 Elimination of Surface Defects

(a) Unacceptable surface defects shall be removed by
grinding or machining, provided:

(1) the remaining thickness of the section is not re-
duced below the minimum required by the design;

(2) the depression, after grinding or machining, is
blended uniformly into the surrounding surface and the
depression does not affect the function of the item;

(3) after grinding or machining, the area is examined
by the method which originally disclosed the defect to as-
sure that the defect has been removed or the indication re-
duced to an acceptable size.

(b) If grinding or machining reduces the thickness of the
section below the minimum required by the design, the
item may be repaired and returned to an acceptable size.

U-1440 REPAIR BY WELDING OF CATEGORY 3, 4,
AND 5 PUMP ITEMS

(a) Category 3, 4 and 5 items for Class 1, 2 and 3 pumps
may be repaired by welding using the provisions of Sec-
tion IX for materials in Table U-1610-1 with assigned
P‐numbers provided the requirements of the following
subparagraphs are met.

(b) Until such time as P‐numbers are assigned, welding
of those materials without P‐numbers shall be separately
qualified as required by Section IX.

(c) Bolts, studs, nuts, and material for which welding is
prohibited by Note (2) of Table U-1610-1 shall not be re-
pair welded.

U-1441 Defect Removal

The defect shall be removed or reduced to an acceptable
size by suitable mechanical or thermal cutting or gouging
methods and the cavity prepared for repair.

U-1442 Qualification of Welding Procedures and
Welders

(a)When impact tests of Category 3 items are required,
the impact testing requirements of U-1321.2.3 shall be
met in the heat affected zone regardless of filler metal
used and in the weld metal for all material except austeni-
tic and nonferrous filler metal.

(b) Except as permitted in (c) below, the welding proce-
dure and welders or welding operators shall be qualified
in accordance with Section IX.

(c) Heat‐treated materials listed in Table U-1610-1
which are not capable of passing bend tests required by
Section IX for procedure or performance qualification
may be qualified by a Fillet Weld Test in accordance with
QW‐180. In addition, a minimum of two cross sections of
the qualification test plate (assembly) shall be ground
and etched with a suitable etchant and visually examined
at 10 × magnification. The weld metal and adjacent base
material of the ground and etched cross sections shall be
free of cracks.

U-1443 Blending of Repaired Areas

After repair, the surface shall be blended into the sur-
rounding surface.

U-1444 Examination of Repair Welds

Each repair weld of materials for Category 3 items for
Class 1 pumps shall be examined by the method that ori-
ginally disclosed the defect. The finished surface shall be
examined by either the magnetic particle or liquid pene-
trant method in accordance with Section V. The accep-
tance standards shall be those specified in U-1430(a)
and U-1430(b). Repair welds of materials for the other ca-
tegories shall be in accordance with the material
specification.
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U-1445 Heat Treatment After Repair

(a) Materials listed in Table U-1610-1 which are re-
paired by welding shall be heat treated in accordance with
the requirements of NB‐4600, NC‐4600 and ND‐4600 as
applicable, or as allowed by (c) below.
(b) Materials listed in Table U-1610-1 which are re-

paired by welding shall be heat treated and tempered or
aged after repair, except as allowed by (c) below. The
minimum tempering or aging temperature shall be as spe-
cified in Table U-1610-1 for the finished item.
(c) Repair weld procedures for welds not exceeding the

lesser of 3/8 in. (10 mm) or 10% of the section thickness
shall be qualified by test weld specimens meeting the ten-
sile and bend test requirements of Section IX, without
PWHT, for the material repaired.

U-1446 Repair Weld Report

A record shall be made of each defect repair of Category
3 items for Class 1 pumps in which the depth of the repair
cavity exceeds the lesser of 3/8 in. (10 mm) or 10% of the
section thickness. The record shall include the location
and size of the repaired cavity, the welding material, the
welding procedure, the heat treatment, and the examina-
tion results.

U-1450 WELDING REQUIREMENTS

Except as permitted in U-1442 and U-1451, all welds
shall be made using qualified welding procedures and
welders or welding operators in accordance with Section
IX.

U-1451 Special Fabrication Welds

Fillet welds and partial penetration welds 1/4 in. (6 mm)
and less in size may be made in the fabrication of pump
items or between pump items where either of the items
is a material listed in Table U-1610-1 provided welding
is not prohibited by Note (2) in Table U-1610-1, and the
procedures and welders are qualified as follows:
(a) a test assembly shall be made for each combination

of materials to be welded.
(b) the test assembly shall be a duplicate of the produc-

tion weld joint or a groove butt weld 1/4 in. (6 mm) mini-
mum thickness.
(c) the test assembly shall be sectioned (a minimum of

four cross sections), ground, etched with a suitable etch-
ant, and visually examined at 10 × magnification. All sur-
faces of the weld and adjacent base material(s) shall be
free of cracks.

U-1452 Examination of Welds

All welds shall be examined by the magnetic particle or
liquid penetrant method in accordance with Section V. The
time of examination shall be in accordance with NB‐5120,
NC‐5120 and ND‐5120. Acceptance standards shall be as
follows.

U-1453 Acceptance Standards

(a) Only indications with major dimensions greater than
1/16 in. (1.5 mm) shall be considered relevant.
(b) The following relevant indications are unacceptable:

(1) any cracks or linear indications
(2) rounded indications with dimensions greater than

3/16 in. (5 mm)
(3) four or more rounded indications in a line sepa-

rated by 1/16 in. (1.5 mm) or less edge to edge
(4) ten or more rounded indications in any 6 in.2

(4000 mm2) of surface with the major dimensions of this
area not to exceed 6 in. (150 mm), with the area taken in
the most unfavorable location relative to the indications
being evaluated

U-1454 Heat Treatment of Welds

(a) Postweld heat treatment of welds which join materi-
als listed in Table U-1610-1 shall be in accordance with
the postweld heat treatment requirements of NB‐4620,
NC‐4620 or ND‐4620, as applicable.
(b) Postweld heat treatment of welds which join materi-

als listed in Table U-1610-1 shall be in accordance with
the postweld heat treatment requirements of NB‐4620,
NC‐4620, or ND‐4620, as applicable. Special techniques,
such as local postweld heat treatment, may be necessary
to avoid changing the base material properties of the item
in location not adjacent to the weld. A change in the speci-
fied postweld heat treatment temperature will require re-
qualification of the WPS in accordance with Section IX,
QW‐407.1.
(c) Postweld heat treatment of welds which join materi-

als listed in Table U-1610-1 to materials listed in Section
II, Part D, Table 1A shall be in accordance with the post-
weld heat treatment requirements of NB‐4620, NC‐4620
or ND‐4620, as applicable. Special techniques, such as lo-
cal postweld heat treatment, may be necessary to avoid
changing the base material properties of the item in loca-
tion not adjacent to the weld. A change in the specified
postweld heat treatment temperature will require requa-
lification of the WPS in accordance with Section IX,
QW‐407.1.
(d) Postweld heat treatment of welds for joining materi-

als listed in Table U-1610-1 shall be in accordance with
the heat treatment specified for the material of the fin-
ished item, i.e., the heat treatment required to obtain the
tensi le strength and/or yield strength l isted in
Table U-1610-1.
(e) Materials listed in Table U-1610-1 subject to materi-

al specification heat treatment after repair welding shall
be welded to a procedure which shall demonstrate that
the required strength can be met in the weld without af-
fecting the properties of the base material.
(f) For fillet welds and partial penetration welds 1/4 in.

(6 mm) and less in size, postweld heat treatment is neither
required nor prohibited, provided the requirements of
U-1451 are met.
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NONMANDATORY APPENDIX W

ARTICLE W-1000
ENVIRONMENTAL EFFECTS ON COMPONENTS

W-1100 INTRODUCTION

This Appendix presents guidance summaries for poten-
tial service degradation mechanisms not explicitly covered
by ASME Section III Code design requirements. Although
such service degradation is not addressed in the Code, Sec-
tion III recognizes the need for the Owner to provide re-
quirements to limit material deterioration to acceptable
levels for the life of the component. The following excerpt
from NCA‐1130 of Section III expresses the intent of the
Code in this respect.

“The rules of this Section provide requirements for new
construction and include consideration of mechanical and
thermal stresses due to cyclic operation. They do not cover
deterioration, which may occur in service as a result of ra-
diation effects, corrosion or erosion. These effects shall be
taken into account with a view to realizing the design or
the specified life of the components.”

With the preceding requirements to address service de-
gradation mechanisms in mind, the objective of this ap-
pendix is to provide further guidance in that area. The
limitations and scope of that guidance are addressed
below.

Summaries of potential damage mechanisms, due to
service and environmental effects, are presented on the
following pages. Prevention of component degradation,
beyond acceptable limits, by these mechanisms should
be considered in addition to explicit Code design require-
ments. The following summaries provide descriptions and
experience for each mechanism, illustrating specific areas
of possible concern based on past experience. This experi-
ence description does not include degradation that has not
been significant to date, or that may be newly introduced
by system modifications or new applications. Such compo-
nents should also be thoroughly evaluated for service de-
gradation when damage mechanisms are thought to be
possible.

Material selection, treatment and testing, design limita-
tions, and mitigating actions based on a review of the lit-
erature and industry practice are also summarized for
each damage mechanism.

W-1110 SCOPE

The guidance on service degradation mechanisms in
this Appendix is not intended to give final details, but
rather to provide summaries and references as starting
points for more detailed evaluations of specific applica-
tions. This intent is discussed further at the beginning of
the next section. It may be found that such detailed evalua-
tions, on a case‐by‐case basis, may justify different materi-
al selections, design and operation limits than those
summarized here.

Also, emphasis is placed on relatively well known pro-
blem areas, based on past experience, and additional areas
of concern (not covered in this Appendix) may emerge in
the future. Further theoretical projections and laboratory
test programs outside the scope of this Appendix may gain
some insight as to emerging and future problems.

W-1200 SECTION XI AND PLEX
APPLICATIONS

Along with providing guidance and a starting point for
ASME Section III material and design considerations to
minimize service degradation, this report is relevant to
ASME Section XI and plant life extension (PLEX) evalua-
tions. Consideration of these damage mechanisms and
the service degradation of components should be a part
of establishing Section XI in‐service inspection (ISI) and
surveillance programs, and in projecting plant life exten-
sion limits.

2013 SECTION III APPENDICES

369

-
-
`
`
,
,
,
,
,
`
`
`
`
,
`
,
`
,
`
,
`
,
`
`
`
,
,
,
,
-
`
-
`
,
,
`
,
,
`
,
`
,
,
`
-
-
-



ARTICLE W-2000
SUMMARIES OF CORROSION DAMAGE MECHANISMS

W-2100 STRESS CORROSION CRACKING

W-2110 GENERAL DESCRIPTION

Stress corrosion cracking (SCC) is a corrosion mechan-
ism that forms cracks in susceptible material in the pre-
sence of an aggressive environment and tensile stresses
(refs. [1]–[3]). SCC can result in component failure, com-
ponent leakage, plant shutdowns, augmented inservice in-
spection, analysis and repairs, and eventual replacement,
depending on the component.

Stress corrosion cracks may be intergranular or trans-
granular in nature, depending on the material, level of
stress, and the environment. Intergranular stress corro-
sion cracking (IGSCC) is characterized by preferential at-
tack along grain boundaries and can occur in pure water
or in aqueous environments in the presence of contami-
nants, such as halogens, sulfates, and lead. Transgranular
stress corrosion cracking (TGSCC) is characterized by pre-
ferential attack along certain crystallographic planes with-
in grains in metals (refs. [1] and [2]) and is normally
associated with contaminants.

Virtually all alloys used in nuclear power plant con-
struction are susceptible to SCC, depending on the envi-
ronment. For example, chlorides may cause both IGSCC
and TGSCC in austenitic stainless steels (ref. [4] and pres-
surized water reactor (PWR) steam generator Alloy 600
tubes (ref. [5]) have suffered IGSCC on both the primary
and the secondary side of the tubes with the secondary
side cracking related to concentration of chemical con-
taminants in crevices and in sludge.

W-2120 PREVENTIVE MEASURES

(a) SCC occurs when the following three conditions ex-
ist simultaneously:

(1) susceptible material

(2) tensile stress (applied and residual)

(3) an environment that can provide the chemical
driving force for corrosion reaction

A graphic representation of this phenomena is shown
in Figure W-2100-1. The elimination of any one of these
factors or reduction of one of these factors to some thresh-
old level eliminates SCC (ref. [6]).

(b) Numerous preventive measures and remedies have
been proposed and studied with regard to SCC. These re-
medies are generally categorized into three areas, combat-
ing the three necessary ingredients for SCC.

(1) careful selection of materials aimed at preventing
the use of materials susceptible to SCC in the service
environment

(2) employing design features and processing techni-
ques aimed at tensile stress reduction

(3) eliminating or reducing the severity of the corro-
sive environment through proper in‐service chemistry
control
These remedies are discussed below.

W-2130 MATERIALS

Control and prevention of SCC can be achieved through
judicious material selection. Considerable testing (refs. [3]
and [7]) has been performed to justify the use of certain
materials in potential IGSCC situations that have been ob-
served in BWR and PWR applications.
For example, the low carbon austenitic stainless steels

such as Type 316 Nuclear Grade, Type 347 Nuclear Grade,
and CF3 and CF3M castings have been described (Refs. [7]
and [8]) as being resistant to IGSCC in high temperature
water environments. Types 304NG, 304L and 316L are
also considered (ref. [8]) adequate. At least 8% delta fer-
rite is desired in stainless steel castings and 308L weld
metal to provide resistance to IGSCC in boiling water reac-
tor (BWR) applications (ref. [8]). High toughness, low

Figure W-2100-1
Environmental Conditions Required for SCC
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strength carbon steel grades, with specified minimum
yield strength of 35 ksi or lower is also an alternative,
where suitable (ref. [8]). Alloy 82 nickel base weld metal
is considered to be resistant in most of the BWR and
PWR environments (refs. [8], [9], and [19]). Alloy 600, Al-
loy X‐750, and Alloy 182 weld metal have been shown to
be susceptible to IGSCC under some BWR and PWR condi-
tions]. Pickling of Ni‐Cr‐Fe alloys has been shown to re-
duce material resistance to SCC (ref. [9]).

In austenitic stainless steels, sensitization and cold
work from bending and forming render the material sus-
ceptible to stress corrosion cracking in certain environ-
ments. These materials, therefore, should be solution
heat treated and water quenched after welding and hot
or cold forming, although this requirement may be molli-
fied when procedures are qualified for the SCC‐resistant
materials listed above (ref. [9]). Cold‐worked austenitic
stainless steels have been used successfully in PWRs in a
variety of special applications, particularly fasteners, pins
and drive mechanisms. Additional process controls should
be implemented in such applications to negate the in-
creased risk of IGSCC (ref. [9]). Grinding of welds in areas
exposed to the environment should be minimized (ref.
[3]). Grinding can produce very small fissures, increase
the exposed surface area and produce a cold‐worked mi-
crostructure. All three of these conditions can increase
material susceptibility to SCC (ref. [9]). Fabrication proce-
dure qualifications and material acceptance testing for re-
sistance to IGSCC may be in accordance with the constant
extension rate method (ref. [3]) or ASTM A262 practices A
and E (refs. [10] and [11]).

Increased resistance to IGSCC may be gained for ferritic
bolting materials by specifying reduced yield strength
(less than approximately 120 ksi (800 MPa) minimum
specified) material where practical (ref. [12]) and by uti-
lizing materials produced by high purity melting proce-
dures (ref. [13]). For certain environmental conditions
and applications, some materials may be shown by speci-
fic evaluations to be acceptable at higher strength levels
than the above guideline. Proper heat treatment in materi-
als such as X‐750 is important as well as strength. Control
of bolting lubricants and degreasing to prevent contami-
nation with sulfur and other harmful environments is es-
sential (ref. [12]).

In PWR steam generator tubes, changing the fabrication
heat treatment has reduced material susceptibility to cer-
tain environments. In addition, changes in alloy element
concentrations can influence susceptibility of the material
to certain environments. For instance, thermally treated
Alloy 600 has improved resistance to primary water SCC
over mill annealed Alloy 600 and Alloy 690, with a higher
chromium content than Alloy 600, is considered immune
to primary water SCC.

A particular case where IGSCC has occurred is in auste-
nitic stainless steels in oxidizing environments, such as the
BWR coolant (ref. [1]). IGSCC in Type 304 stainless steel
piping as well as in Type 304 and Alloy 600 safe‐ends
has been a concern (refs. [1] and [3]).

Bolting materials, such as SA 320, Gr L43 and X‐750 are
also susceptible to IGSCC and can suffer relatively rapid
failure (ref. [12]). PWR boron injection tank nozzles,
man ways, boric acid piping and high pressure feedwater
heaters (ref. [14]), as well as Alloy 600 tubes (ref. [5])
have suffered IGSCC.

Mitigating actions for condenser tubes made of copper
base alloys include eliminating ammonia SCC by using re-
sistant tube alloys (such as 70‐30 copper nickel), main-
taining low ammonia, and minimizing the ingress of
oxygen and carbon dioxide (ref. [15]). Sulfates, nitrites,
and nitrates should be minimized (ref. [15]). Keeping the
tubing clean and reducing residual stresses are also im-
portant (ref. [15]). For stainless steel and titanium con-
denser tubes, the actions include keeping the tubing
clean and avoiding certain chloride environments (ref.
[5]).

Design changes to reduce SCC susceptibility should not
impact on other design considerations. For example, clad-
ding of the inside surface of an existing pipe with a corro-
sion resistant material such as 308L with at least 8% delta
ferrite (refs. [8] and [16]) may provide corrosion resis-
tance, but it may also, under certain conditions, compro-
mise the inspectability of welds by ultrasonic testing (UT).

W-2140 STRESS CONTROL
Minimizing applied loads and residual stresses (such as

induced by welding) reduces one of the major driving
forces for IGSCC (ref. [1]). Stresses associated with the cor-
rosion process are often linked to fabrication and installa-
tion. Welding (ref. [1]) residual tensile stresses can be
major contributors to the driving force for stress corrosion
cracking. Cold working, grinding, bending and high heat
input welding should be minimized, unless followed by a
qualified heat treatment procedure (as for shop‐fabricated
components).

Methods such as shot peening, heat sink welding (HSW),
induction heating stress improvement (IHSI), and me-
chanical stress improvement (refs. [8], [16], and [17])
can be used to place the inside diameter of piping in a
compressive residual stress state to resist SCC.

W-2150 ENVIRONMENT
Keeping materials clean during fabrication is also im-

portant (ref. [13]).
Stagnant fluid regions should be avoided, as should cre-

vices (ref. [8]). Weld joints should be designed to avoid in-
tegral back‐up rings or back‐up bars that are left in place
and can create a crevice.

During plant startup or extended downtime due to re-
pair, replacement or long refueling outages, plant systems
cool down and the water can become quite oxidizing
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unless the primary and secondary systems are made inert
(ref. [2]). Remedies include oxygen control during startup,
de‐aeration, and hydrogen water chemistry methods for
BWRs (refs. [8], [16], and [17]). The presence of sulfur,
chlorine, or fluorine in the water, possibly as a result of re-
sin intrusions or other off‐chemistry conditions, can create
further problems.
Sulfide ions can cause hydrogen embrittlement in the

higher strength steels (e.g., bolting) even at low tempera-
tures in oxidizing environments (ref. [2]).
For temperatures below 200°F, IGSCC is not a signifi-

cant concern for austenitic stainless steels in oxidizing
water environments (refs. [1] and [8]), in the absence of
chlorides and sulfates. In the presence of chlorides (ref.
[18]), or sulfides (ref. [2]) IGSCC can occur at tempera-
tures as low as room temperature (Ref. [18]). The pre-
sence of sulfates and chlorides or fluorides can lead to
transgranular stress corrosion cracking in all austenitic
stainless steels, even in the absence of oxygen.
For PWRs, improved chemistry control and contami-

nant reduction can reduce the occurrence of SCC. In addi-
tion, sludge removal from steam generators can be
effective as it eliminates sites where corrosive chemical
species can concentrate and form an aggressive
environment.
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W-2200 GENERAL CORROSION AND
WASTAGE

W-2210 GENERAL DESCRIPTION

General corrosion is the thinning or loss (wastage) of a
metal, more or less uniformly by chemical attack (dissolu-
tion) at the surface by an aggressive environment (ref.
[1]). Some consequences of such damage are wall thinning
(which in the case of tubes or pipes can cause rupture or
leakage), reduction of cross‐sectional area of bolting (lead-
ing to failure), metal removal from valve seats (causing
leakage), and buildup of corrosion products which can re-
sult in turbidity and other problems. Steam generators
have experienced wall thinning (refs. [2]–[4]) as have car-
bon and steel tubes in feedwater heaters (ref. [5]), and
tubes in steam condensers (ref. [6]). Steam separators, re-
heaters and steam piping have also experienced general
corrosion, but more in the mode of flow accelerated corro-
sion (ref. [7]).

W-2220 MATERIALS

Materials and environment combinations have been ca-
tegorized (ref. [1]) with regard to surface metal removal
(generation) rates. Generally, corrosion at less than
0.005 in./yr (0.127 mm/yr) is considered reasonably
low, depending on design specifics of the component being
considered. Components requiring high tolerances in de-
sign such as valve seats and pump shafts will need more
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corrosion resistance. In some cases, tanks, piping and
valve bodies can operate with higher corrosion rates,
when compensatory wall thickness is added in design.
However corrosion rates at greater than 0.005 in./yr
(0.127 mm/yr) should generally be avoided by judicious
material selection and control of the environment.

Higher Cr, Mo, and Al content in alloys can serve to re-
duce corrosion (ref. [1]). Also, the use of small additions of
Cu or Ni to carbon steel for added corrosion resistance is
common, especially for applications with impure water. In
cases of extreme general corrosion, stainless steel may be
required; however, this can lead to other potential pro-
blems such as stress corrosion cracking in cases of rela-
tively high oxygen water at temperatures greater than
approximately 200°F (95°C) (ref. [8]). Other alloys that
are considered to be passivated and resistant to general
corrosion, similar to stainless steel, are alloys with greater
than 30 to 40% Ni and greater than 8% Cr (ref. [1]),
although these alloys may also experience problems in
certain applications (ref. [6]). Materials may also be made
resistant to corrosion by cladding, coating, and cathodic
protection, where appropriate (ref. [9]).

Qualification of cladding procedures should be per-
formed to demonstrate freedom from underclad cracking,
when cladding is to be deposited on materials that are
known to be susceptible to this form of degradation. Clad-
ding may also be examined to ensure freedom from under-
clad cracking or adequate bond to the base metal as
required for the specific application. Proper control of
base metal dilution, as‐deposited cladding chemistry,
and ferrite content should also be considered to ensure
adequate resistance to corrosion or SCC.

The life of equipment can sometimes be assessed based
on simple immersion tests. However, at times the plant op-
erational conditions can often lead to environments that
may be more severe than those anticipated.

Additional information on materials requirements may
be found in ref. [11].

W-2230 DESIGN

A number of general design rules should be followed,
where possible, to avoid increasing the potential for corro-
sion problems (ref. [9]). Crevices and sharp notches
should be avoided. Tanks should be designed for easy
drainage, cleaning and replacement of critical parts that
may experience degradation. Electrical contact should be
avoided between dissimilar metals. Design should not in-
clude sharp bends in piping and residual strains due to
hot or cold forming should be alleviated. Local heating
and hot spots during operation should be prevented, air
(oxygen and carbon dioxide) should be excluded where
possible, and heterogeneities such as dissimilar metals
should be avoided where possible. Long‐term leakage
and incompatibility with the environment can lead to bolt-
ing wastage. Other factors to consider in engineering in-
clude lowering the temperature and fluid velocity
(although stagnant flow regions should be avoided) to

practical limits in order to reduce corrosion tendencies
(ref. [9]). The analysis of water composition may also be
performed in order to identify possible corrosion
processes.

W-2240 MITIGATING ACTIONS
In addition to prudent material selection and design fea-

tures, temperature and fluid conditions can also be con-
trolled during operation. Water purity campaigns can
also be implemented. Sulfates and halogens, which can ex-
acerbate corrosion, should be avoided. Corrosion inhibi-
tors (and oxygen scavengers) can be added, although
this must be done carefully as other problems can arise.
It has been learned (ref. [4]) that phosphates, such as so-
dium phosphate, can build up in sludge deposits and cause
severe corrosion when added to secondary side water in
steam generators. Proper pH and venting of CO2 and H2

S gases, where applicable, can also mitigate corrosion
(refs. [9] and [10]). Oxidizing environments during plant
startup or extended downtime should be avoided when
possible or the oxygen content should be minimized be-
fore temperature reaches the values critical for the initia-
tion of damage. The system should be protected by an
inert environment during extended outages, where
practical.
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W-2300 PITTING CORROSION

W-2310 GENERAL DESCRIPTION

Pitting corrosion is a form of localized attack, with
greater corrosion rates at some locations than at others
(refs. [1]–[3]). Pitting can be very insidious and destruc-
tive, with sudden failures (especially in tubes) occurring
by perforation (refs. [1] and [2]). This form of corrosion
essentially produces “holes” of varying depth to diameter
ratios in the materials. These pits are, in many cases, filled
with oxide debris, especially for ferritic materials such as
carbon steel. Deep pitting is more common with passive
metals, such as austenitic stainless steels, than with non‐
passive materials (refs. [1] and [2]). Pits are generally
elongated in the direction of gravity (refs. [1] and [2]).
In many cases, corrosion‐erosion, fretting corrosion, and
crevice corrosion can also lead to pitting (ref. [1]).
Corrosion pitting is an anodic reaction, and is an autoca-

talytic process. That is, the corrosion processes within a
pit produce conditions that stimulate the continuing activ-
ity of the pit (ref. [2]). Pits can first develop as a result of
differential aeration cells (as within crevices or under
sludge) and then convert to passive‐active cells, where
the pit is an anode and the surrounding surface is a cath-
ode. High concentrations of impurity anions, such as chlor-
ides and su l f a t e s , t end to concen t r a t e in the
oxygen‐depleted pit region, giving rise to concentrated ag-
gressive solution in this zone (ref. [2]).
Pitting has been found on the outside diameter of steam

generator tubes, where sludge or tube scale was present.
This has been postulated to occur due to air exposure
and chlorides, with aggravation by copper species, during
both lay‐ups and full power (refs. [4] and [5]). Pitting has
also occurred in condenser tubes and other heat exchan-
gers under deposits such as sludge (ref. [6]). It can also oc-
cur at locations of relatively stagnant coolant or water,
such as in carbon steel pipes for service water lines, and
at crevices in stainless steel, such as at the stainless steel
cladding between vessel closure flanges.

W-2320 MATERIALS

Cu‐Ni condenser tubes are generally preferred over
brass for pitting resistance in brackish or polluted waters
(ref. [1]). However, if the polluted waters contain sulfides,
rapid attack may occur on Cu‐Ni alloys (refs. [10] and
[11]). Additions of iron (about 1.0–1.75 wt. %) and man-
ganese (0.75 wt. % maximum) can help resist pitting in
these tubes, as can optimizing the Cu‐Ni balance (ref.
[1]). Titanium tubes are considered to be quite resistant
to pitting for condenser tubes (ref. [1]).
Austenitic stainless steels should be solution heat trea-

ted above 1800°F (980°C) and water quenched for the
best resistance to pitting (ref. [2]). Type 316 is considered
superior to Type 304 in pitting initiation resistance (be-
cause of added molybdenum). Low carbon grades are also
more resistant to pitting corrosion than Type 304 or 316

in the non‐solution anneal condition (ref. [2]). A rough
surface finish should be avoided to minimize pitting (ref.
[2]).
Ordinary carbon and low alloy steels can show less pit-

ting than stainless steels in some applications, but their
general corrosion rates may be prohibitive (ref. [2]). Add-
ing small amounts of copper (about 0.30 wt. %) to carbon
steel, or using high strength low alloy steels can increase
resistance to pitting above that for plain carbon steel
(ref. [9]).
Additional information on materials requirements may

be found in ref. [12].

W-2330 DESIGN

Stagnant fluid conditions, possible during extended
outages and in some designs, should be avoided (ref.
[2]). Dead legs also result in stagnant fluid conditions, they
too should be avoided. Crevices, which lead to such stag-
nant conditions, should also be avoided (ref. [1]).
Pitting is a strong function of oxygen level and chloride

ion concentration for both carbon steels (ref. [8]) and
steam generator and heat exchanger tubing materials
(refs. [4] and [5]). Thus, the ingress of chlorides, air and
copper should be minimized into steam generators and
other systems (ref. [4]). In fact, heavy chlorination of
water by chemical additives in shock treatment to combat
MIC (micro biologically induced corrosion) should be eval-
uated for tendencies to lead to pitting (refs. [2], [3], and
[9]). Sulfur ions can also exacerbate pitting (ref. [3]). Alter-
nate wetting and drying can concentrate aggressive ion
species, such as sulfates, chlorides, hydroxides and ni-
trates, which cause pitting in carbon steels, alloy steels,
stainless steels and other alloys (refs. [1] and [2]). As a
rule, temperatures should be kept as low as possible
(ref. [6]).

W-2340 MITIGATING ACTIONS

A number of mitigating actions are possible, including
those discussed above. Cathodic protection may be imple-
mented, where practical (ref. [1]). In general, crevices and
stagnant conditions should be avoided, as should oxygen
and chlorides (ref. [1]). Operation should be at the lowest
temperature possible (ref. [1]). Also, the surface can be
cleaned periodically with alkaline cleaners (ref. [1]). It
should be noted that one class of inhibitors, namely anodic
inhibitors, such as chromates, can actually increase pitting
intensity, in some cases (ref. [2]), and must be used with
care, if at all.
Sludge and tube scale can be minimized by actions such

as sludge lancing, flushing, or chemical leaching (ref. [4]).
Mill scale on carbon steel can also exacerbate pitting and
should be removed (ref. [9]).
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W-2400 CREVICE CORROSION AND DENTING

W-2410 GENERAL DESCRIPTION

Crevice corrosion is intense, localized corrosion within
crevices or shielded areas (ref. [1]). It is associated with
a small volume of stagnant solution caused by holes, gas-
ket surfaces, lap joints, crevices under bolt heads, surface
deposits, designed crevices for attaching thermal sleeves
to safe‐ends, and integral weld backing rings or back‐up
bars (refs. [1] and [2]). The crevice must be wide enough
to permit liquid entry and narrow enough to maintain
stagnant conditions, typically a few thousands of an inch
or less (ref. [1]). Crevice corrosion is closely related to pit-
ting corrosion and can initiate pits in many cases (ref. [3]),
as well as lead to stress corrosion cracking (ref. [2]).

In an oxidizing environment, a crevice can set up a dif-
ferential aeration cell and concentrate an acid solution
within the crevice (refs. [1] and [2]). The differential aera-
tion cell causes a difference in electrochemical potential,
drawing anions (such as chlorides) to the oxygen depleted

zone in the crevice (ref. [1]). The dissolution of metal with-
in the crevice leads to an excess positive charge, resulting
in the migration of negative ions (anions, such as chlor-
ides) to maintain electrical neutrality, thus further exacer-
bating the autocatalytic process (similar to pitting) (ref.
[1]). Even in a reducing environment, alternate wetting
and drying, as at steam generator tube/tubesheet or tube
support crevices, can concentrate aggressive ionic species
to cause pitting, crevice corrosion, denting, intergranular
attack, or stress corrosion cracking (ref. [2]).

Denting is due to the crevice corrosion of tube support
plate and tubesheet materials. When carbon steel cor-
rodes under reducing conditions, magnetite is produced
as a corrosion product that has approximately twice the
volume of uncorroded carbon steel, and thus squeezes
the tube outside diameter (ref. [4]). Such denting de-
creases the thermal efficiency of steam generators (ref.
[4]) and can cause cracking of the tube.

Steam generators, condensers and feedwater heaters all
experience similar problems with regard to crevice corro-
sion, especially between tubes and tube sheets or tube
support plates (refs. [4]–[6]). Boiling water reactor
(BWR) stainless steel piping and stainless steel and Alloy
600 safe‐ends have shown crevice corrosion (ref. [7]).
Bolting has a built‐in crevice in every case, and thus is also
considered with regard to crevice corrosion (ref. [8]).

W-2420 MATERIALS

All materials are prone to crevice corrosion to some ex-
tent, even nuclear grade stainless steel, depending on the
environment and crevice (ref. [7]). Carbon steels and low
alloy steels also can crevice corrode (ref. [2]). Thus, simply
replacing a material with a more corrosion resistant mate-
rial may not be sufficient, designs should be modified to
avoid crevices where possible, and water chemistries
should be controlled to mitigate aggressive environments.
However, for given applications, certain materials are pre-
ferred in order to resist crevice corrosion.

Titanium tubing is generally very good at resisting cre-
vice corrosion, Ni‐Cu alloys are less resistant, and Type
304 or 400 Series stainless steels are very susceptible to
attack at crevices (ref. [1]). Titanium and high nickel alloys
(such as Hastelloy C) are very resistant, whereas Type 430
stainless steel is quite susceptible to crevice corrosion
(Ref. [1]). High chromium stainless steel reduces the cre-
vice corrosion of steam generator support plates, and thus
mitigates the denting of tubes (ref. [4]). Titanium is gener-
ally better than high alloy stainless steels, which are better
than copper alloys for condenser tube corrosion resis-
tance (refs. [5] and [6]). However, depending on the parti-
cular service, copper alloys may be adequate, and the
longer life of titanium tubes would not be needed.

For bolting applications, the material yield strength
should be kept as low as possible, lubricants should not
be aggressive (avoid sulfides, especially), and degreasing
materials should be removed (ref. [5]), as discussed with
regard to stress corrosion cracking mitigation. In all cases,
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cold work and grinding can serve to exacerbate corrosion
and serve as initiation sites, and should be minimized (ref.
[7]).
Additional information on materials requirements may

be found in ref. [8].

W-2430 DESIGN

In general, vessels and other components should be de-
signed for complete drainage, and to avoid stagnant areas
and sharp corners. The capability for washing should be
included in the design, when practical, to prevent solids
from settling on the bottom of the vessel in crevices or
in other areas (ref. [1]). Vessels should be able to be in-
spected periodically and deposits removed.
Sound welds should be made with complete penetra-

tion; crevices should be closed in any lap joints; integral
fit‐up and weld back‐up rings or bars should not be used
(if avoidable), and weld back‐up bars should be removed
after welding (refs. [1] and [7]). Welding should be em-
ployed instead of rolling in tubes in tube sheets, where
practical (ref. [1]). The contact area between the tube
and support plate should be reduced, and seal welds
should be employed for heat exchanger design and fabri-
cation (refs. [4] and [6]). The most susceptible regions in
these components are at the end of the rolled‐in portion
of a tube and tubesheet and at the intersection of the tube
with the tubesheet (ref. [6]).

W-2440 MITIGATING ACTIONS

The foremost mitigating action is to avoid crevices and
deposits, such as dirt, sludge, and corrosion products (refs.
[1] and [4]). The corrosion of steam generator tube out-
side diameters is now generally controlled using hydra-
zine and ammonia to control pH (ref. [4]). Denting is
also related to the ingress of chlorides and oxidants (such
as oxidized copper) into steam generators (ref. [4]). In
such cases, chlorides can be concentrated up to 60,000
times in crevices, and form an acid corrosive environment
(ref. [4]). Therefore, impurity levels in feedwater should
be reduced. Denting has been shown to be arrested by
adding boric acid to secondary feedwater for steam gen-
erators (ref. [4]). In condensers, chlorides, hydrogen sul-
fide, and manganese dioxide have been found to
accelerate corrosion, and should be controlled (ref. [6]).
Ferrous sulfate can also reduce the corrosive attack of
copper alloys in condensers (ref. [6]).
In general, operation temperatures should be reduced

as low as possible, and any crevices should be flushed fre-
quently (ref. [4]). Alloys should be kept clean and free of
deposits, decaying marine life, sludge, etc. (ref. [6]). Opti-
mum velocities (greater than about 4 ft/sec) should be
maintained; cleaning, flushing, and drying should be per-
formed for extended outages; and heat and biocide pro-
grams should be implemented to minimize slime, algae,
bacteria and marine growth (ref. [6]).
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W-2500 INTERGRANULAR CORROSION
ATTACK

W-2510 GENERAL DESCRIPTION

Intergranular corrosion attack (IGA) is localized corro-
sion at or adjacent to grain boundaries, with relatively lit-
tle corrosion of grains (ref. [1]). It is caused by impurities
in the grain boundaries, or the enrichment or depletion of
alloying elements at grain boundaries, such as the deple-
tion of chromium at austenitic stainless steel grain bound-
aries (ref. [1]). When the grain boundary layer is anodic to
the grains, the layer is preferentially attacked; when the
layer is cathodic to the grains, a narrow layer around
the grains is attacked, producing the same effective result
(ref. [2]).

IGA is very similar to intergranular stress corrosion
cracking (IGSCC), except in IGA, there is widespread grain
boundary attack and grain dropout, with no single crack.
This attack can lead to a significant loss of strength and
ductility, leading to failure (ref. [3]). Stress is not necessa-
rily required for IGA (refs. [1], [3], [4], and [5]). Although
susceptibility to IGA and susceptibility to IGSCC are gener-
ally linked, a microstructure highly susceptible to IGA can
be resistant to IGSCC (ref. [6]).

Crevices are associated with IGA in many cases, as at
tubes/tube sheets, safe‐ends/thermal sleeves, and at cre-
vices formed at pipe welds by incomplete penetration
(ref. [4]).
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Like IGSCC, the conditions that will produce IGA relate
to a specific alloy in a specific condition being attacked
by a specific corrodent. Test methods have been devised
to measure the resistance of various alloys to IGA. ASTM
test methods / practices include A262 (etching tests)
G108 (Electrochemical Reaction) for austenitic stainless
steels; G 67 (weight loss for wrought 5XXX alloys) and
G110 (etching tests) for aluminum alloys; and G28 (weight
loss) for Ni‐rich, Cr‐bearing alloys such as Alloy 600 (ref.
[7]).

W-2520 MATERIALS
W-2521 Stainless Steels

When austenitic stainless steels are heated into, or slow
cooled through, the temperature range of approximately
750 to 1,500°F (400 to 815°C) chromium carbides can
be formed, thus depleting the grain boundaries of chro-
mium and decreasing their corrosion resistance (refs.
[1], [3], and [5]). This “sensitized” microstructure causes
susceptibility to IGA. As sensitization is often associated
with welding, this attack is often called “weld decay”
(ref. [1]).

High chromium ferritic stainless steels, such as Type
430, also experience susceptibility to IGA (refs. [1], [3],
and [5]).

Higher carbon (about 0.04 wt. % C or above) austenitic
stainless steels have shown IGA when in a susceptible con-
dition and exposed to an aggressive environment (refs.
[4], [12], and [13]).

W-2522 Aluminum Alloys

Section II Part D allows for the use of some aluminum
alloys. Of particular concern are the 5000 series of alumi-
num alloys that are allowed for Class 3 construction and
are known to be susceptible to IGA, due to the formation
of a continuous bend of Mg2 Al3 (ref. [7]).

W-2523 Nickel Alloys

Nickel alloys such as Alloy 600 experience IGA in the
presence of certain sulfur environments (ref. [5]) or when
austenitic stainless steel weld filler metal is inadvertently
used on Ni‐Cr‐Fe alloys.

IGA has also been found in steam generators on the sec-
ondary side, in areas where impurities concentrated due
to boiling under restricted flow such as the tube to tube-
sheet crevice or underneath the sludge pile (ref. [8]). In
this case, a de‐aerated caustic solution is developed. The
presence of sulfur also seems to be deleterious (ref. [8]).

Accelerated corrosion tests have also shown that lead
contaminated PWR secondary water (ref. [9]) and
chloride‐based solutions (Ref. [10]) can also lead to IGA
of Alloy 600.

It has also been demonstrated that Alloy 690, despite its
improvements over Alloy 600, can still be susceptible to
IGA in caustic environments depending on the level of
aeration (ref. [11]).

W-2524 Other Alloys

As noted previously, virtually every alloy will be suscep-
tible to IGA, depending on the environment. Therefore, the
susceptibility of any alloy used in construction should be
carefully considered with respect to the environment that
the alloy will be exposed to. Microbiological corrosion, for
instance, can influence IGA (ref. [6]).

W-2530 DESIGN

Crevices should be avoided in design and in fabrication
(ref. [4]). Cold and hot forming should be limited or fol-
lowed by solution heat treatment, unless tested to be
shown resistant to IGA through procedure qualifications.
Alternate wetting and drying, as in steam generator
tube/tubesheet or the support plate crevices can concen-
trate aggressive species to cause IGA or other forms of cor-
rosion (ref. [4]).

Water chemistry should be controlled to limit impuri-
ties such as chlorides, sulfur‐related ions, phosphates
and oxygen. Intrusion of sulfur‐related ions during startup
and extended outages, with oxidizing conditions, is to be
avoided (ref. [4] and [13]).

W-2540 MITIGATING ACTIONS

Post‐weld heat treatment (PWHT) usually is not per-
formed for welds of austenitic stainless steel or Alloy
600 (ref. [1] and [3]) since it can result in sensitizing a sus-
ceptible material. Bimetallic welds, as in the case of joining
an austenitic stainless steel to a ferritic piping material,
can receive PWHT as a requirement for the ferritic mate-
rial in some cases (ref. [11]). Care must be taken to either
use a nonsusceptible material (ref. [12]) or to avoid PWHT
in these cases. Welding heat input should also be kept to
the lowest practical levels to mitigate residual stresses
and sensitization (ref. [1]).

Alternate materials may be selected for resistance to
IGA (efs. 12 and 15). Three main alternatives are consid-
ered when decreasing the susceptibility of austenitic
stainless steels to IGA (and IGSCC): (1) solution heat treat-
ment, (2) lower carbon content, and (3) adding elements
to stabilize carbon (and prevent chromium carbide preci-
pitation) (refs. [1] and [3]). Generally L‐grade stainless
steels with 0.03 wt. % C or less are considered (refs. [1]
and [3]) quite resistant to IGA, although in some cases nu-
clear grade Type 316 or other alloys are preferred (refs.
[12] and [15]) with 0.02 wt. % C or less. Elements such
as Nb, Ta, or Ti are added to grades of austenitic stainless
steel (Types 347 and 321) to stabilize the carbon (refs. [1]
and [3]). It must be recognized though that even these ma-
terials are not immune to IGA when in an improper condi-
tion. A phenomenon known as “knife‐line attack” can
occur in stabilized grades when Nb (or Ti or Ta) and C dis-
solve at very high temperatures [as at 2,600°F (1 425°C),
when welding] and stay in solution when water quenched
or rapidly cooled. Upon reheating or slow cooling within
the sensitization range [ 750°F to 1,500°F (400°C
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to 815°C)] for austenitic stainless steels, the Nb stays in
solution, but chromium carbides precipitate and deplete
chromium from a narrow band immediately adjacent to
the weld (ref. [1]). This depletion can occur during a sub-
sequent post‐weld heat treatment (PWHT), which is not
advised for these materials (ref. [1]).
The heat input of welding should be kept to a minimum,

consistent with producing high quality, sound weldments.
Oily or greasy rags should not be employed to clean mate-
rial prior to welding. Preservatives or lubricants contain-
ing high levels of halogens (especially chlorides) or low
melting point constituents such as Pb, Zn, Sn, and Bi
should be avoided. Sulfur ions, as introduced by thiosul-
fate, etc., are particularly detrimental to Alloy 600 and
high nickel alloys (ref. [13]). Polyvinyl chloride (PVC)
liners and other halogen‐containing packaging or insula-
tion should be minimized. When materials are pickled to
remove heat treat scale, the components should be in
the solution heat treated condition, and all pickling acid
should be removed by rinsing with high purity water, such
as demineralized water. Water chemistry should be con-
trolled in all cases for material processing, hydrotests,
and operation, with the goal of controlling the ions dis-
cussed above. Components stored or used near the sea-
coast should be protected from the salt environment or
washed frequently (ref. [5]).
Solution heat treatment, at approximately 1,800°F

to 2100°F (980°C to 1 150°C), followed by water quench-
ing, is recommended (refs. [12] and [15]) for austenitic
stainless steels in all practical cases, even for materials
that are considered resistant to IGA. A maximum solution
heat treatment temperature of 1,950°F (1 065°C) is some-
times specified for the stabilized grades to minimize
“knife‐line attack.” Solution annealing is prudent since fac-
tors such as crevices, weld repairs, grain size, cold work
and grinding, trace impurities and the overall composition
balance can impair IGA resistance (ref. [12]).
Crevices should be avoided where possible, as dis-

cussed above. Cold work and grinding should be mini-
mized, or followed by solution heat treatment when
practical. Tube/tubesheet welds can be sealed by welding
or explosive expansion of the tube into the tubesheet be-
low damaged regions (ref. [13]).
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W-2600 MICROBIOLOGICALLY‐INDUCED
CORROSION AND FOULING

W-2610 DESCRIPTION AND EXPERIENCE

Acceleration of corrosion of materials can occur as a re-
sult of the influence of microbiological activity. Sulfate re-
ducing bacteria, sulfur oxidizers, and iron‐oxidizing
bacteria are most commonly associated with corrosion ef-
fects. Microbiologically‐induced corrosion (MIC) most of-
ten results in pitting, followed by excessive deposition of
corrosion products. Stagnant or low flow areas are most
susceptible. Any system that uses untreated water, or is
buried, is particularly susceptible. Consequences range
from leakage to excessive ΔP and flow blockage. Essen-
tially all systems and most commonly used materials are
susceptible. Temperatures from about 50°F to 120°F
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(10°C to 50°C) are most conductive to MIC. The experience
of MIC in virtually all large industries is common. Nuclear
experience is relatively new, but widespread occurrences
are being reported (refs. [1]–[5]).

In particular, service water flow rates have been found
(ref. [6]) below design values. This flow impediment was
caused by fouling and partial blockage in sections of small
diameter pipes supplying cooling water coolers (ref. [6]).
Sedimentation aggravates the MIC problem in standby ser-
vice water basins, as well as increasing pipe roughness
and resistance to flow (ref. [6]). Slime‐forming bacteria
can produce a biofilm, which attract and hold suspended
solids contained in the water (ref. [6]), and reduce the abil-
ity of heat exchanger tubes to transfer heat.

Fouling in heat exchangers has occurred in raw water
systems and can decrease the ability to reject heat to the
ultimate heat sink (ref. [7]). Flow rates through heat ex-
changers have been reduced to values below design values
by a combination of organic and inorganic compounds that
produce fouling (ref. [7]). Clams, mussels and debris from
other shellfish have also been found to cause problems
(ref. [7]). Affected heat exchangers include containment
spray, component cooling water, and control room chiller
heat exchangers (ref. [7]). Reactor coolant pump motor
coolers may also be affected. Service water is used to cool
the lube oil coolers for charging pump gearboxes (part of
the emergency core cooling system), and fouling can result
in overheating these pump motors (ref. [7]).

W-2620 MATERIALS

All materials commonly used in nuclear power plants
are susceptible to MIC, with the possible exception of tita-
nium and some high Ni‐Cr‐Mo alloys. Equipment is parti-
cularly vulnerable in the time period between the
system or component hydrostatic test and operation. In
addition, materials may be vulnerable in the entire con-
struction phase and in all lay‐up periods. Some systems,
such as service water systems and tanks for standby‐type
systems, are susceptible throughout plant life. Typical
treatments include mechanical cleaning, use of biocides,
additions to increase pH to > 10 or 10.5, or procedural
controls (periodic flow). Methods of detection include
monitoring of plant parameters (e.g., service water flow
and related heat exchanger performance), detection of
small leaks (e.g., during repair activities), measurement
of total organic carbon in water chemistry, or visual obser-
vation. Routine sampling of process streams for microbial
activity is rare and generally ineffective. Few components
have side stream sampling or coupon monitoring stations
either (refs. [1] through [5]).

Additional information on materials requirements may
be found in Ref. [8], with general information available
on the subject of MIC in ref. [9].

W-2630 DESIGN

MIC does not now limit design, although design and op-
erational remedies are often proposed to mitigate MIC
concerns (elimination of stagnant areas, drain and dry
provisions for all pipe runs, and requirements for periodic
operation of pumps in all lines to assure at least some
flow).

Piping system configurations should be designed to
avoid deposits and low flow, through system flow balan-
cing (ref. [6]). Flush and drain connections should be in-
cluded in the design to facilitate routine future cleaning
(ref. [6]). In some cases, larger diameter pipes may be ap-
propriate to reduce flow resistance (refs. [6] and [7]). In-
take screens of the proper size can also be employed to
filter out suspended solids and silt (ref. [7]).

W-2640 MITIGATING ACTIONS

Water treatment is probably the most common mitigat-
ing step for prevention and treatment of MIC. Use of bio-
cides (chlorine, hypochlorite, ozone, and hydrogen
peroxide), agents to increase the pH of the system to > 10
or 10.5, and dispersants to break up deposits on metals
are all used, often in combination. Note that such treat-
ments, notably chloride additions, can result in potential
problems, as discussed for other damage mechanisms. Me-
chanical cleaning is also used and generally mandatory to
remove deposits so that the water treatment agent can get
to the metal surface. Hydrolazing and flushing can be used
to reduce blockage (ref. [6]). Procedural and design con-
trols to eliminate, or at least minimize stagnant areas,
are also commonly utilized. Valves are adjusted to in-
crease flows in some cases (ref. [6]). Key components
are sometimes coated with cement or epoxy following
thorough cleaning to afford protection (ref. [1]). In severe
environments, coatings may be inadequate to protect
against MIC attack.

Flow monitoring instrumentation and trending infor-
mation is part of the mitigative actions taken for MIC
and fouling (ref. [6]). In general, water treatment (as dis-
cussed above) should be considered, including a general
corrosion inhibitor, a biocide, and a dispersant (ref. [6]).
Biofouling surveillance should be initiated in cases where
this degradation mechanism may exist (ref. [7]).
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W-2700 CORROSION FATIGUE AND CRACK
GROWTH

W-2710 DESCRIPTION AND EXPERIENCE

The behavior of materials under cyclic loading condi-
tions is commonly considered as consisting of two broad
categories of material properties. One category relates to
the cyclic life for the formation of a fatigue crack in a
smooth test specimen, the so‐called S‐N fatigue properties.
The second relates to the growth of a preexisting crack.
The fatigue design procedures of Section III are based on
the S‐N properties. Fatigue crack growth from preexisting
flaws is a primary concern in Section XI’s flaw evaluation
procedures and material properties for crack growth ana-
lysis are given in Appendix A of that Section.

Laboratory tests have shown that LWR coolant water
can have a detrimental effect on both S‐N fatigue proper-
ties and fatigue crack growth. This Article focuses on the
effects of LWR coolant water on the S‐N fatigue behavior
of pressure boundary materials since effects on fatigue
crack growth are included in Appendix A of Section XI.
The specific LWR environments of concern are the total
circuit in a Boiling Water Reactor (BWR) plant and the pri-
mary circuit in a Pressurized Water Reactor (PWR) plant
although secondary side water environments in a PWR
system could affect the fatigue behavior of secondary side
components.

To date, there has been no documented instance of a fa-
tigue failure in an operating LWR plant where the primary
cause of the failure could be ascribed to a reduction in S‐N
fatigue life due to LWR coolant environmental effects.
However, since laboratory tests do show that a reduction
in S‐N life can occur under certain conditions, it is prudent
to consider environmental effects in design. The test re-
sults suggest that environmental effects might occur in
the secondary side of a PWR as well as in the primary side.

W-2720 MATERIALS AND CRITICAL
PARAMETERS

Test results show that the magnitude of the environ-
mental effect of LWR coolant water on S‐N fatigue life is
dependent on the combined effects of water chemistry
and mechanical parameters. The main water chemistry
factors are temperature and dissolved oxygen content
and possibly water flow velocity. The principal mechanical
parameters are strain amplitude and strain rate. The lar-
gest environmental effects are observed in tests that have
a combination of high temperatures (up to nominal LWR
coolant temperatures), high dissolved oxygen content,
large strain amplitude, and low strain rate.

The test results also indicate that the S‐N life of all of the
commonly used pressure boundary structural materials is
reduced to some degree for severe combinations of water
chemistry and mechanical parameters. Materials that have
been tested include carbon and low alloy steels, austenitic
stainless steels, and high nickel alloys. Some tests have
been performed on carbon and low alloy steel welds and
the results indicate no greater or lesser effect than on
the base metal for identical test conditions.

Test results for austenitic steels show that severe sensi-
tization increases sensitivity to environmental effects.
There are no definitive results on heat treatment effects
for nickel alloys. Coolant water flow rate is an additional
parameter that is believed to be an important factor that
can affect the magnitude of environmental effect. In the
case of fatigue crack growth tests, high flow rates have
been found to reduce or minimize the environmental ef-
fect. Test results to validate this effect on S‐N fatigue life
are lacking but a threshold value derived from fatigue
crack growth results has been assumed to also apply to
S‐N life.

W-2730 DESIGN

Analysis of the test results indicate only a moderate en-
vironmental reduction in S‐N life when a threshold value
for any one of the water chemistry or mechanical para-
meters is not transgressed. Careful designs that minimize
transients that transgress these threshold values will re-
duce the environmental effects. The same considerations
also apply to plant operating conditions. Reference [9] de-
scribes the results of applying an interim version of envir-
onmentally adjusted fatigue curves in the fatigue
reevaluations of design transients in operating plants. It
was concluded that when conservative assumptions were
removed and the anticipated numbers of cycles were used,
the cumulative usage factor (CUF) could be reduced to be-
low 1.0 for most components using the interim fatigue en-
vironmentally adjusted curves in both older and newer
vintage plants.

A detailed analysis methodology that could be imple-
mented in Section III design to determine adjustments
for LWR environmental effects has been proposed in the
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form of a nonmandatory Appendix. The major elements of
this methodology are described in ref. [10] and may pos-
sibly be considered for Code implementation.

W-2740 MITIGATING ACTIONS
The major mitigating actions are the design precautions

described in W-2730 and careful attention in plant opera-
tion to avoid exposure to conditions exceeding the thresh-
old values. There appears to be no easy material selection
or fabrication steps that can be used to mitigate the envir-
onmental effects on S‐N fatigue for currently used types of
pressure boundary materials.

W-2750 REFERENCES
[1] Bamford, W. H. “Technical Basis for Revised Reference
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containing High‐Temperature Water,” Nuclear Eng. &
Design, vol. 129, 1991, pp. 293–306.

[3] Van Der Sluys, W. A., and Yukawa, S. “Status of PVRC
Evaluation of LWR Coolant Environmental Effects on
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fects, PVP Vol. 306, ASME, 1995, pp. 47–58.
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ant Environments on Fatigue Lives of Austenitic Stain-
less Steels,” Pressure Vessel and Piping Codes and
Standards, PVP‐Vol. 353, ASME, 1997, pp. 87–97.

[9] Ware, A. G., Morton, D. K., and Nitzel, M. E. “Application
of Environmentally‐Corrected Fatigue Curves to Nucle-
ar Power Plant Components,” Fatigue and Fracture —
1996‐Vol. 1, PVP‐Vol. 323, ASME, 1996, pp. 141–150.
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W-2800 FLOW ACCELERATED CORROSION

W-2810 GENERAL DESCRIPTION

Flow accelerated corrosion (FAC) is characterized by a
localized increase in the rate of dissolution of a material
as a result of a flowing corrosive environment. This accel-
erated corrosion is the result of the continuous or cyclic
localized removal of the protective oxide film. This phe-
nomena is also referred to as flow assisted corrosion or
erosion corrosion. This phenomena differs from erosion,
which is a mechanical removal of base material by the
fluid.

Cavitation is normally associated with erosion, but may
be a factor in FAC. Cavitation is localized damage produced
by the collapse of steam bubbles on a material surface. Ca-
vitation bubbles form in the flowing single phase high en-
ergy water as a result of a localized sharp pressure drop
such as downstream of a control valve. The pressure drop
causes vapor bubbles to form. The resulting bubbles coa-
lesce on the material surface and then collapse, imparting
large forces in a very small area. Vigorous localized flow
can accelerate corrosion dissolution of the oxide film, in
the case of FAC, or mechanically deform and remove oxide
and base material, in the case of erosion (ref. [1]).

In nuclear power plants, FAC typically occurs in carbon
steel piping systems containing flowing water or wet
steam. It does not occur in dry steam since liquid water
is necessary for the corrosion process to occur. The rate
of flow accelerated corrosion is influenced by a complex
interaction between a number of variables including mate-
rial composition, temperature, steam quality, pH, oxygen
content, fluid velocity, and geometry (refs. [2] through
[4]).

Because FAC causes a gradual thinning in a fairly loca-
lized area, the carbon steel pipe has a tendency to rupture
when the thinned wall can not support a pressure transi-
ent rather than develop a small leak. This has resulted in a
number of ruptures of piping carrying high energy single
phase water or two phase steam, with accompanying loss
of life, injuries, and equipment damage (refs. [5] through
[8]).

W-2820 MATERIALS

The stability of the protective oxide film, which forms at
the interface between the material and the fluid, is a
strong function of the material composition. Alloying ele-
ments such as chromium, copper, and molybdenum
greatly increase the resistance of the oxide film, with chro-
mium having the largest effect.

Stainless steels with 12% or greater chromium content
are virtually immune to FAC. Alloy steels with on the order
of 1% to 2% chromium can exhibit a factor of 4 to a factor
of 10 or more reduction in FAC rate over plain carbon
steel. Even trace levels of chromium, on the order of
0.1% can have a significant effect (ref. [4]).

2013 SECTION III APPENDICES

381

-
-
`
`
,
,
,
,
,
`
`
`
`
,
`
,
`
,
`
,
`
,
`
`
`
,
,
,
,
-
`
-
`
,
,
`
,
,
`
,
`
,
,
`
-
-
-



Carbon steel, such as A106 Gr. B. typically used in PWR
secondary systems or equivalent BWR systems is pro-
cured without a specification for chromium or alloying
elements other than carbon. Depending on the manufac-
turing method, a range of alloying element levels could
be present. Examination of 38 heats of A106 Gr. B material
in one survey revealed a range in chromium concentration
from 0.03% to 0.28%, with a range of 0.01% to 0.06% for
molybdenum and 0.06% to 0.34% for copper. A factor of
16 difference in FAC rate was estimated for this range of
compositions (ref. [9]).

W-2830 ENVIRONMENT

In stagnant or low flow oxygenated water environments
carbon steel will corrode and form an oxide film at the in-
terface between the water and the metal. This film acts as
a protective barrier against further corrosion. As the fluid
velocity is increased, local turbulent regions are created,
especially at geometric discontinuities. This increases
the corrosion rate by increasing the mass transfer of solu-
ble corrosion products from the vicinity of the turbulence.
The protective film becomes thinner or is dissolved, allow-
ing the base material to continue to corrode. In either case,
additional base metal is consumed in the corrosion pro-
cess and the material becomes progressively thinner in a
highly localized region (ref. [4]).

The adherence of the oxide film is influenced by the pH,
oxygen level, and temperature of the water, as well as the
material influence previously mentioned. Changes in these
three variables affect the solubility of the oxide, the struc-
ture of the oxide, and the rate the corrosion reaction. The
effects of changes in these parameters are interrelated and
are not linear. General trends are indicated below.

Increasing pH, in the range from 7 to 10, decreases the
solubility of the oxide and decreases the rate of FAC. An
order of magnitude decrease in FAC rate was observed
when pH was increased from 8.0 to 9.0 in laboratory tests
(ref. [10]).

Increasing oxygen concentration above a threshold of
10 ppb to 20 ppb reduces the rate of FAC. This effect pla-
teaus above 100 ppb to 300 ppb. The exact values of the
threshold and plateaus are temperature and pH depen-
dent. Laboratory tests have shown a factor of 100 de-
crease in the rate of FAC over a range of oxygen
concentration from 1 ppb to 200 ppb (refs. [4], [9], [11],
and [12]).

Increasing temperature initially increases and then de-
creases the rate of FAC. This is a result of competing influ-
ences of increased reaction rates, changes in solubility,
and changes in the oxide film structure. The temperature
associated with the peak FAC rate is approximately
250°F to 350°F (120°C to 175°C) and can vary signifi-
cantly depending on whether the water is single or two
phase and other parameters discussed above (ref. [4]).

W-2840 DESIGN

The geometry of piping and components has a signifi-
cant effect on the location and rate of FAC. Sharp changes
in direction, reducers, expanders, tees, and orifices cause
turbulence and eddy in the flow. This can result in much
higher local velocities than would be indicated by the bulk
fluid velocity. The high local velocities increase mass
transfer of soluble corrosion products. In addition, the
flow may impinge directly on the surface. Rating systems
have been developed to qualitatively assess various geo-
metries (refs. [4] and [13]).

It is not practical to design piping systems without
changes in direction or other geometric features. However,
the designer should minimize these features where practi-
cal and consider resistant materials in areas where they
are required and the other conditions of the system indi-
cate potential susceptibility to FAC.

Materials are available that are resistant to FAC. In se-
lection of a material, the designer must consider the level
of resistance required in comparison with the service life
of a component. For example, a 2% chromium alloy steel
may provide sufficient resistance for a given application
and the additional resistance provided by stainless steel
may not be required. In addition, the designer must con-
sider any increased costs, fabrication complexity, pre
and post weld heat treatments, and susceptibility to other
damage mechanisms in selection of a material. Carbon
steel may provide adequate service in a given application
provided the other variables affecting FAC are controlled
and appropriate in‐service inspections are performed.

Various water chemistry control protocols have been
developed to reduce FAC in PWR secondary systems.
These include intentional injection of oxygen and increas-
ing pH (refs. [9] and [12]). A number of amines have been
examined to control pH. Of course, effects on other corro-
sion mechanisms must be considered.

The amine characteristics will determine the relative
concentrations in the liquid and vapor phases and will in-
fluence the pH in various systems around the steam cycle.
For instance, morpholine has better high temperature and
separation characteristics than ammonia. In an extraction
line, this would result in a relative increase in the pH.

W-2850 MITIGATING ACTIONS

The mitigation of FAC is not always straight forward,
due to the ramifications of modifying some of the causa-
tive parameters. For example, oxygen injection may not
be desirable due to the potential for increased intergranu-
lar stress corrosion cracking in a BWR and increased
steam generator tube corrosion in a PWR. Neutral pH is re-
quired for operation of a BWR, while modification of the
pH to the higher levels in a PWR may impact condensate
polisher operation and the corrosion of system compo-
nents containing copper.
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Material changes to a less susceptible material, and re-
design of piping to reduce velocities and avoid geometric
discontinuities can alleviate the FAC problem. However,
these solutions entail increased material and fabrication
costs, potential increased complexity, and may create sus-
ceptibility to other damage mechanisms.

Because of the complex interaction between the vari-
ables influencing the rate of flow accelerated corrosion
and the difficulty in ascertaining the condition of each
variable at all locations of potentially susceptible piping
systems, prediction of high wear locations and rates accu-
rately is quite difficult.

Therefore, periodic inspection of components in suscep-
tible systems is essential. A number of predictive models
are available to assist in the identification of components
to be inspected. However, since it is rare that all informa-
tion is known about every component in a system, care
should be used in applying any predictive model. For ex-
ample, a sufficient number of locations should be exam-
ined to insure that differences in material composition
do not mask a potential problem.
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W-2900 EROSION AND
EROSION‐CORROSION

W-2910 GENERAL DESCRIPTION

The classical metallurgical definition of erosion is the
destruction of metals or other materials by the abrasive
action of moving fluids, usually accelerated by the pre-
sence of solid particles or matter in suspension. When cor-
rosion occurs simultaneously, the term erosion‐corrosion
(or corrosion erosion) is often used (ref. [1]). More simply
stated, erosion is the mechanical abrasion by solids sus-
pended in a fluid (ref. [2]).

Frequently, components fail in service due to the com-
bined effects of mechanical or hydraulic factors and corro-
sion. These failure mechanisms fall into three types:
stress‐corrosion, corrosion‐fatigue, and liquid velocity ef-
fects (corrosion‐erosion and cavitation). Flynn/Trojan
(ref. [3]) provide their definition for the two terms asso-
ciated with liquid velocity effects.

(a) Erosion — the wearing away of a surface because of
the combination of mechanical and corrosive effects.

(b) Cavitation — stress corrosion induced by the local
collapse of vapor bubbles against a surface such as a pump
impeller.

Erosion is also considered low‐stress scratching abra-
sion where the stress on the abrading particles does not
exceed their crushing strength (ref. [4]).

Thus, erosion and erosion‐corrosion may involve the
loss of metal where it is exposed to mixing fluids. Factors
affecting its extent will briefly be discussed in the follow-
ing paragraphs on materials (W-2920), environment
(W-2930), and design (W-2940).

W-2920 MATERIALS

There are no published lists of materials that are resis-
tant to all aspects of erosion or erosion‐corrosion. Engi-
neering judgment must be used to select materials that
may be subjected to conditions leading to such damage
in service. The ASM Metals Handbook (ref. [4]) does have
a useful section on “Damage Resistance of Metals.” Some of
the more helpful points include:

(a) ASTM G32, “Standard Method for Vibratory Cavita-
tion Erosion Test,” may be used to screen materials for a
particular service.
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(b) Various materials properties such as hardness, true
stress at fracture, strain energy to fracture, work‐
hardening rate, and “ultimate resilience” are some indica-
tors of resistance to erosion damage. The higher these va-
lues for a given material, the more it will be able to resist
erosion.
(c) Thermal treatments that increase toughness will

generally improve erosion resistance.
(d) Fine grain size and fine dispersion of hard second‐

phase particles both enhance erosion resistance.
(e) A classification of 22 alloys is provided (in ref. [4])

showing normalized erosion resistance relative to
18CR‐8Ni austenitic stainless steel with a hardness of
170 dph (which is equivalent to a Brinell hardness of
162 or a tensile strength of 79 ksi (543 MPa), which is ty-
pical for Type 304 stainless steel commonly used in Code
construction).
In general, some of the strongest and tougher steels,

precipitation hardened stainless steels and nickel‐base al-
loys, and cobalt‐based materials would be good choices
when erosion conditions are expected. The weaker and
softer materials obviously would be expected to “wear”
faster.

W-2930 ENVIRONMENT
Environment from the standpoint of erosion and

erosion‐corrosion, must be considered to include the
chemistry of the interacting fluid, the fluid velocity, tem-
perature of the fluid and the base metal, and the nature
of other particulate substances that might be present in
the fluid.
Erosion can occur in the absence of corrosion, but case

histories clearly show that corrosion can generally accel-
erate the erosion process. It is when corrosion is a factor
that the erosion process becomes an erosion‐corrosion
problem. Factors affecting erosion and erosion‐corrosion
are frequently “a given” once a plant or new component
is conceived. Thus materials must be properly selected
to deal with those conditions — or some of the conditions
may be dealt with by other design features. The very im-
portant message here is to thoroughly determine the total
environment that will be experienced during the expected
life of the component or plant. The word “total” is used
since there are conditions during startup testing or post‐
maintenance testing that may differ from those expected
during normal operation. There are also static conditions
(no fluid flow) during hydrostatic testing or plant lay‐up
that can profoundly affect the subsequent corrosion resis-
tance of materials. All of these factors of environment
must be considered as the design process progresses.

W-2940 DESIGN
The design process provides the opportunity to affect

many of the conditions that lead to erosion or erosion‐
corrosion. Since the rate of “wear” or erosion is affected
by fluid velocity, the designer should explore suitable
ways to reduce the velocity of impinging fluids. Where

cavitation is a concern, the designer needs to reduce the
hydrodynamic intensity by increasing the radius of the
flow path or by removing surface discontinuities. Both of
these parameter changes can reduce the probability of
cavitation.
When fluids are known to contain particulates, baffles

can be strategically placed to redirect flows to areas less
prone to damage or where damage can be better tolerated.
The designer must have complete knowledge of the en-

vironmental conditions so that the most erosion or
erosion‐corrosion resistant materials can be specified.
The issues involved in materials selection were discussed
earlier in W-2920, and this is generally the only way that
the designer can deal with the “environment,” since that is
usually a “given” condition.

W-2950 MITIGATION ACTIONS
Much of the earlier discussion on materials, environ-

ment, and design inferred the mitigative actions for ero-
sion and erosion‐corrosion control are taken by the
supplier of a component or system. In many instances,
modifications must be made after some period of opera-
tion— corrective actions to address what was either over-
looked or not known during the design phase.
Reference [4], under “Prevention of Erosion Damage”

cites that damage of the erosion‐type can be prevented
or minimized by:
(a) reducing the intensity of cavitation or liquid

impingement;
(b) using erosion‐resistant metals; or, under certain cir-

cumstances, using elastomeric coatings.
The protection afforded by these coatings is brought

about by their ability to absorb large amounts of energy
by elastic deflection. In the use of erosion‐resistant mate-
rials, consideration needs to extend beyond the base metal
through application of weld overly or other surface alter-
ing treatments (see W-4100 on Fretting andWear). When-
ever a new substance is introduced into the system,
whether it is a different metallic coating or an elastomeric
coating, some thought needs to be given to the problems
that might be experienced if the protective coating comes
loose and enters the system. Of course, equal thought also
has to be given to the effects of the base metal that wears
away and now moves about the system. A thorough as-
sessment of erosion and erosion‐corrosion, like many
other failure or deterioration concerns, is not an easy task,
and is one that must be taken seriously.

W-2960 REFERENCES
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ARTICLE W-3000
SUMMARIES OF EMBRITTLEMENT DAMAGE MECHANISMS

W-3100 IRRADIATION‐ASSISTED STRESS
CORROSION CRACKING (IASCC)

W-3110 GENERAL DESCRIPTION
Environmentally induced intergranular cracking of

stainless steel and nickel‐base alloys exposed to the radia-
tion and high‐temperature aqueous environment of a light
water reactor (LWR) is known as irradiation‐assisted
stress corrosion cracking (IASCC). IASCC does not require
the presence of a sensitized microstructure or high tensile
stresses (refs. [1], [2], and [3]). The IASCC phenomena has
been observed in some boiling water reactor (BWR) in‐
core components which have been exposed to fluences
of above 5 × 1020 n/cm2 ( > 1 MeV) (refs. [1], [2], and
[5]). In PWR systems, the environmental cracking of irra-
diated stainless steels was observed when the neutron
fluence was higher than 2 × 1021 n/cm2 (ref. [8]). Compo-
nents which have experienced IASCC include neutron
source holders, control rod absorber tubes, and incore in-
strument tubes. With sufficient exposure core support
structures may become susceptible to IASCC as well (ref.
[4]). The cause of cracking is thought to be due to radia-
tion, water chemistry, and neutron induced diffusion of
elements (Cr) and impurities (S, Si, P) preferentially to
the grain boundaries in oxidizing high temperature water
environments (ref. [5]). Stress from service loads or fabri-
cation processes is a contributing factor.

W-3120 MATERIALS

Not enough is known about the IASCC phenomenon to
positively identify which austenitic stainless steels may
be most susceptible. However, Cr depletion is believed
to be an important damage mechanism. Since impurity
elements are believed to play a role in the IASCC mechan-
ism, these elements should be minimized in high neutron
irradiation applicants (refs. [1] and [5]). Annealing of com-
ponents following welding to reduce the possibly syner-
gistic effects of sensitization and residual stress should
be considered as well.

W-3130 DESIGN

As IASCC appears to be a strong function of neutron ir-
radiation fluence levels, actions which can be taken to re-
duce exposure should be considered. Such actions include
water gaps between the core and structural elements and
design for replacement of in‐core components. A threshold
irradiation of 5 × 1020 n/cm2 ( > 1 MeV) is generally ac-
cepted as the min imum f luence necessary for

susceptibility to IASCC (refs. [1] and [2]). Service loads
and fabrication residual stresses should be minimized
for high fluence components, and features, which contri-
bute to intergranular stress corrosion cracking in the ab-
sence of neutron irradiation (such as sensitization,
surface cold work, and crevices), should be minimized.

W-3140 MITIGATING ACTIONS

Stringent water environment controls will reduce the
susceptibility to IASCC of stainless steel components.
IASCC susceptibility of 304 and 316 austenitic stainless
steels decreases with a decrease in the dissolved oxygen
content of the water (refs. [1], [2], and [6]). Water chem-
istry controls that ensure low dissolved oxygen content
could mitigate IASCC in relatively high fluence regions
(refs. [2] and [6]). Hydrogen injection, normally used to re-
duce electrochemical potential as a preventive measure
against intergranular stress corrosion cracking (IGSCC)
in boiling water reactor (BWR) recirculation piping sys-
tem, may also mitigate IASCC (ref. [1]). Experimental re-
sults have shown that, for irradiated Type 304 stainless
steel, the protection potential is ∼0.210 VSHE (refs. [2]
and [7]).
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[4] Gerber, T. L., et al. “Evaluation of BWR Top Guide Integ-
rity,” EPRI NP‐4767, November 1986.
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W-3200 THERMAL AGING EMBRITTLEMENT

W-3210 GENERAL DESCRIPTION

Thermal aging embrittlement refers to the loss in notch
impact properties and fracture toughness of materials as a
result of long term exposure to elevated temperatures.
The specific temperatures at which reductions can occur
is material dependent including factors such as alloy type
and grade, heat treatment, and fabrication procedures.
The consequence of the embrittlement is an increase in
the risk of nonductile fracture failure. The embrittlement
can be manifested as a reduction in toughness at the expo-
sure temperature and at temperatures below the exposure
temperatures. The embrittlement may be accompanied by
changes in other properties such as yield and tensile
strength and ductility. The embrittlement that occurs is
generally defined as that due to the singular effect of tem-
perature only and apart from the additional effects of
other environmental factors such as sustained or cyclic
stresses and strains, neutron radiation, and aggressive
chemical attack.

The extent of embrittlement is measured by pre‐ and
post‐exposure testing. The Charpy impact test is often
used but fracture mechanics toughness test data are more
useful and applicable for quantitative evaluation of em-
brittlement effects.

W-3220 MATERIALS AND CRITICAL
PARAMETERS

The normal upper limit of operating service tempera-
tures for pressure boundary materials in light‐water reac-
tors (LWRs) is generally about 700°F (370°C). A practical
aspect of identifying and quantitatively determining ther-
mal aging effects is the long testing times required to ob-
tain data useful for assessing the effects of exposures
comparable to typical service lives. Experimentally, expo-
sures at higher temperatures to compensate for shorter

test times are often utilized and the results are equated
for long service times through empirical or theoretical
time‐temperature equivalence models.
Within these experimental limitations, test results for

carbon and low alloy steels typically used for LWR piping
and reactor vessels show that exposures within the range
of LWR temperatures and service lifetime would be ex-
pected to have only small or negligible embrittlement,
(refs. [1] through [4]). This appears to be particularly true
of low alloy steel components that have had a postweld
heat treatment (PWHT) during fabrication. The inservice
exposure has very little additional thermal aging effect re-
lative to the effect of the PWHT. Exceptions to this lack of
embrittlement sensitivity may occur in the weld heat af-
fected zone (HAZ) of the lower alloy grades of steels and
in the base materials of some grades of higher strength,
higher alloy content steels such as SA 508, Class 4. The in-
creased sensitivity can be due to temper embrittlement
that can occur at temperatures beginning at about 600°F
(315°C) and extending up to about 1,000°F (540°C). Sus-
ceptibility to this type of embrittlement is increased with
the presence of impurity elements such as phosphorous
and tin in the steel. Another exception to the low sensitiv-
ity to thermal aging embrittlement of carbon and low alloy
steels at LWR operating temperatures may occur when
cold work has been introduced into the component during
fabrication. Subsequent thermal exposures can cause em-
brittlement due to a phenomenon termed “strain age em-
brittlement.” Code rules recognize this possibility and limit
the amount of cold straining that can be performed during
fabrication.
The sensitivity of austenitic stainless steels to thermal

aging embrittlement is quite complex depending on pro-
duct form (wrought vs. cast) alloy content, and metallurgi-
cal factors. The standard Type 300 wrought alloys such as
the 304, 316, and 347 grades seem to be basically insensi-
tive to embrittlement at LWR temperatures as indicated in
Refs. [5] and [6]. However, at higher temperatures, embrit-
tlement due to sigma phase can occur as described in Ar-
ticle A‐340, Appendix A, Section II, Part D of the Code.
The cast grades, the weld metals, and other duplex mi-

crostructure grades of austenitic stainless steels may exhi-
bit thermal aging embrittlement at LWR temperatures.
The responsible metallurgical factor is the presence of
the ferrite phase in the microstructure and the sensitivity
is primarily dependent on the amount of ferrite with a sec-
ondary effect from carbon content and the amount of ad-
ditional alloying elements. Precautionary guidelines
defining the effect of ferrite content on thermal aging em-
brittlement in austenitic and austenitic‐ferritic stainless
steels are given in Article A‐360, Appendix A, Section II,
Part D of the Code. Additional details about the embrittle-
ment mechanisms, data, and analyses can be found in refs.
[5] through [10].
The available information indicates that the non‐

hardenable grades of wrought nickel‐base and nickel‐
chromium‐iron‐base alloys do not exhibit thermal aging
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embrittlement at LWR temperatures (refs. [5] and [6]).
There appears to be no data regarding the embrittlement
susceptibility of weld metals used to weld high nickel al-
loys. Also, there are no data regarding the sensitivity of
the cast grades of high nickel alloys but their usage for
LWR components is relatively minor.

The age hardenable grades of nickel‐base alloys are sus-
ceptible to thermal aging embrittlement at temperatures
higher than the upper limit of LWR temperatures but
not at LWR temperatures.

W-3230 DESIGN

Several material selection and processing considera-
tions can be utilized to minimize thermal aging embrittle-
ment. In the case of carbon and low alloy steels, fabrication
procedures that minimize cold straining should be speci-
fied. For the case of wrought austenitic stainless steel pro-
ducts, the use of low carbon and L grades combined with
low ferrite content welds will minimize embrittlement
susceptibility. Cast austenitic steels having low carbon
and ferrite contents consistent with strength require-
ments should be used to minimize embrittlement. Careful
consideration should be given to the use of duplex micro-
structure wrought stainless steels to ensure that they will
not be exposed to embrittling temperature. In particular,
the designer should be fully aware of the notes accompa-
nying the allowable stresses in Section II, Part D citing sen-
sitivity to embrittlement.

W-3240 MITIGATING ACTIONS

The principal mitigating actions are in utilizing the de-
sign precautions listed in W-3230. Some mitigation can
be obtained in specific instances by decreasing the operat-
ing temperature of the component.
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[1] Gulvin, T. F., et al. The Influence of Stress Relief on the

Properties of C and C‐Mn Pressure‐Vessel Plate Steels.
Journ. of the West of Scotland Iron & Steel Inst. vol. 80,
1972–1973, pp. 149–175.

[2] Mimaki, H., et al. A Material Aging Research Program
for PWR Plants. Plant Systems/Components Aging Man-
agement — PVP‐Vol. 332, ASME, 1996, pp. 97–105.

[3] Logsdon, W. A. The Influence of Long‐Time Stress Re-
lief Treatments on the Dynamic Fracture Toughness
Properties of ASME SA 508 C1 2a and ASME SA 533
Gr B C1 2 Pressure Vessel Steels. Journ. Materials for En-
ergy Systems, Vol. 3, No. 4, ASM, 1982, pp. 39–49.

[4] Druce, S. G., Gage, G., and Jordan, G. Effect of Aging on
the Properties of Pressure Vessel Steels. Acta Metallur-
gica, Vol. 34, No. 4, 1986, pp. 641–652.

[5] Yukawa, S. Effect of Long‐Term Thermal Exposure on
the Toughness of Austenitic Steels and Nickel Alloys.
Fracture Mechanic s — Appl i cat ions and New
Materials‐PVP Vol. 260, ASME, 1993, pp. 115–125.

[6] Yukawa, S. “Review and Evaluation of the Toughness of
Austenitic Steels and Nickel Alloys After Long‐Term Ele-
vated Temperature Exposures,” Bulletin No. 378, Weld-
ing Research Council, Jan. 1993.

[7] Chung, H. M., and Chopra, O. K. Kinetics and Mechanism
of Thermal Aging Embrittlement of Duplex Stainless
Steels. Environmental Degradation of Materials in Nucle-
ar Power Systems — Water Reactors. The Metallurgical
Soc., 1988, pp. 359–370.

[8] Chopra, O. K. Thermal Aging of Cast Stainless Steels in
LWR Systems: Estimation of Mechanical Properties. Nu-
clear Plant Systems/Components, Aging Management
and Life Extension, PVP Vol. 228, ASME, 1992, pp. 79–92.

[9] Tanaka, T., et al. Thermal Aging of Cast Duplex Stain-
less Steels. Structural Integrity of Pressure Vessels, Pip-
ing and Components — 1995 — PVP Vol.‐95‐OAC2,
ASME, 1995.

[10] Suzuki, I., et al. Long Term Thermal Aging of Cast Du-
plex Stainless Steels. In Proc. of the 4th Int. Conf. In Nu-
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W-3300 RADIATION EMBRITTLEMENT

This section is under development.

W-3400 HYDROGEN DAMAGE
EMBRITTLEMENT AND DELAYED
CRACKING

W-3410 GENERAL DESCRIPTION

H y d r o g e n d am a g e o r em b r i t t l em e n t i s a
mechanical‐environmental failure mechanism resulting
from the initial presence or absorption of excessive
amounts of hydrogen in metallic materials, generally asso-
ciated with significant residual or applied tensile stresses.
This type of cracking is usually restricted to high strength
steels and certain other high‐strength alloys. Hydrogen
cracking may occur at the tip of pre‐existing cracks or at
subsurface sites where triaxial stresses are the highest.
When the critical stress is exceeded, a crack initiates and
propagates through the region of high hydrogen
concentration.

The following are specific types of hydrogen damage,
whose occurrence may be limited to certain materials or
alloy systems:

(a) cracking from hydrogen charging
(b) hydrogen‐induced blistering
(c) hydrogen‐induced cracking from decarburization
(d) cracking from hydrogen‐induced slow strain rate

embrittlement
(e) hydrogen‐induced cracking from static fatigue
(f) cracking from hydride formation
(g) cracking from exposure to molecular hydrogen gas
(h) cracking from exposure to hydrogen sulfide
(i) cracking from exposure to water and dilute aqueous

solutions
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Each of the nine types of hydrogen damage is described
in considerable detail in Volume 10 of the Metals Hand-
book (ref. [1]). The role of hydrogen in various power in-
dustry applications is also extensively described in a
series of ten papers published in 1964 (ref. [2]).

Embrittlement by hydrogen damage manifests itself as a
decrease in tensile ductility (percent elongation and re-
duction of area), decrease in notched tensile strength,
and delayed failure by fracture under static loading. In me-
tals that have high notch sensitivity, the extent of crack
growth is usually quite small, and the probability of de-
tecting a crack before complete failure occurs is corre-
spondingly small. Delay in fracture apparently results,
because of the time required for hydrogen to diffuse to
specific area near a crack nucleus until the concentration
reaches a damaging level (ref. [3]). Another mechanism
is the interaction between hydrogen atoms and disloca-
tions in the metal. The crack tip may be embrittled by hy-
drogen atoms from the aqueous reactions.

W-3420 MATERIALS

Carbon and low alloy steels are subject to eight of the
hydrogen damage mechanisms described above (not from
hydriding), particularly when tensile strengths exceed
about 150 ksi (1 000 MPa). Failure by hydrogen damage
(except by blistering or decarburization) is seldom a pro-
blem in those materials whose tensile strengths are below
100 ksi (700 MPa). When corrosion occurs in aqueous sys-
tems involving carbon steel, hydrogen is generated and
may react with the carbon to form methane gas. This leads
to localized decarburization with corresponding weaken-
ing of the metal. The methane collects at grain boundaries
and other discontinuities with the metal. As the gas pres-
sure builds, small fissures are formed, eventually resulting
in a through‐wall failure (ref. [4]).

Austenitic stainless steels are almost completely resis-
tant to failure by hydrogen damage. These face‐centered
cubic structures are relatively impermeable to the diffu-
sion of atomic hydrogen. The resulting low hydrogen con-
tent in the metal lattice thus has little impact on the
material’s ductility.

Ferritic stainless steels, in the annealed condition, are
extremely resistant to hydrogen damage, because of their
low hardness or strength levels. When these same materi-
als are hardened by cold working or when they are used in
the as‐welded condition, they are susceptible to hydrogen
damage.

Martensitic and precipitation‐hardened steels are sus-
ceptible to hydrogen damage. As the yield strengths in-
crease, the propensity for hydrogen‐induced cracking is
increased. Almost any corrosive environment capable of
evolving hydrogen can cause cracking in these materials.

Heat‐resisting nickel‐base alloys generally do not ex-
perience hydrogen damage. However, there have been iso-
lated cases with alloys such as N07718 where some

damage was experienced under conditions of pure hydro-
gen, pressure as high as 5000 psi (35 MPa), and a tem-
perature of 1,250°F (675°C).

Aluminum alloys occasionally experience hydrogen da-
mage, but the problems are generally traced to voids in in-
gots that contained hydrogen gas prior to working.
Hydrogen damage has not been considered an industrial
problem with this alloy family.

Titanium alloys can experience hydrogen damage (em-
brittlement) due to absorbed hydrogen. The hydrogen
may originate from water vapor, pickling acids, or hydro-
carbons. The amount of hydrogen absorbed depends pri-
marily on the titanium oxide film on the titanium
surface, and an adherent unbroken film can significantly
retard hydrogen absorption. Hydrogen can be removed
from titanium alloys by vacuum annealing.

Zirconium alloys can pick up substantial amounts of hy-
drogen during exposure to high‐pressure steam. Like tita-
nium alloys, the hydrogen can be removed by vacuum
annealing.

W-3430 DESIGN LIMITATIONS

Design issues for hydrogen embrittlement are ad-
dressed under W-3440, Mitigating Actions.

W-3440 MITIGATING ACTIONS

The Metals Handbook (ref. [1]) advises, under a para-
graph entitled, “Prevention of Failures:”
“... the effectiveness of a proposed change in part design

or material in preventing hydrogen damage can be deter-
mined, and any possible harmful effects on the changed
part can be detected, by processing sample parts using
modified procedures and evaluating the reaction of the
parts under simulated or actual service conditions.”
The following are possible steps to be taken to mitigate

hydrogen damage.

(a) Alloy changes, particularly using a lower strength
material, may eliminate the hydrogen embrittlement
problem.
(b) Lowering stresses will lower the propensity for

cracking. This may be accomplished by annealing (lower-
ing the material strength), thickening the section (lower-
ing applied stress), or reducing design loads.

(c) Design changes may involve elimination of sharp
corners or other stress raisers. Eliminating sites for cre-
vice corrosion (where hydrogen might be generated) is
also helpful.

(d) Heat treatments, such as tempering of high‐strength
steels, lower the strength level and result in tougher, more
hydrogen damage resistant materials.
(e) Surface treatments that result in compressive

re s i dua l s t r e s s e s a l so improve re s i s t ance to
hydrogen‐induced cracking in normally susceptible
materials.
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(f) Coatings can be applied to susceptible materials,
providing they are compatible with the service environ-
ment and they are applied such that no hydrogen is
generated.

W-3450 REFERENCES
[1] Metals Handbook, Volume 10, “Failure Analysis and

Prevention,” 8th Edition, 1975, American Society for Me-
tals, pp. 230–240.
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Power, July 1964, pp. 299–352.

[3] Uhlig, H. H. Corrosion and Corrosion Control, J. Wiley &
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[4] Stultz, S. C., and Kitto, J. B. Steam , 40th Edition, Bab-
cock and Wilcox, 1992.
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ARTICLE W-4000
SUMMARIES OF OTHER DAMAGE MECHANISMS

W-4100 FRETTING AND WEAR

W-4110 GENERAL DESCRIPTION

Fretting is a wear phenomenon that occurs between
two mating surfaces. Fretting generally occurs when two
tight‐fitting surfaces are subjected to a cyclic motion of ex-
tremely small amplitude (as in vibration). The term fret-
ting covers numerous forms of deterioration including
fretting corrosion, false brinelling, friction oxidation, chaf-
ing fatigue, molecular attrition, and wear oxidation. Fun-
damentally, the fretting process includes

(a) initial adhesion

(b) oscillation accompanied by the generation of debris

(c) fatigue and wear in the region of contact.

Wear is the damage to a solid surface caused by removal
or displacement of material by the mechanical action of
another solid, a liquid, or a gas (or various combinations).
All mechanical components that undergo sliding or rolling
contact are subject to some degree of wear. Wear may
range from mild polishing over a long period of time to ra-
pid and severe removal of material with accompanying
surface roughening. There are numerous wear modes
and they may change in service as a component wears.

Adhesive wear occurs generally under non‐lubricated
conditions when both contacting surfaces are metallic. It
is also known as scoring, galling, seizing, or scuffing. Mi-
croscopic projections from the mating surfaces bond at
the sliding interface under very high local pressure. As
the bonds are broken, material may be torn from one sur-
face or loose particles may be formed that then attribute to
abrasive wear.

Abrasive wear occurs when hard particles of some ori-
gin slide or roll under pressure across a surface, cutting
grooves in the surface. Both of the mating sliding surfaces
may wear, or the particles may become embedded in one
of the surfaces, causing abrasive wear to the mating sur-
face. Abrasive wear may be grinding abrasion, or
low‐stress scratching abrasion.

Corrosive wear is a form of abrasive wear in which che-
mical or electrochemical reactions accelerate the metal
loss between mating surfaces where sliding occurs. In this
mode of wear, it is unclear whether mechanical wear pre-
cedes chemical actions or vice versa.

Surface fatigue is another mode of wear in which parti-
cles of metal are detached from a surface under high cyclic
contact stresses, causing pitting and spalling.

Two additional modes of wear — erosive wear and
erosion‐corrosion — are covered as unique damage me-
chanisms in W-2900 of this Appendix.

W-4120 MATERIALS

Volume 10 of the Metals Handbook (ref. [1]) provides
numerous case histories of fretting and wear failures.
These failures occurred for a variety of reasons including
initial base metal selection, heat treatment of the material,
or alteration of the surface. Surface finish can also be a
factor.

W-4130 DESIGN

Fretting and wear failures can be brought about by de-
sign factors that allow for relative motion between mating
surfaces, allow high stresses in areas that must move with
respect to one another, or allow for the entry of aggressive
species into mating surfaces. Many of these causative fac-
tors are described in the case histories presented in vo-
lume 10 of the Metals Handbook (ref. [1]).

W-4140 MITIGATING ACTIONS

Wear of material may be countered by altering the ser-
vice conditions or selecting a more wear resistant materi-
al. Material selection may simply involve choosing the best
base metal or it may involve one of many surface altera-
tion methods applied to the base metal(s). In many appli-
cations, use of suitable lubricants can significantly lessen
the effects of wear.
Altering service conditions include
(a) design features to reduce the amount of relative vi-

bration or motion between mating surfaces
(b) improved surface finishes to minimize projections
(c) means for excluding aggressive chemicals from the

mating surfaces
(d) redesigns to lower stresses between parts that will

be moving with respect to one another
There are no simple guidelines on selection of materials

for wear resistance. An excellent place to start is a chapter
in Volume 1 of the Metals Handbook (ref. [2]) entitled,
“The Selection of Steel for Wear Resistance.” This chapter
also addresses many ways in which heat treatments can
be used to achieve a more wear resistant material with se-
lected materials. The wear resistance of specific materials
can also be found in newer versions of Volumes 1 and 2 of
the Metals Handbook (refs. [3] and [4]).
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Surfaces of normally wear‐prone materials can be al-
tered to significantly improve wear resistance. These sur-
face enhancements include the more conventional
carburizing and nitrating treatments. Surface can also be
coated by a variety of wear resistant material applied by

(a) chemical vapor deposition (CVD) or physical vapor
deposition (PVD) (ref. [5])

(b) hardcoat anodizing (ref. [6])

(c) plasma arc spraying (ref. [7])

(d) ion implantation (ref. [8])

(e) detonation‐gun or electro‐spark processes (ref. [9]),
or

(f) conventional hard chrome plating
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[7] d’Angello, C., and El Joundi, H. “Reliable Coatings Via
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W-4200 THERMAL FATIGUE

This section is under development.

W-4300 DYNAMIC LOADING — VIBRATION,
WATER HAMMER AND UNSTABLE
FLUID FLOW

This section is under development.

W-4400 CREEP

W-4410 GENERAL DESCRIPTION

As temperature increases, creep failures become more
likely. Creep failure is primarily an intergranular fracture
phenomenon (that occurs at relatively high temperatures)
(ref. [1]), defined as the progressive deformations of a ma-
terial at constant stress (ref. [1]). Creep failure (fracture)
is known as stress rupture, and reflects the effect of tem-
perature on long‐term load‐bearing characteristics (ref.
[1]). Three stages of creep exist, and can be considered
in design:

(a) primary creep due to initial, transient loading
(b) secondary, or steady state creep, where the creep rate

is measured
(c) tertiary creep, leading to instability and failure (ref.

[1]).
Stress relaxation is a related phenomenon in which the

stress in a member decreases, when a constant amount of
deformation is applied, due to creep (ref. [1]). In this case,
stress relaxation in bolted joints and shrunk or press‐fit
components can result in leaks or loss of function (ref.
[1]).

Creep is not generally a major consideration in light
water reactors (LWRs), due to their operation at approxi-
mately 550°F (290°C), somewhat below the creep range
for most ASME Code materials in ASME Section III. Tem-
perature limits below which design for creep time depen-
dency is not required are about 700°F (370°C) for ferritic
steels and 800°F (425°C) for austenitic steels and alloys
(ref. [2]). However, creep and creep‐fatigue are very im-
portant in the design of components for use in nuclear
power plants such as liquid metal fast breeder reactors
(LMFBRs) and high temperature gas reactors (HTGRs),
where temperatures are in the creep range as defined by
ASME Section III, Subsection NH.

In‐pile ductility and creep ductility may suffer after irra-
diation in boiling water reactors (BWRs) and pressurized
water reactors (PWRs), for austenitic stainless steels and
nickel alloys (ref. [3]). An influence of irradiation on creep
and stress relaxation behavior has been shown for materi-
als stressed at or above the yield strength, and exposed to
significant irradiation [on the order of 1 × 1021 n/cm2

( > 1 MeV)]. However, especially in BWRs, intergranular
stress corrosion cracking (IGSCC) is usually of more con-
cern for these components than creep (ref. [3]). Some
typ i c a l r ea c to r ve s se l componen t s f o r wh i ch
irradiation‐enhanced creep may occur are austenitic stain-
less steel components such as cladding of control rods, ab-
sorber rods and neutron sources, Alloy X‐750 components
such as spring and bolts, Alloy 718 springs, and Alloy 625
cladding of control rod (ref. [3]).

W-4420 MATERIALS

Selection of materials for creep rupture resistance is
usually based upon creep test results. However, this is
not always a simple matter, since it is physically difficult
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to perform creep‐rupture tests at relatively low service
temperature. At low temperatures, the stress must exceed
the material yield strength in order to produce failure in a
reasonable time (ref. [2]). Thus, time‐temperature para-
meters are employed to extrapolate results to lower tem-
peratures, and some uncertainty can exist (ref. [2]). ASME
Code data bases and design factors account for such un-
certainties (ref. [2]).
Environmental effects, such as carbon transport in the

liquid sodium coolant of LMFBRs (ref. [5]) can be signifi-
cant and should be considered. Significant carburization
or decarburization can occur in austenitic/ferritic alloy
piping systems, and influence creep rupture and fatigue
properties (ref. [5]). The effects of helium on the creep
properties of Type 304 and 316, and other heat exchanger
alloys, have been shown to be relatively small for HTGRs
(ref. [6]).
Significant stress relaxation has been demonstrated in

tests for Type 304 stainless steel, Alloy X‐750 and Alloy
718 during irradiation in‐pile to fluences equal to or great-
er than 5 × 1021 n/cm2 ( > 1 MeV) (ref. [4]). As high as 60
to 100% relaxation of stresses occurred in the preceding
cases, for irradiation at 140 to 600°F (60 to 315°C) (ref.
[4]). Stress relaxation also occurred in Type 304 bolts of
from 20 ksi (140MPa) cold preloaded stress to 10 ksi after
reactor heatup to 550°F and irradiation at 6 × 1019 n/cm2

( > 1 MeV) (ref. [4]).
Creep‐fatigue testing of 21/4 Cr‐1Mo steel and of austeni-

tic stainless steels for LMFBRs has been reported to show
increased damage when creep and fatigue loadings are in-
terspersed (ref. [7]). In this case, the creep resistance is
decreased by imposing transient plastic strains (ref. [7]).
In general, more stable microstructures are thought to re-
sult in better long‐term resistance to creep rupture (ref.
[8]). Stable microstructures, such as those produced to
complete annealing or normalizing and tempering, can
show lower rupture strength at short times, but are more
resistant to microstructure transformations which can de-
grade properties at long times (ref. [8]). However, it must
be mentioned that there is a sparsity of creep‐rupture data
at long times and properties in this regime are determined
by extrapolation methods in most cases (ref. [2]).

W-4430 DESIGN

Limitations on operation and design are specified by the
ASME Section III, Subsection NH, for elevated temperature
applications where creep is a significant factor. This sub-
section recognizes three creep properties for elevated
temperature design: rupture stress, stress for 1% strain,
and stress for beginning of tertiary creep (ref. [2]).
If significant creep takes place locally (due to a local hot

spot, etc.), large residual tensile stresses are frozen into
the metal after cooldown (ref. [9]). The stresses can be
greater than ASME Code allowable stresses and are most
important in fatigue, where damage is caused by the re-
peated stress reversals which accompany startup and
shutdown operation (ref. [9]). Significant stress relaxation

can cause equipment functional problems and possible
shortened fatigue life in bolts due to decreased preload
(ref. [4]).

W-4440 MITIGATING ACTIONS

Nuclear equipment, which operates at elevated tem-
peratures in the creep range, must be designed in accor-
dance with Section III, Subsection NH for Class 1
components. Creep rupture and creep‐fatigue evaluations
are required. In other cases, not covered by Subsection
NH, prediction of long‐term properties may be pursued
by time‐temperature extrapolation of test data (ref. [1]).
For example, STRAP is a computer program for steam tur-
bine rotors which predicts rotor lifetime considering the
duty cycles and ultrasonic test (UT) results (ref. [10]). This
program contains fracture toughness, stress rupture, yield
strength, and fatigue crack growth rate data for air melted
1Cr‐Mo‐V forgings (ref. [10]).

The accurate, or conservative, prediction of creep rup-
ture and creep‐fatigue damage, and design in accordance
with these concepts, is the most effective mitigating action
or remedy. However, other parameters can also affect
creep and stress relaxation and should be controlled
where possible. Irradiation of susceptible parts should
be minimized and cold work (which can undergo stress re-
laxation) minimized, where practical. Bolting applications
in high radiation fields should be designed for possible re-
duced preload, in order to account for stress relaxation.
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NONMANDATORY APPENDIX Y

ARTICLE Y-1000
EVALUATION OF THE DESIGN OF RECTANGULAR AND HOLLOW
CIRCULAR CROSS SECTION WELDED ATTACHMENTS ON CLASS 1,

2, AND 3 PIPING

Y-1100 INTRODUCTION

Y-1110 SCOPE
(a) The Articles of this Appendix provide rules and ser-

vice limits which may be used to evaluate the design of
both rectangular cross section and hollow circular cross
section welded attachments on pipe.

(b) The rules presented here are not intended to ex-
clude other methods such as finite element analyses.
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ARTICLE Y-2000
PROCEDURE FOR EVALUATION OF THE DESIGN OF

RECTANGULAR CROSS SECTION ATTACHMENTS ON CLASS 1
PIPING

Y-2100 INTRODUCTION

Y-2110 SCOPE

This Article provides rules and service limits which may
be used to evaluate the design of rectangular cross section
welded attachments on Class 1 pipe under Section III, Di-
vision 1.

Y-2200 LIMITATIONS TO APPLICABILITY

(a) The attachment shall be welded to the pipe by a full
penetration weld (see Figure Y-2300-1).

(b) The attachment material and pipe material shall
have essentially the same moduli of elasticity and coeffi-
cients of thermal expansion.

(c) β1 ≤ 0.5, β2 ≤ 0.5, and the product β1 × β2 ≤ 0.075,
where β1 and β2 are defined in Y-2300.

(d) The attachment is made on straight pipe, with the
nearest edge of the attachment weld located at a minimum
distance of from any other weld or other discontinu-
ity; R and T are defined in Y-2300. For multiple attach-
ments located at a distance less than to each other,
the stress effects for each individual attachment shall be
superimposed.

(e) Do/T ≤ 100.

Y-2300 NOMENCLATURE AND DEFINITIONS
(SEE FIGURE Y-2300-1)

The nomenclature defined below is used in the equa-
tions and figures of this Article.

Do = outside diameter of pipe, in. (mm)
R = mean pipe radius, in. (mm)
T = nominal pipe‐wall thickness, in. (mm)
β1 = L1/R , L1 is defined in Y-2300-1
β2 = L2/R , L2 is defined in Y-2300-1
γ = R/T
Al = 4L1L2 , in.

2 (mm2)
BL = (2/3)CL , but not less than 1.0
BN = (2/3)CN , but not less than 1.0
BT = (2/3)CT , but not less than 1.0
CL = 0.26 (γ)1.74 β1β2

2η4.74 ≥ 1.0
CN = 0.38 (γ)1.90 β1

2β2η
3.40 ≥ 1.0

CT = 3.82 (γ)1.64 β1β2η
1.54 ≥ 1.0

Eα = modulus of elasticity, E , times the mean coefficient
of thermal expansion, α , both at room tempera-
ture,psi/°F (kPa/°C)

Kl = 2.0 for as‐welded full penetration welds and 1.3 for
ground fillet welds as per Figure Y-2300-1

La = lesser of L2 and T , in. (mm)
Lb = lesser of L1 and T , in. (mm)
Lc = lesser of L1 and L2 , in. (mm)
Ld = greater of L1 and L2 , in. (mm)
ML = bending moment applied to the attachment as

shown in Figure Y-2300-1, in.-lb (kN·m)
MN = bending moment applied to the attachment as

shown in Figure Y-2300-1, in.-lb (kN·m)

Figure Y-2300-1
Nomenclature Illustration

Sketch (a): Graphic representation of L1, L2, W, ML, MN, 
Q1, Q2, and MT; L1 and L2 are to be measured
along the surface of the run pipe. Welds or fillet
radii between attachment and pipe are not to 
be included.

Sketch (b): Ground weld or integrally cast attachment;
K1 � 1.3. For as-welded or fillet radii rf  � T,
use K1 � 2.0.

ML

rf

T

rfrf rf

MN

MT

W

Q1
Q1

2L1

2L2

Q2Q2

rf  � T
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MT = torsional moment applied to the attachment as
shown in Figure Y-2300-1, in.-lb (kN·m)

= greater ofMT/{Lc Ld T[1 + (Lc/Ld)]} andMT/{[0.8
+ 0.05(Ld/Lc)]Lc

2Ld}, psi (kPa)
Q1 = shear load applied to the attachment as shown in

Figure Y-2300-1, lb (kN)
Q2 = shear load applied to the attachment as shown in

Figure Y-2300-1, lb (kN)
Sm = allowable design stress intensity, psi (kPa) (lesser

of attachment or pipe material)
Sy = yield strength at temperature, psi (kPa) (lesser of

attachment or pipe material)
Tt = average temperature of that portion of the attach-

ment within a distance of 2T from the surface of
the pipe, °F (°C)

Tw = average temperature of the portion of the pipe un-
der the attachment and within a distance of
from the edge of the attachment, °F (°C)

W = thrust load applied to the attachment as shown in
Figure Y-2300-1, lb (kN)

ZlL = (4/3)L1(L2)
2, in.3 (mm3)

ZlN = (4/3)(L1)
2L2 , in.

3 (mm3)
η = –(X1 cos θ+Y1 sin θ) −(1/A0)(X1 sin θ −Y1 cos θ)2

Load Ao θ Xo Yo

Thrust 2.2 40° 0 0.05

Longitudinal moment 2.0 50° −0.45 −0.55

Circumferential moment 1.8 40° −0.75 −0.60

X1 = X0 + log10β1

Y1 = Y0 + log10β2

ML, MN, MT, Q1, Q2 , andW are determined at the surface
of the pipe. The values of attachment loads used in the
stress evaluation (Y-2400) are based on the loads used
in the different Code equations.

ML**,MN**,MT**, Q1**, Q2**, andW** are absolute va-
lues of maximum loads occurring simultaneously.

Y-2400 EVALUATION PROCEDURE

The loads on the attachment cause stresses in the pipe
wall. Equations are provided in Y-2410(a) to determine
these stresses. The attachment stresses are then added
to the piping system stresses at the attachment. The piping
system stresses are determined by eqs. (9), (10), (11),
(12), (13), and (14) of NB‐3650 for straight pipe. The Code
equations including the attachment stress terms are given
in Y-2410(b). The attachment stresses, Sml, Snl, and Sp l are
to be calculated for the loading conditions corresponding
to the NB‐3650 equations. For example, in calculating
Sm l for use in NB‐3652 eq. (9), W, ML, MN, Q1, Q 2 , and
MT are the loads on the attachment due to mechanical
loads.

There are additional equations given in Y-2410(c) that
also must be checked for attachment stresses. These are
based on the absolute values of maximum loads occurring
simultaneously under all service loading conditions.

Y-2410 ANALYSIS OF ATTACHMENT
(a) Calculate the stresses Sml, Snl, Spl, and Sn l**

ð1Þ

ð2Þ

ð3Þ

NOTE: For thermal transients with fluid temperature changes greater
than 100°F (37.8°C) and rate of change greater than 10°F/min.,
|Tt −Tw| may be conservatively taken as one‐half of the difference be-
tween the initial metal temperature and the transient fluid tempera-
ture during a temperature transient.

ð4Þ

(b) The following modified Code equations shall be sa-
tisfied. All terms except attachment stresses, or where
otherwise noted, are defined in NB‐3652 and NB‐3653.

(1) NB-3652 eq. (9) becomes

ðNB­9Þ

≤ 1.5Sm for Design and Service Level A loadings

≤ 1.8Sm but not greater than 1.5Sy for Level B
loadings

≤ 2.25Sm but not greater than 1.8Sy for Level C
loadings

≤ 3.0Sm but not greater than 2.0Sy for Level D
loadings

where

B1 = 0.5
B2 = 1.0 for straight pipe.

(2) NB-3653.1 eq. (10) becomes

ðNB­10Þ

where

C1 = C2 = 1.0 for straight pipe.
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If S n , as calculated by eq. (NB-10), exceeds 3Sm ,
NB‐3653.6 eqs. (12) and (13) and the thermal stress ratch-
et check of NB‐3653.7 must be satisfied; Sn l need not be
included in these checks. However, the value of Ke shall
be determined from Sn , including Sn l .

(3) NB-3653.2 eq. (11) becomes

ðNB­11Þ

where K1 = K2 = K3 = 1.0 for straight pipe.
(4) NB-3653.6 eq. (14) becomes:

ðNB­14Þ

where Sn and Sp are as calculated by eqs. (2)(NB-10) and
(3)(NB-11) of this Article.

(c) In addition to the Code equations, the following
equations shall also be satisfied:

ð5Þ

ð6Þ

Y-2500 ANALYSIS DOCUMENTATION

Analyses demonstrating compliance with this Article
shall be included in the Design Report for the piping
system.
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ARTICLE Y-3000
PROCEDURE FOR EVALUATION OF THE DESIGN OF

RECTANGULAR CROSS SECTION ATTACHMENTS ON CLASS 2 OR
3 PIPING

Y-3100 INTRODUCTION

Y-3110 SCOPE

This Article provides rules and service limits which may
be used to evaluate the design of rectangular cross section
welded attachments on Class 2 or 3 pipe under Section III,
Division 1.

Y-3200 LIMITATIONS TO APPLICABILITY

(a) The attachment shall be welded to the pipe by
(1) a full penetration weld
(2) a fillet or partial penetration weld along at least

three sides of the attachment
(3) a fillet or partial penetration weld along the two

long sides of the attachment, where the length of the long
side is at least three times the length of the short side
(b) The attachment material and pipe material shall

have essentially the same moduli of elasticity and coeffi-
cients of thermal expansion.
(c) β1 ≤ 0.5, β2 ≤ 0.5, and the product β1 × β2 ≤ 0.075,

where β1 and β2 are defined in Y-3300.
(d) The attachment is made on straight pipe, with the

nearest edge of the attachment weld located at a minimum
distance of from any other weld or other discontinu-
ity; R and T are defined in Y-3300. For multiple attach-
ments located at a distance less than to each other,
the stress effects for each individual attachment shall be
superimposed.
(e) Do/T ≤ 100.

Y-3300 NOMENCLATURE AND DEFINITIONS
(SEE FIGURE Y-3300-1)

The following nomenclature is used in the equations
and figures of this Article.

Al = 4L1L2 , in.
2 (mm2)

Aw = total fillet weld throat area, in.2 (mm2)
BL = (2/3)CL , but not less than 1.0
BN = (2/3)CN , but not less than 1.0
BT = (2/3)CT , but not less than 1.0
CL = 0.26 (γ)1.74 β1β2

2η4.74 ≥ 1.0
CN = 0.38 (γ)1.90 β1

2β2η
3.40 ≥ 1.0

CT = 3.82 (γ)1.64 β1β2η
1.54 ≥ 1.0

Do = outside diameter of pipe, in. (mm)
Kl = 2.0 for as‐welded full penetration welds and fillet

or partial penetration welds welded on four sides
= 3.6 for fillet or partial penetration welds where the

attachment is welded on two or three sides
La = lesser of L2 and T , in. (mm)
Lb = lesser of L1 and T , in. (mm)
Lc = lesser of L1 and L2 , in. (mm)
Ld = greater of L1 and L2 , in. (mm)
ML = bending moment applied to the attachment as

shown in Figure Y-3300-1, in.-lb (kN·m)
MN = bending moment applied to the attachment as

shown in Figure Y-3300-1, in.-lb (kN·m)
MT = torsional moment applied to the attachment as

shown in Figure Y-3300-1, in.-lb (kN·m)
= greater of MT/{Lc Ld T [1 + (Lc/Ld )]} and MT/

{[0.8 + 0.05(Ld/Lc)]Lc
2Ld}, psi (kPa)

Q1 = shear load applied to the attachment as shown in
Figure Y-3300-1, lb (kN)

Q2 = shear load applied to the attachment as shown in
Figure Y-3300-1, lb (kN)

R = mean pipe radius, in. (mm)
Sy = yield strength at temperature, psi (kPa) (lesser ofd

attachment material or pipe material)
T = nominal pipe‐wall thickness, in. (mm)
W = thrust load applied to the attachment as shown in

Figure Y-3300-1, lb (kN)
X1 = X0 + log10β1

Y1 = Y0 + log10β2

ZlL = (4/3)L1(L2)
2, in.3 (mm3)

ZlN = (4/3)(L1)
2L2 , in.

3 (mm3)

Figure Y-3300-1
Nomenclature Illustration

ML

MN

MT

W

Q1
Q1

2L1

2L2

Q2Q2
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Zwd = section modulus of fillet or partial penetration
weld about the neutral axis of bending parallel to
L1 , in.

3 (mm3)
Zwl = section modulus of fillet or partial penetration

weld about the neutral axis of bending parallel to
L2 , in.

3 (mm3)
Zwt = torsional section modulus of fillet or partial pene-

tration weld for torsional loading, in.3 (mm3)
β1 = L1/R , L1 is defined in Y-3300-1
β2 = L2/R , L2 is defined in Y-3300-1
γ = R/T
η = − (X1 cos θ + Y1 sin θ) − (1/A0) (X1 sin θ − Y1

cos θ)2

Load Ao θ Xo Yo

Thrust 2.2 40° 0 0.05

Longitudinal moment 2.0 50° −0.45 −0.55

Circumferential
moment 1.8 40° −0.75 −0.60

ML, MN, MT, Q1, Q2 , andW are determined at the surface
of the pipe. The values of attachment loads used in the
stress evaluation (Y-3400) are based on the loads used
in the different Code equations.

ML**,MN**,MT**, Q1**, Q2**, andW** are absolute va-
lues of maximum loads occurring simultaneously.

Y-3400 EVALUATION PROCEDURE

The loads on the attachment cause stresses in the pipe
wall. Equations are provided in Y-3410(a) to determine
these stresses. The attachment stresses are then added
to the piping system stresses at the attachment. The piping
system stresses are determined by NC‐3652 eq. (8),
NC‐3653.1 eq. (9), and NC‐3653.2 eqs. (10), (10a), and
(11) for straight pipe. The Code equations including the at-
tachment stress terms are given in X‐3410(b). The attach-
ment stresses Sml, Snl, and Sp l are to be calculated for the
loading conditions corresponding to NC‐3652 eq. (8),
NC‐3653.1 eq. (9), and NC‐3653.2 eqs. (10), (10a), and
(11). For example, in calculating Sm l for use in NC‐3652
eq. (8), W, ML, MN, Q1, Q2 , and MT are the loads on the at-
tachment due to weight and other sustained loads. While
NC is used below, the same rules apply for ND piping.

There are additional equations given in Y-3410(c) for
all weld configurations and Y-3420(b) for attachments
welded with fillet or partial penetration welds that also
must be checked for attachment stresses. These are based
on the absolute values for maximum loads occurring si-
multaneously for Level A, B, C, or D service loading
conditions.

Y-3410 ANALYSIS OF ATTACHMENT WELDED TO
PIPE WITH A FULL PENETRATION WELD

(a) Calculate the stresses Sml, Snl, Spl, and Sn l**:

ð1Þ

ð2Þ

ð3Þ

ð4Þ

(b) The following modified Code equations shall be sa-
tisfied. All terms except attachment stresses, or where
otherwise noted, are defined in NC‐3652.

(1) NC‐3652 eq. (8) becomes

ðNC­8Þ

where B1 = 0.5 and B2 1.0 for straight pipe.
(2) NC‐3653.1 eq. (9) becomes

ðNC­9Þ

≤ 1.8Sh but not greater than 1.5Sy for Level A
and B loadings

≤ 2.25Sh but not greater than 1.8Sy for Level C
loadings

≤ 3.0Sh but not greater than 2.0Sy for Level D
loadings

(3) NC‐3653.2 eq. (10) becomes

ðNC­10Þ

(4) NC‐3653.2 eq. (10a) becomes

ðNC­10aÞ

(5) NC‐3653.2 eq. (11) becomes

ðNC­11Þ

In eq. (5)(NC-11), S m l is the same as used in
eq . (1) (NC-8) , and S p l i s the same as used in
eq. (3)(NC-10).

(c) In addition to the modified Code equations, the fol-
lowing equations shall also be satisfied.
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ð5Þ

ð6Þ

Y-3420 ANALYSIS OF ATTACHMENT WELDED TO
PIPE WITH FILLET OR PARTIAL
PENETRATION WELDS

(a) The requirements of Y-3410 shall be met. For attach-
ments welded on two or three sides, the value of K1 used
in calculating Sp l shall be 3.6.
(b) The following additional equations shall be satisfied.

ð7Þ

ð8Þ

Y-3430 DIFFERENTIAL METAL TEMPERATURE
EFFECTS

The potential for increased stress at the attachment
welds, which may occur as a result of differential metal
temperatures between the attachment and the run, should
be considered in the design evaluation.

Y-3500 ANALYSIS DOCUMENTATION

Analyses demonstrating compliance with this Article
shall be included in the Design Report for the piping
system.
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ARTICLE Y-4000
PROCEDURE FOR EVALUATION OF THE DESIGN OF HOLLOW

CIRCULAR CROSS SECTION WELDED ATTACHMENTS ON CLASS 1
PIPING

Y-4100 INTRODUCTION

Y-4110 SCOPE

This Article provides rules and service limits which may
be used to evaluate the design of hollow circular cross sec-
tion welded attachments on Class 1 pipe under Section III,
Division 1.

Y-4200 LIMITATIONS TO APPLICABILITY

(a) The attachment shall be welded to the pipe by a full
penetration weld (see Figure Y-4200-1).

(b) The attachment material and pipe material shall
have essentially the same moduli of elasticity and coeffi-
cients of thermal expansion.

(c) The constants defined in Y-4300 fall within the fol-
lowing ranges:

(1) 4.0 ≤ γ ≤ 50.0
(2) 0.2 ≤ τ ≤ 1.0
(3) 0.3 ≤ β ≤ 1.0
(4) the axis of the attachment is perpendicular to the

axis of the run pipe
(d) The attachment is made on straight pipe, with the

nearest edge of the attachment weld located at a minimum
distance of from any other weld or other discontinu-

ity (see Y-4300 for definitions of R and T ). For multiple

attachments located at a distance less than to each
other, the stress effects for each individual attachment
shall be superimposed.

Y-4300 NOMENCLATURE AND DEFINITIONS
(SEE FIGURE Y-4300-1)

The nomenclature defined below is used in the equa-
tions and figures of this Article.

AT = π (ro
2 − r i

2)
BL = 0.5 (CL), but not less than 1.0
BN = 0.5 (CN), but not less than 1.0
BT = 0.5 (CT), but not less than 1.0
BW = 0.5 (CW), but not less than 1.0
C = Ao(2γ)

n 1βn 2τn 3 but not less than 1.0
CT = 1.0 for β ≤ 0.55

= CN for β = 1.0, but not less than 1.0; CT should be
linearly interpolated for 0.55 < β < 1.0, but not less
than 1.0

do = outside diameter of attachment, in. (mm)
Do = outside diameter of run pipe, in. (mm)
Eα = modulus of elasticity, E , times the mean coefficient

of thermal expansion, α , both at room temperature,
psi/°F (kPa/°C)

IT =

J = lesser of πro
2T or ZT

KT = 1.8 for full penetration welds
Figure Y-4200-1

Weld Type Illustration

Attachment

Weld

Pipe wall

Full Penetration Weld

Figure Y-4300-1
Nomenclature Illustration

Attachment

Run 
  pipe

Run pipe

ML

MNMT

W

Q1Q1

Q2
Q2
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ML = bending moment applied to the attachment as
shown in Figure Y-4300-1, in.-lb (kN·m)

MN = bending moment applied to the attachment as
shown in Figure Y-4300-1, in.-lb (kN·m)

MT = torsional moment applied to the attachment as
shown in Figure Y-4300-1, in.-lb (kN·m)

Q1 = shear load applied to the attachment as shown in
Figure Y-4300-1, lb (kN)

Q2 = shear load applied to the attachment as shown in
Figure Y-4300-1, lb (kN)

R = mean run pipe radius, in. (mm)
r i = attachment inside radius, in. (mm)
ro = attachment outside radius, in. (mm)
Ro = run pipe outside radius, in. (mm)
Sm = allowable design stress intensity, psi (kPa) (lesser

of attachment or pipe material)
SY = yield stress at temperature, psi (kPa) (lesser of at-

tachment or pipe material)
T = run pipe wall thickness, in. (mm)
t = attachment wall thickness, in. (mm)

TT = average temperature of that portion of the attach-
ment within a distance of 2t from the surface of
the pipe, °F (°C)

TW = average temperature of the portion of the pipe un-
der the attachment and within a distance of
from the edge of the attachment, °F (°C)

W = thrust load applied to the attachment as shown in
Figure Y-4300-1, lb (kN)

ZT = IT/ro
β = do/Do

γ = Ro/T
τ = t/T

The equation for C shall be used to determine CW , CL ,
and CN , based on the following table. Select the maximum
value of the pipe and the attachment equations.

Index Part β range Ao n1 n2 n3

CW Pipe attachment 0.3–1.0 1.40 0.81 (1) 1.33
0.3–1.0 4.00 0.55 (2) 1.00

CL Pipe attachment 0.3–1.0 0.46 0.60 −0.04 0.86
0.3–1.0 1.10 0.23 −0.38 0.38

CN Pipe attachment 0.3–0.55 0.51 1.01 0.79 0.89
0.3–0.55 0.84 0.85 0.80 0.54

Pipe attachment > 0.55–1.0 0.23 1.01 −0.62 0.89
> 0.55–1.0 0.44 0.85 −0.28 0.54

NOTES:
(1) Replace βn 2 with e (-1.2β

3)

(2) Replace βn 2 with e (-1.35β
3)

ML, MN, MT, Q1, Q2 , andW are determined at the surface
of the pipe.
ML**,MN**,MT**, Q1**, Q2**, andW** are absolute va-

lues of maximum loads occurring simultaneously under all
service loading conditions.

Y-4400 EVALUATION PROCEDURE

The loads on the attachment cause stresses in the pipe
wall. Equations are provided in X‐4410(a) to determine
these stresses. The attachment stresses are then added
to the piping system stresses at the attachment. The piping
system stresses are determined by NB‐3652 eq. (9),
NB‐3653.1 eq. (10), NB‐3653.2 eq. (11), and NB‐3653.6
eqs. (12), (13), and (14). The Code equations including
the attachment stress terms are given in Y-4410(b). The
attachment stresses, SMT, SNT, and SPT are to be calculated
for the loading conditions corresponding to NB‐3652 eq.
(9), NB‐3653.1 eq. (10), NB‐3653.2 eq. (11), and
NB‐3653.6 eqs. (12), (13), and (14). For example, in calcu-
lating SMT for use in NB‐3652 eq. (9) for design condi-
tions, W, ML, MN, Q1, Q 2 , and MT are the loads on the
attachment due to design mechanical loads.

There are additional equations given in Y-4410(c) that
also must be checked for attachment stresses. These are
based on the absolute values for maximum loads occur-
ring simultaneously under all service loading conditions.

Y-4410 ANALYSIS OF ATTACHMENTS

(a) Calculate the stresses SMT, SNT, SPT, and SNT**:

ð1Þ

ð2Þ

NOTE: For thermal transients with fluid temperature changes greater
than 100°F (37.8°C) and rate of change greater than 10°F/min., |TT −
TW| may be conservatively taken as one‐half of the difference be-
tween the initial metal temperature and the transient fluid tempera-
ture during a temperature transient.

ð3Þ

ð4Þ

(b) The following modified Code equations shall be
satisfied.

(1) NB-3652 eq. (9) becomes:

ðNB­9Þ
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≤ 1.5Sm for Design and Service Level A loadings

≤ 1.8Sm but not greater than 1.5Sy for Level B
loadings

≤ 2.25Sm but not greater than 1.8Sy for Level C
loadings

≤ 3.0Sm but not greater than 2.0Sy for Level D
loadings

where B1 = 0.5 and B2 = 1.0 for straight pipe.
(2) NB-3653.1 eq. (10) becomes:

ðNB­10Þ

where

C1 = C2 = 1.0 for straight pipe.

If S n , as calculated by eq. (NB-10), exceeds 3Sm ,
NB‐3653.6 eqs. (12) and (13) and the thermal stress ratch-
et check of NB‐3653.7 must be satisfied; Sn l need not be
included in these checks. However, the value of Ke shall
be determined from Sn , including Sn l .

(3) NB-3653.2 eq. (11) becomes:

ðNB­11Þ

where

K1 = K2 = K3 = 1.0 for straight pipe.

(4) NB-3653.6 eq. (14) becomes:

ðNB­14Þ

where Sn and SP are as calculated by eqs. (2)(NB-10) and
(3)(NB-11) of this Article.

All terms except attachment stresses, or where other-
wise noted, are defined in NB‐3652 and NB‐3653.

(c) In addition to the modified Code equations, the fol-
lowing equations shall also be satisfied:

ð5Þ

ð6Þ

Y-4500 ANALYSIS DOCUMENTATION

Analyses demonstrating compliance with this Article
shall be included in the Design Report for the piping
system.
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ARTICLE Y-5000
PROCEDURE FOR EVALUATION OF THE DESIGN OF HOLLOW

CIRCULAR CROSS SECTION WELDED ATTACHMENTS ON CLASS 2
AND 3 PIPING

Y-5100 INTRODUCTION

Y-5110 SCOPE

This Article provides rules and service limits which may
be used to evaluate the design of hollow circular cross sec-
tion welded attachments on Class 2 and 3 pipe under Sec-
tion III, Division 1.

Y-5200 LIMITATIONS TO APPLICABILITY

(a) The attachment shall be welded to the pipe along the
entire circumference by either a full penetration weld, a
fillet weld, or a partial penetration weld.
(b) The attachment material and pipe material shall

have essentially the same moduli of elasticity and coeffi-
cients of thermal expansion.
(c) The constants defined in Y-5300 fall within the fol-

lowing ranges:
(1) 4.0 ≤ γ ≤ 50.0
(2) 0.2 ≤ τ ≤ 1.0
(3) 0.3 ≤ β ≤ 1.0
(4) the axis of the attachment is perpendicular to the

axis of the run pipe
(d) The attachment is made on straight pipe, with the

nearest edge of the attachment weld located at a minimum
distance of from any other weld or other discontinu-
ity (see Y-5300 for definitions of R and T). For multiple at-
tachments located at a distance less than to each
other, the stress effects for each individual attachment
shall be superimposed.

Y-5300 NOMENCLATURE AND DEFINITIONS
(SEE FIGURE Y-5300-1)

The nomenclature defined below is used in the equa-
tions and figures of this Article.

AT = π (ro
2 − r i

2)
Aw = fillet weld or partial penetration weld throat area,

in.2 (mm2)
BL = 0.5 (CL), but not less than 1.0
BN = 0.5 (CN), but not less than 1.0
BT = 0.5 (CT), but not less than 1.0
BW = 0.5 (CW), but not less than 1.0

C = Ao(2γ)
n 1βn 2τn 3 but not less than 1.0

CT = 1.0 for β ≤ 0.55
= CN for β = 1.0, but not less than 1.0; CT should be

linearly interpolated for 0.55 < β < 1.0, but not less
than 1.0

Do = outside diameter of run pipe, in. (mm)
do = outside diameter of attachment, in. (mm)

IT =

J = lesser of πro
2T or ZT

KT = 1.8 for full penetration welds
= 2.0 for fillet or partial penetration welds

ML = bending moment applied to the attachment as
shown in Figure Y-5300-1, in.-lb (kN·m)

MN = bending moment applied to the attachment as
shown in Figure Y-5300-1, in.-lb (kN·m)

MT = torsional moment applied to the attachment as
shown in Figure Y-5300-1, in.-lb (kN·m)

Q1 = shear load applied to the attachment as shown in
Figure Y-5300-1, lb (kN)

Q2 = shear load applied to the attachment as shown in
Figure Y-5300-1, lb (kN)

R = mean run pipe radius, in. (mm)
r i = attachment inside radius, in. (mm)
ro = attachment outside radius, in. (mm)
Ro = run pipe outside radius, in. (mm)
SA = f (1.25Sc + 0.25Sh), psi (kPa), as defined in NC/

ND-3611.2 (lesser of attachment or pipe material
allowable)

Figure Y-5300-1
Nomenclature Illustration

Attachment

Run 
  pipe

Run pipe

ML

MNMT

W

Q1Q1

Q2
Q2
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Sc = basic material allowable stress at ambient tem-
perature, psi (kPa) (lesser of attachment or pipe
material allowable)

Sh = basic material allowable stress at maximum (hot)
temperature, psi (kPa) (lesser of attachment or
pipe material allowable)

Sy = yield stress at temperature, psi (kPa) (lesser of at-
tachment or pipe material yield stress)

T = nominal run pipe wall thickness, in. (mm)
t = nominal attachment wall thickness, in. (mm)

W = thrust load applied to the attachment as shown in
Figure Y-5300-1, lb (kN)

ZT = IT/ro
Zwl = section modulus of fillet weld or partial penetra-

tion weld about the neutral axis normal to the
run pipe center line, in.3 (mm3)

Zwn = section modulus of fillet weld or partial penetra-
tion weld about the neutral axis of bending parallel
to run pipe centerline, in.3 (mm3)

Zwt = torsional section modulus of fillet weld or partial
penetration weld for torsional loading, in.3 (mm3)

β = do/Do

γ = Ro/T
τ = t/T

The equation for C shall be used to determine CW,
CL, and CN , based on the following table. Select the
maximum value of the pipe and the attachment
equations.

Index Part β range Ao n1 n2 n3

CW Pipe
attach-
ment

0.3–1.0 1.40 0.81 [Note
(1)]

1.33

0.3–1.0 4.00 0.55 [Note
(2)]

1.00

CL Pipe
attach-
ment

0.3–1.0 0.46 0.60 −0.04 0.86
0.3–1.0 1.10 0.23 −0.38 0.38

CN Pipe
attach-
ment

0.3–0.55 0.51 1.01 0.79 0.89
0.3–0.55 0.84 0.85 0.80 0.54

Pipe
attach-
ment

> 0.55–1.0 0.23 1.01 −0.62 0.89
> 0.55–1.0 0.44 0.85 −0.28 0.54

NOTES:
(1) Replace βn 2 with e (-1.2β

3)

(2) Replace βn 2 with e (-1.35β
3)

ML, MN, MT, Q1, Q2 , andW are determined at the surface
of the pipe. The values of attachment loads used in the
stress evaluation (Y-5400) are based on the loads used
in the different Code equations.

ML**,MN**,MT**, Q1**, Q2**, andW** are absolute va-
lues of maximum loads occurring simultaneously under all
service loading conditions.

Y-5400 EVALUATION PROCEDURE

The loads on the attachment cause stresses in the pipe
wall. Equations are provided in Y-5410(a) to determine
these stresses. The attachment stresses are then added
to the piping system stresses at the attachment. The piping
system stresses are determined by NC‐3652 eq. (8),
NC‐3653.1 eq. (9), and NC‐3653.2 eqs. (10), (10a), and
(11) for straight pipe. The Code equations including the at-
tachment stress terms are given in Y-5410(b). The attach-
ment stresses, SMT, SNT, and SPT are to be calculated for
the loading conditions corresponding to NC‐3652 eq. (8),
NC‐3653.1 eq. (9), and NC‐3653.2 eqs. (10), (10a), and
(11). For example, in calculating SMT for use in NC‐3652
eq. (8), W, ML, MN, Q1, Q2 , and MT are the loads on the at-
tachment due to weight and other sustained loads. While
NC is used below, the same rules apply for ND piping.

There are additional equations given in Y-5410(c) for
all weld configurations and Y-5420(b) for fillet weld or
partial penetration weld attachments, that also must be
checked for attachment stresses. These are based on the
absolute values for maximum loads occurring simulta-
neously under all service loading conditions.

Y-5410 ANALYSIS OF ATTACHMENT WELDED TO
PIPE WITH A FULL PENETRATION WELD

(a) Calculate the stresses: SMT, SNT, SPT, and SNT**

ð1Þ

ð2Þ

ð3Þ

ð4Þ

(b) The following modified Code equations shall be sa-
tisfied, where all terms except attachment stresses are de-
fined in NC‐3652.

(1) NC‐3652 eq. (8) becomes

ðNC­8Þ

where B1 = 0.5 and B2 = 1.0 for straight pipe.

2013 SECTION III APPENDICES

405

-
-
`
`
,
,
,
,
,
`
`
`
`
,
`
,
`
,
`
,
`
,
`
`
`
,
,
,
,
-
`
-
`
,
,
`
,
,
`
,
`
,
,
`
-
-
-



(2) NC‐3653.1 eq. (9) becomes

ðNC­9Þ

≤ 1.8Sh but not greater than 1.5Sy for Level A
and B loadings

≤ 2.25Sh but not greater than 1.8Sy for Level C
loadings

≤ 3.0Sh but not greater than 2.0Sy for Level D
loadings

(3) NC‐3653.2 eq. (10) becomes

ðNC­10Þ

(4) NC‐3653.2 eq. (10a) becomes

ðNC­10aÞ

(5) NC‐3653.2 eq. (11) becomes

ðNC­11Þ

In eq . (NC-11) , S M T i s the same as used in
eq . (1)(NC-8) , and S P T i s the same as used in
eq. (3)(NC-10).
(c) In addition to the Code equations, the following

equations shall also be satisfied.

ð5Þ

ð6Þ

Y-5420 ANALYSIS OF ATTACHMENT WELDED TO
PIPE WITH FILLET WELDS OR PARTIAL
PENETRATION WELDS

(a) The requirements of Y-5410 shall be met.
(b) The following additional requirements shall be met.

ð7Þ

ð8Þ

Y-5430 DIFFERENTIAL METAL TEMPERATURE
EFFECTS

The potential for increased stress at the attachment
welds, which may occur as a result of differential metal
temperatures between the attachment and the run, should
be considered in the design evaluation.

Y-5500 ANALYSIS DOCUMENTATION

Analyses demonstrating compliance with this Article
shall be included in the Design Report for the piping
system.
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NONMANDATORY APPENDIX Z

ARTICLE Z-1000
INTERRUPTION OF CODE WORK

Z-1100 INTRODUCTION

Z-1110 SCOPE

The scope of this Appendix is confined to those situa-
tions where the Code activities of a Certificate Holder
are interrupted prior to completion of all Code assigned
responsibilities. When this occurs, all completed in‐
process work must be clearly documented to ensure re-
maining activities and Code responsibilities are readily
identifiable.

Z-1200 DEFINITIONS

interruption of Code activities: the cessation of Code work
by a Certificate Holder prior to completion of all assigned
Code responsibilities. The cessation may result from pro-
ject suspension or transfer of Code responsibilities from
one Certificate Holder to another Certificate Holder.

completed in‐process work: a Code activity on an item, part,
subassembly, appurtenance, component, or support which
has been accepted by the ANI for the Certificate Holder
that performed the Code activity, but which requires addi-
tional work before the item, part, subassembly, appurte-
nance, component, or support can be stamped with the
applicable Certification Mark. Examples of completed in‐
process work include design activities, an individual weld
or a weld pass, heat treatment of weld joints, and examina-
tion of welds or items after heat treatment.

Z-1300 DOCUMENTATION

(a) A memorandum of understanding shall be approved
by the parties involved which documents the status of
Code activities and acceptance of transfer responsibilities,
where applicable. The memorandum shall be approved by
the existing Certificate Holder and its ANI, or alternatively,
a Certificate Holder who has permitted its Certificate to ex-
pire and its current ANI, employee by an Accredited Nucle-
ar AIA, and the Certificate Holder that will provide
continuity of responsibility and its ANI, where applicable.
When the work is being performed at a nuclear power
plant site, the memorandum shall also be approved by

the Owner and the jurisdictional enforcement authority
having jurisdiction at the nuclear power plant site, if
applicable.

(b) The memorandum of understanding shall reference
Code Data Reports for completed work. For completed in‐
process work, Code Data Reports may also be used to
document the status of Code activities. Additionally, the
status of completed in‐process work may also be indicated
on drawings, diagrams, or other means and referenced in
the memorandum.

Z-1400 OTHER CONSIDERATIONS

(a) If a quality program such as that used by a Certifi-
cate Holder is utilized during the period of interruption,
a review of completed work will not be required by the
Certificate Holder assuming responsibility for completion
of Code activities. The Certificate Holder assuming respon-
sibility or its Authorized Nuclear Inspector may require
evidence that an acceptable quality program has been in
place.

(b) Once completed work or completed in‐process work
is accepted by an ANI, it meets Code requirements and
need not be scrutinized by another Certificate Holder or
ANI.

(c) To meet Code requirements, completed work shall
be documented on the applicable Code Data Report and
stamped as applicable.

(d) Completion of the applicable Code Data Report and
application of the Certification Mark, where applicable, ex-
pressly signifies the Code status of completed work and
completed in‐process work.

(e) Where the N‐type Certificate Holder has permitted
the Certificates to expire, and has returned the Certifica-
tion Mark to the Society, and the Owner plans to contract
with a new Certificate Holder to complete construction of
the nuclear facility, the expired Certificate Holder may ap-
ply to the Society for Temporary Certificates of Authoriza-
tion and such Certificates and applicable Certification
Mark shall be issued by the Society subject to the following
conditions:
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(1) The scope of the certificates shall be limited to the
Code Edition and Addenda to which the nuclear plant has
been docketed. No new Code work may be performed un-
der these Temporary Certificates. Repair welding of mate-
rial imperfections and existing welds shall not be
performed.

(2) An Accredited Authorized Nuclear Inspection
Agency shall be employed to review the completed work
previously performed and monitor and verify compilation
and completion of all originally required documentation
such as Data Report Forms and supporting Data Packages.

(3) The ANI shall certify all partial Data Reports and
authorize the Temporary Certificate Holder to stamp the
previously completed work with the appropriate Certifica-
tion Mark.

(4) The Quality Assurance Program previously ac-
cepted by the Society shall be implemented (NCA‐8140)
and any revisions to the program shall be acceptable to
the Authorized Nuclear Inspection Agency. All required re-
visions to the Quality Assurance Manual shall be reviewed
and accepted by the ANI prior to implementation. The re-
vised program shall govern all activities required to docu-
ment and stamp all previously completed work.

(5) A survey or audit by the Society shall be required
for the issuance of the requested Certificates and Stamps
to the Expired Certificate Holder. Code activities per-
formed prior to the issuance of the Temporary Certificates
shall be subject to the acceptance of the Inspector
(NCA‐8153).

(6) The Owner shall apply to the Society for an Own-
ers Certificate (NCA‐8162), and the evaluation interview
by the Society shall include a review of the Owner’s
planned scope of activities to be performed under the
Temporary Certificates. A complete list of all work

remaining to be documented and stamped shall be pro-
vided to the AIA prior to the completion of all work. The
Regulatory Authority and the Jurisdictional and Enforce-
ment Authority (if applicable) shall be notified of the com-
pletion of these activities.

(7) The term of the Temporary Certificates shall be
for 1 year, and may be extended once by the Society upon
receipt of a request submitted by Certified mail for an ad-
ditional period not to exceed 1 year. Subsequent renewals
shall be treated as renewals of active Certificates.

(8) The Owner shall maintain the Owner’s Certificate
in accordance with existing Code requirements until all
Code activity has been completed, and the N‐3 Data Report
Form has been completed and filed [NCA‐8180(c)].

(9) The Temporary Certificates and Certification
Mark shall be returned to the Society when all previously
completed work has been documented and stamped.

Z-1500 RESUMPTION OF CODE ACTIVITIES

Resumption of Code activities may be undertaken at any
time by updating the original memorandum of under
standing documenting the status of Code activities. The
updated memorandum shall be approved by any new par-
ties involved such as the Certificate Holder assuming re-
sponsibility for completion of Code activities, the
Certificate Holder’s ASME Accredited Authorized Nuclear
Inspection Agency, and the organization contracting for
the completion of Code activities. For Code activities to
be performed at a nuclear plant site, the Owner and juris-
dictional and enforcement authority (when applicable)
shall also approve the updated memorandum of
understanding.
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NONMANDATORY APPENDIX AA
GUIDANCE FOR THE USE OF U.S. CUSTOMARY AND SI UNITS IN

THE ASME BOILER AND PRESSURE VESSEL CODE

AA-1000 USE OF UNITS IN EQUATIONS

The equations in this Nonmandatory Appendix are sui-
table for use with either the U.S. Customary or the SI units
provided in Mandatory Appendix XXIV, or with the units
provided in the nomenclature associated with that equa-
tion. It is the responsibility of the individual and organiza-
t ion performing the calculat ions to ensure that
appropriate units are used. Either U.S. Customary or SI
units may be used as a consistent set. When necessary
to convert from one system of units to another, the units
shall be converted to at least three significant figures for
use in calculations and other aspects of construction.

AA-2000 GUIDELINES USED TO DEVELOP SI
EQUIVALENTS

The following guidelines were used to develop SI
equivalents:

(a) SI units are placed in parentheses after the U.S. Cus-
tomary units in the text.

(b) In general, separate SI tables are provided if interpo-
lation is expected. The table designation (e.g., table num-
ber) is the same for both the U.S. Customary and SI
tables, with the addition of suffix “M” to the designator
for the SI table, if a separate table is provided. In the text,
references to a table use only the primary table number
(i.e., without the “M”). For some small tables, where inter-
polation is not required, SI units are placed in parentheses
after the U.S. Customary unit.

(c) Separate SI versions of graphical information
(charts) are provided, except that if both axes are dimen-
sionless, a single figure (chart) is used.

(d) In most cases, conversions of units in the text were
done using hard SI conversion practices, with some soft
conversions on a case‐by‐case basis, as appropriate. This
was implemented by rounding the SI values to the number
of significant figures of implied precision in the existing
U.S. Customary units. For example, 3,000 psi has an im-
plied precision of one significant figure. Therefore, the
conversion to SI units would typically be to 20 000 kPa.
This is a difference of about 3% from the “exact” or soft
conversion of 20 684.27 kPa. However, the precision of
the conversion was determined by the Committee on a
case‐by‐case basis. More significant digits were included

in the SI equivalent if there was any question. The values
of allowable stress in Section II, Part D generally include
three significant figures.

(e) Minimum thickness and radius values that are ex-
pressed in fractions of an inch were generally converted
according to the following table:

Fraction,
in.

Proposed SI
Conversion, mm

Difference,
%

1/32 0.8 −0.8
3/64 1.2 −0.8
1/16 1.5 5.5
3/32 2.5 −5.0
1/8 3 5.5
5/32 4 −0.8
3/16 5 −5.0
7/32 5.5 1.0
1/4 6 5.5
5/16 8 −0.8
3/8 10 −5.0
7/16 11 1.0
1/2 13 −2.4
9/16 14 2.0
5/8 16 −0.8

11/16 17 2.6
3/4 19 0.3
7/8 22 1.0

1 25 1.6

(f) For nominal sizes that are in even increments of
inches, even multiples of 25 mm were generally used. In-
termediate values were interpolated rather than convert-
ing and rounding to the nearest mm. See examples the
following table. [Note that this table does not apply to
nominal pipe sizes (NPS), which are covered below.]

Size, in. Size, mm

1 25
11/8 29
11/4 32
11/2 38
2 50
21/4 57
21/2 64
3 75
31/2 89
4 100
41/2 114
5 125
6 150
8 200
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Table continued

Size, in. Size, mm

12 300

18 450

20 500

24 600

36 900

40 1 000

54 1 350

60 1 500

72 1 800

Size or Length,
ft Size or Length, m

3 1

5 1.5

200 60

(g) For nominal pipe sizes, the following relationships
were used:

U.S.
Custom-

ary
Practice

SI
Practice

U.S.
Custom-

ary
Practice

SI
Practice

NPS 1/8 DN 6 NPS 20 DN 500

NPS 1/4 DN 8 NPS 22 DN 550

NPS 3/8 DN 10 NPS 24 DN 600

NPS 1/2 DN 15 NPS 26 DN 650

NPS 3/4 DN 20 NPS 28 DN 700

NPS 1 DN 25 NPS 30 DN 750

NPS 11/4 DN 32 NPS 32 DN 800

NPS 11/2 DN 40 NPS 34 DN 850

NPS 2 DN 50 NPS 36 DN 900

NPS 21/2 DN 65 NPS 38 DN 950

NPS 3 DN 80 NPS 40 DN 1000

NPS 31/2 DN 90 NPS 42 DN 1050

NPS 4 DN 100 NPS 44 DN 1100

NPS 5 DN 125 NPS 46 DN 1150

NPS 6 DN 150 NPS 48 DN 1200

NPS 8 DN 200 NPS 50 DN 1250

NPS 10 DN 250 NPS 52 DN 1300

NPS 12 DN 300 NPS 54 DN 1350

NPS 14 DN 350 NPS 56 DN 1400

NPS 16 DN 400 NPS 58 DN 1450

NPS 18 DN 450 NPS 60 DN 1500

(h) Areas in square inches (in.2) were converted to
square mm (mm2) and areas in square feet (ft2) were con-
verted to square meters (m2). See examples in the follow-
ing table:

Area (U.S. Customary) Area (SI)

1 in.2 650 mm2

6 in.2 4 000 mm2

10 in.2 6 500 mm2

5 ft2 0.5 m2

(i) Volumes in cubic inches (in.3) were converted to cu-
bic mm (mm3) and volumes in cubic feet (ft3) were con-
verted to cubic meters (m3). See examples in the
following table:

Volume (U.S. Customary) Volume (SI)

1 in.3 16 000 mm3

6 in.3 100 000 mm3

10 in.3 160 000 mm3

5 ft3 0.14 m3

(j) Although the pressure should always be in MPa for
calculations, there are cases where other units are used
in the text. For example, kPa is used for small pressures.
Also, rounding was to one significant figure (two at the
most) in most cases. See examples in the following table.
(Note that 14.7 psi converts to 101 kPa, while 15 psi con-
verts to 100 kPa. While this may seem at first glance to be
an anomaly, it is consistent with the rounding philosophy.)

Pressure (U.S.
Customary)

Pressure
(SI)

0.5 psi 3 kPa

2 psi 15 kPa

3 psi 20 kPa

10 psi 70 kPa

14.7 psi 101 kPa

15 psi 100 kPa

30 psi 200 kPa

50 psi 350 kPa

100 psi 700 kPa

150 psi 1 MPa

200 psi 1.5 MPa

250 psi 1.7 MPa

300 psi 2 MPa

350 psi 2.5 MPa

400 psi 3 MPa

500 psi 3.5 MPa

600 psi 4 MPa

1,200 psi 8 MPa

1,500 psi 10 MPa

(k) Material properties that are expressed in psi or ksi
(e.g., allowable stress, yield and tensile strength, elastic
modulus) were generally converted to MPa to three signif-
icant figures. See example in the following table:

Strength (U.S.
Customary)

Strength
(SI)

95,000 psi 655 MPa
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(l) In most cases, temperatures (e.g., for PWHT) were
rounded to the nearest 5°C. Depending on the implied pre-
cision of the temperature, some were rounded to the near-
est 1°C or 10°C or even 25°C. Temperatures colder than
0°F (negative values) were generally rounded to the near-
est 1°C. The examples in the table below were created by
rounding to the nearest 5°C, with one exception:

Temperature, °F Temperature, °C

70 20

100 38
120 50
150 65
200 95
250 120
300 150
350 175
400 205
450 230
500 260
550 290
600 315

650 345
700 370
750 400
800 425
850 455
900 480
925 495
950 510

1,000 540
1,050 565
1,100 595
1,150 620

1,200 650
1,250 675
1,800 980
1,900 1 040
2,000 1 095
2,050 1 120

AA-3000 SOFT CONVERSION FACTORS

The following table of “soft” conversion factors is pro-
vided for convenience. Multiply the U.S. Customary value
by the factor given to obtain the SI value. Similarly, divide
the SI value by the factor given to obtain the U.S. Custom-
ary value. In most cases it is appropriate to round the an-
swer to three significant figures.

U.S.
Custom-

ary SI Factor Notes

in. mm 25.4 ...

ft m 0.3048 ...

in.2 mm2 645.16 ...

ft2 m2 0.09290304 ...

in.3 mm3 16,387.064 ...

ft3 m3 0.02831685 ...

U.S. gal. m3 0.00378541-
2

...

U.S. gal. liters 3.785412 ...

psi MPa (N/mm2) 0.0068948 Used exclusively in
equations

psi kPa 6.894757 Used only in text and
for nameplate

psi bar 0.06894757 ...

ft-lb J 1.355818 ...

°F °C 5/9 × (°F −32) Not for temperature
difference

°F °C 5/9 For temperature
differences only

R K 5/9 Absolute temperature

lbm kg 0.4535924 ...

lbf N 4.448222 ...

in-lb N·mm 112.98484 Use exclusively in
equations

ft-lb N·m 1.3558181 Use only in text

1.0988434 ...

Btu/hr W 0.2930711 Use for boiler rating
and heat transfer

lb/ft3 kg/m3 16.018463 ...
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NONMANDATORY APPENDIX BB
METALLIC BRAIDED FLEXIBLE HOSE FOR CLASS 2 AND 3

SERVICE

ARTICLE BB-1000
SCOPE

BB-1100 RULES

This Appendix provides the rules for the construction of
metallic braided flexible hose for use in Section III, Divi-
sion 1, Class 2 and 3 applications.

The braided hose consists of a convoluted inner sheath
pressure boundary, with outer reinforcing braided wire
welded to end pieces.
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ARTICLE BB-2000
MATERIAL

BB-2100 SHEATHS, END PIECES, AND
BRAIDS

The inner sheath and end pieces shall be fabricated
from materials conforming to NC/ND‐2000.39

The braid shal l be made from sta inless steel
heat‐resisting wire conforming to ASTM specification
A580‐98. Only wire of material types listed under
SA-479 in Tables 1A, 1B, and 3 of Section II, Part D may
be used for the braided sheath.
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ARTICLE BB-3000
DESIGN

BB-3100 DESIGN FACTORS

(a) The design shall consider operating and design loads
and movements including differential movement, vibra-
tion, and inertia effects when applicable.
(b) The Certificate Holder that manufactures the hose

shall establish the pressure and temperature rating of
the hose assembly by calculations and tests in accordance
with the Expansion Joint Manufacturers Association Stan-
dard (EJMA). The minimum and maximum temperatures
shall be within the limits listed in Section II, Part D. The
hose rating shall be equal to or exceed the piping system
design pressure and temperature.
(c) The rating of the hose assembly shall have a mini-

mum design margin of 3.5 against burst and leakage.

BB-3200 GENERAL DESIGN REQUIREMENTS

(a) Braided flexible hoses with the convoluted hose ele-
ment having a length to outside diameter ratio (L/Do) of 3
or less shall comply with all the requirements of NC/
ND‐3649 for bellows expansion joints.
(b) Braided flexible hoses with the convoluted hose ele-

ment having a length to outside diameter ratio (L/Do )
greater than 3 shall comply with the requirements of
NC/ND‐3649 with the following exceptions:

(1) The flexible wire braid shall act as an axial re-
straint for the hose and vibration dampener, and provide
columnar stability against squirm.

(2) Subsections NC/ND‐3649.1(a), NC/ND‐3649.2(d),
and NC/ND‐3649.4(c) are not applicable.
(c) The Certificate Holder that manufactures the hose

shall supply to the N‐type Certificate Holder the maximum
allowable end loads, inertia loads, displacements, mini-
mum curvature between the hose ends, and the spring
rates for the flexible hose. The calculated loads and displa-
cements for the piping system shall be less than those sup-
plied by the Certificate Holder that manufactures the hose.

BB-3300 SPECIAL DESIGN REQUIREMENTS

(a) Flow‐induced vibration at design flow shall be eval-
uated and a sleeve specified when required per NC/
ND‐3649.2(f).

(b) The piping system layout, anchorage, guiding, and
support shall avoid the imposition of end displacement, vi-
bratory motions, or forces for the hose length, other than
those for which the hose is designed.

(c) The hose end on one side of the installation shall not
be oriented longitudinally concentric with the other hose
end unless the minimum design curvature between the
hose ends recommended by the Certificate Holder that
manufactures the hose is maintained.

(d) Either annealed or cold‐finished wire may be used
for the wire braid, but the allowable stresses shall be those
listed in Tables 1A, 1B, and 3 of Section II, Part D for the
annealed or solution‐treated condition for SA-479 of the
same material type as the wire being specified.

As a minimum, the required number of strands shall be
established from the equation

where

A = cross‐sectional area of one wire, in.2

F = end load due to pressure, lbs acting on the effective
area of the connector

N = minimum number of wires
S = allowable stress at the rated temperature, psi
α = wrap angle (the acute angle supported by the strand

and the axis of the connector), as shown in
Figure BB-3300-1

where

Di = ID of convolution, Figure BB-3300-1
Do = OD of convolution, Figure BB-3300-1
P = rated pressure, psi
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Figure BB-3300-1
Bellows Configuration and Wrap Angle, α

d
Dia.

Bellows

t

Di

Do

�
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ARTICLE BB-4000
FABRICATION

BB-4100 REQUIREMENTS

(a) All wire braid strands shall be welded to the welding
collars of the convoluted hose connector per NC/ND‐4800.
(b) All welds shall conform to NC/ND‐4800.

(c) The end pieces, whether welded, flanged, or
threaded, shall conform to NC/ND‐3132 and NC/
ND‐3612.
(d) The inner sheath shall be attached to the end pieces

utilizing circumferential welds of a butt type having full
penetration through the thickness of the inner sheath.
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ARTICLE BB-5000
EXAMINATION

BB-5100 PROCEDURES

(a) Examination requirements for expansion joints in
accordance with NC/ND‐5700 shall be satisfied.

(b) All butt welds greater than or equal to NPS 4 shall be
examined by RT or UT, in accordance with NC/
ND‐5000.

(c) All butt welds less than NPS 4 shall be examined by
PT or MT, as applicable, in accordance with NC/
ND‐5000.

(d) The wire‐strand‐to‐collar welds shall be visually ex-
amined to detect unconnected wires.

2013 SECTION III APPENDICES

417

-
-
`
`
,
,
,
,
,
`
`
`
`
,
`
,
`
,
`
,
`
,
`
`
`
,
,
,
,
-
`
-
`
,
,
`
,
,
`
,
`
,
,
`
-
-
-



ARTICLE BB-6000
TESTING

BB-6100 HYDROSTATIC AND PNEUMATIC
TESTING

All braided flexible hoses shall be hydrostatically tested
in accordance with NC/ND‐6000, except that test pressure
shall be not less than 1.5 times the design pressure at
room temperature, and shall be so noted on Data Report
Form NPP-1. Alternatively, the hose may be pneumatically

tested when submerged in water. The test of hoses with
inlet piping connections of NPS 4 and smaller need not
be witnessed by the Inspector. The Inspector’s review of
the Certificate Holder’s test records will be his authority
to sign the Data Report. Installed hose assemblies are sub-
ject to the piping system hydrostatic test.
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ARTICLE BB-7000
CERTIFICATION

BB-7100 PROVISIONS

(a) The braided flexible hose shall be stamped with the
Certification Mark with NPT Designator in accordance
with NCA‐8230. The design pressure and temperature
shall be part of the required information per NCA‐8211.

(b) The NPP-1 Data Report shall include the pressure
and temperature rating, maximum allowable end loads, in-
ertia loads, displacement, spring loads, and other loads
specified by the design specifications.

(c) A single NPP-1 Data Report Form may be used for a
lot of no more than 25 hose assemblies of the same nom-
inal pipe size, length, and geometry.

(d) The N‐type Certificate Holder shall demonstrate in
the Design Report for the piping system that includes
the hose, that hose assembly manufacturer’s limits are
not exceeded.
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NONMANDATORY APPENDIX CC
ALTERNATIVE RULES FOR LINEAR PIPING SUPPORTS

ARTICLE CC-1000
INTRODUCTION

CC-1100 INTRODUCTION

CC-1110 SCOPE AND GENERAL REQUIREMENTS
CC-1111 Scope of This Appendix
This Appendix provides alternative rules to the require-

ments of Subsections NCA and NF, for Linear Piping Sup-
ports that are constructed to ANSI/AISC N690‐1994,
“Specification for the Design, Fabrication, and Erection of
Steel Safety‐Related Structures for Nuclear Facilities,” in-
cluding Supplement 2, ANSI/AISC N690–1994 (R2004)
S2, and the requirements of this Appendix.

CC-1112 General Requirements
(a)When this Appendix is used, the Owner or his de-

signee shall provide a Design Specification (NCA‐3252,
NCA‐3255) that permits the use of this Appendix and

identifies the loadings and combinations of loadings for
which the supports are to be designed. The Design Speci-
fication shall contain sufficient detail to provide a com-
plete basis for construction of the supports.
(b) The Owner or his designee shall perform a docu-

mented review of the calculations for each support to de-
termine that all the specified loadings have been evaluated
and that the acceptance criteria provided in this Appendix
and in ANSI/AISC N690 have been considered. The re-
sponsibility for the method of analysis and the accuracy
of the calculations remains with the designer.
(c) The supports shall be constructed under a Quality

Assurance Program that meets the requirements specified
by the Owner.
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ARTICLE CC-2000
MATERIALS

CC-2100 MATERIAL REQUIREMENTS

CC-2110 SUPPORT MATERIAL
(a) Material shall conform to ANSI/AISC N690.
(b) In those instances where material may be subject to

lamellar tearing, such as through‐thickness transmission
of tensile loads in thick plates, the Design Specification
shall include the requirement that the material be ultraso-
nically examined in accordance with ANSI/AISC N690,
Section Q1.4.

(c) The requirements of ANSI/AISC N690 Section Q1.4
or Q2.2 do not apply to bearings, bushings, gaskets, hy-
draulic fluids, seals, shims, slide plates, retaining rings,
wear shoes, springs, washers, wire rope, spring end plates,
thread locking devices, cotter pins, sight glass assemblies,
spring hanger travel and hydro stops, nameplates,

nameplate attachment devices, or for compression dy-
namic stops used as stops40 for seismic and other dynamic
loads that are designed primarily for compressive loading
and are not connected to the pressure boundary and do
not provide support of the pressure boundary. Require-
ments, if any, for these materials shall be stated in the De-
sign Specification.

CC-2120 CERTIFICATION OF MATERIALS

Copies of Certified Material Test Reports, certified re-
ports of tests made by the fabricator or a qualified testing
laboratory, or Certificates of Compliance as required by
ANSI/AISC N690 shall be furnished to the Owner or de-
s i gnee for a l l suppor t s prov ided under these
requirements.
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ARTICLE CC-3000
DESIGN

CC-3100 DESIGN REQUIREMENTS

CC-3110 GENERAL DESIGN REQUIREMENTS
The design requirements that shall be satisfied in the

elastic analysis for any Design and Level A through D Ser-
vice Loadings stated in the Design Specification are those
given in Table Q1.5.7.1 of ANSI/AISC N690 and the addi-
tional requirements of CC-3120, CC-3130, and CC-3140.

CC-3120 DESIGN LOAD CONSIDERATIONS
(a) For the design of supports, the stress caused by the

restraint of free‐end displacements of components and
piping, such as thermal expansion and relative anchor dis-
placements, shall be considered as a primary stress.
(b) The Normal, Severe, Extreme, Abnormal, Abnormal

Severe, and Abnormal Extreme load categories of ANSI/
AISC N690 shall be correlated to the appropriate Design
and Service Loadings identified in Design Specification
as shown in Table CC-3120-1.

CC-3130 SPECIAL DESIGN CONSIDERATIONS
(a) The stress limit coefficients in Table CC-3120-1 are

not intended for control of deformation. When required
by the Design Specification, deformation control shall be
considered separately.

(b) As an alternative to design by analysis, Design by
Load Rating as defined in NF‐3380 and NF‐3480 may be
used.

(c) Plastic design per Part 2 of ANSI/AISC N690 shall
not be used.

CC-3140 DESIGN LIMITS

CC-3141 Stress Limits

(a) The rules and stress limits that shall be satisfied for
any Test Loading stated in the Design Specification shall
be Load Combination 1 (Table Q1.5.7.1 in ANSI/AISC
N690), multiplied by a stress limit coefficient of 1.33.

(b) The Stress Limit Coefficients in ANSI/AISC N690
shall be modified as shown in Table CC-3120-1.

(c) Thermal stresses within the support as defined by
NF‐3121.11 need not be evaluated.

(d) Shear stress limit shall not exceed 0.42Su, at
temperature.

(e) To avoid column buckling, the allowable compres-
sive stresses shall be limited to two‐thirds of the critical
buckling stress.

Table CC-3120-1
Correlation of Service Loadings and Stress

Limit Coefficients

Loading Category Stress Limit Coefficient Service Level

Normal 1.0 Design and Level A
Severe 1.33 Level B
Extreme 1.5 Level C
Abnormal 1.5 Level C
Abnormal severe 1.5 Level C
Abnormal extreme 1.7 Level D
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ARTICLE CC-4000
FABRICATION

CC-4100 FABRICATION REQUIREMENTS

(a) The requirements for welding qualifications given in
NF‐4300 may be used for any portion of fabrication and
installation in lieu of those specified in ANSI/AISC N690,

provided all such welding is performed by an N‐Type Cer-
tificate Holder and the qualification is performed under
the QA program applicable to the certificate.

(b) Thermal cutting is prohibited on quenched and tem-
pered steels.
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ARTICLE CC-5000
EXAMINATION

CC-5100 EXAMINATION REQUIREMENTS

CC-5110 REQUIRED EXAMINATION OF WELDS
CC-5111 Examination of Welds on Supports for

Class 1 Piping
(a) All full penetration butt welded joints in Supports

for Class 1 piping shall be nondestructively examined by
radiographic or ultrasonic methods in accordance with
ANSI/AISC N690.
(b) All other welded joints in Supports for Class 1 piping

shall be nondestructively examined by liquid penetrant or
magnetic particle methods in accordance with ANSI/AISC
N690.

CC-5120 QUALIFICATION AND CERTIFICATION
OF NONDESTRUCTIVE EXAMINATION
PERSONNEL

CC-5121 NDE Personnel Requirements

All NDE personnel shall be qualified to the requirements
of ANSI/AISC N690, and all nondestructive examinations
shall be supervised or performed by an AWS Certified
Welding Inspector.

CC-5122 Alternative Rules for Nondestructive
Examination Personnel

As an alternative to CC-5121, N‐Type Certificate Holders
may use NF‐5500 for personnel qualification, provided the
qualification is performed under the QA program applic-
able to the certificate.
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ARTICLE CC-8000
NAMEPLATES, STAMPING WITH CERTIFICATION MARK, AND

DATA REPORTS

CC-8100 GENERAL REQUIREMENTS

Nameplates, stamping with Certification Mark, and Data
Reports are not required for Linear Piping Supports de-
signed and constructed to the requirements of this
Appendix.
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ð13Þ NONMANDATORY APPENDIX DD
POLYETHYLENE MATERIAL ORGANIZATION RESPONSIBILITIES

DIAGRAM

ARTICLE DD-1000
INTRODUCTION

DD-1100 SCOPE

T h i s N o nm a n d a t o r y A p p e n d i x c o n t a i n s
Figure DD-1100-1 depicting inputs and outputs that gov-
ern activities of Polyethylene Material Organization.
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Figure DD-1100-1
Polyethylene Material Organization Responsibilities Per NCA-3970

External
Inputs

External
Outputs

• Procedures for PCC or  
 Documentation of PCC  
 Tests
• NC and NC CofAs

Natural Compound
(NC) Manufacturer

• Documentation Identifying
 Acceptable PCC
• NC
• NC CofAs

Pigment Concentrate 
Compound (PCC) 

Manufacturer

Polyethylene 
Compound (PC) 
Manufacturer

Polyethylene Material 
(PM) Manufacturer

PCC
PCC CofAs

PCC
PCC CofAs

• Documentation Identifying
 Acceptable PCC
• NC
• NC CofAs

• Quality System Program
• NC M & T Procedure
• NC CofAs
• Documentation Identifying
 Acceptable PCC

• Quality System Program
• PCC M & T Procedure
• PCC CofAs

• Quality System Program
• PC M & T Procedure
• PC
• PC CPTRs

• Quality System Program
• PM M & T Procedure
• PM
• PM CPTRs

PCC for Testing
(If not manufactured to

specifications of NC 
Manufacturer)

Polyethylene Source Material Manufacturers

PPI TR-3 & TR-4

CC N-755
Section III Material Spec.

PPI TR-3 & TR-4

CC N-755
Section III Material Spec.

PPI TR-3 & TR-4

CC N-755
Section III Material Spec.

PPI TR-3 & TR-4

CC N-755
Section III Material Spec.

GENERAL NOTES:
(a) This figure depicts the following:

(1)external inputs (top row) that govern activities of Polyethylene Material Organizations
(2)outputs from one Polyethylene Material Organization that are as follows:
(a) either inputs to other Polyethylene Material Organizations
(b) or are external outputs in the form of products or quality documentation

(b) The definitions are as follows:
(1)CofA = Certificate of Analysis
(2)CPTR = Certified Polyethylene Test Report
(3)M & T = Manufacturing & Testing
(4)Polyethylene Source Material Manufacturer = Natural Compound Manufacturer, Pigment Concentrate Compound Manufacturer, or

Polyethylene Compound Manufacturer
(c) Polyethylene material supplier and polyethylene service suppliers are not shown.

2013 SECTION III APPENDICES

427
--``,,,,,````,`,`,`,`,```,,,,-`-`,,`,,`,`,,`---



ð13Þ NONMANDATORY APPENDIX EE
STRAIN-BASED ACCEPTANCE CRITERIA DEFINITIONS AND

BACKGROUND INFORMATION

ARTICLE EE-1000
STRAIN INFORMATION

EE-1100 DEFINITIONS

EE-1110 EQUIVALENT (TRUE) PLASTIC STRAIN

The equivalent (true) plastic strain is analogous to the
equivalent stress ( ), which is the von Mises stress, where
the superscript prime indicates the deviatoric stress ten-

sor ( ) with i j reflecting tensor notation

Similarly, the equivalent plastic strain rate ( ) is de-

fined in terms of the plastic strain rate tensor ( )

The equivalent plastic strain ( ) is the integral of the

equivalent plastic strain rate over the time interval t

Combining the above two equations results in the fol-
lowing equation for the equivalent plastic strain:

Nonmandatory Appendix FF uses the above definition41

of equivalent plastic strain. Equivalent plastic strain is a
common variable calculated in nonlinear finite element
software codes, and details on its derivation are typically
available in the documentation associated with those
codes as well as other engineering treatises on strain
and plasticity.
The equivalent plastic strain is a cumulative, positive

scalar quantity, nondecreasing strain measure that takes
into account the entire deformation history. Since the

driving mechanism for plastic distortion is the transforma-
tion of externally supplied energy (e.g., kinetic energy in
the case of impacts and drops) into plastic work, the
equivalent plastic strain is intrinsically a better indication
of the material condition than any instantaneous stress
determination.

In summary, the equivalent plastic strain cumulatively
combines the strain state/history into a meaningful scalar
value for comparative purposes. This value is especially
useful in reducing the voluminous strain output created
by finite element and other computer-solution methods
commonly in use today. The fact that the equivalent plastic
strain does not indicate whether tension or compression
has caused the strain is appropriate and consistent with
the triaxiality factor usage herein, which also conserva-
t ively ignores any strengthening effects due to
compression.

EE-1120 QUASI-STATIC TENSILE TESTING

Stress–strain curves are usually presented as either

(a) engineering stress–strain curves, in which the origi-
nal specimen cross-sectional area is used to determine
stress, and the change in length divided by the original
length determines strain, or

(b) true stress–strain curves, where the instantaneous
cross-sectional area of the specimen is used to determine
the stress and the strain.

To document a quasi-static tensile test, an engineering
stress–strain curve is developed from the load-
displacement measurements made during the test on the
test specimen (Figure EE-1120-1, typical for ductile mate-
rial). The engineering stress, S , plotted on this curve is the
average longitudinal stress in the tensile specimen ob-
tained by dividing the load, P , by the original specimen
cross-sectional area, Ao . The engineering strain, e , plotted
on the curve is the average linear strain obtained by divid-
ing the change in gauge length, ΔL , of the specimen by the
original length, Lo .
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The elastic limit, shown as point B in Figure EE-1120-1,
is the greatest stress the material can withstand without
measurable permanent strain remaining after complete
release of load. The yield strength, shown as point YS in
Figure EE-1120-1, is the stress required to produce a
small, specified amount of inelastic deformation. The usual
definition of this property is the offset yield strength de-
termined by the stress corresponding to the intersection
of the linear elastic segment of the stress–strain curve off-
set by a specified strain of 0.2% (e = 0.002). The tensile
strength (or ultimate strength), Su , is the corresponding
stress where the maximum load that the material can
withstand occurs. This also corresponds to the point
where the specimen becomes unstable (onset of necking)
and necks down during the remaining course of the tensile
test. Necking is the point of rapid, localized reduction of
cross-sectional area of a specimen under tensile loading.
It is disregarded in calculating engineering stress but is ta-
ken into account in determining true stress. Complete
fracture (failure point) of the specimen follows necking.
In order to accurately determine the complete stress–

strain curve, the total axial displacement of the test speci-
men must be accurately measured, using a large displace-
ment extensometer or other appropriate means.

The engineering stress–strain curve does not give the
most accurate indication of the deformation characteris-
tics of a material because it is based on the original speci-
men dimensions that actually change continuously during
the test. Also, at the point of ultimate load, necking begins
and the cross-sectional area of the specimen decreases ra-
pidly, and the load required to continue deformation les-
sens, as implied in Figure EE-1120-1. The average stress
based on the original area likewise decreases, and pro-
duces the downturn in the engineering stress–strain curve
beyond the point of maximum load. In reality, the material
continues to strain-harden to fracture, so that the stress
required to produce further deformation should also in-
crease. If the true stress, based on the actual cross-
sectional area of the specimen is used, the stress–strain
curve increases continuously to fracture. If the strain mea-
surement is also based on instantaneous measurement,
the curve obtained is the true stress–strain curve as illu-
strated in Figure EE-1120-2.

Up to the point of necking, the true stress, σ t , may be
expressed in terms of engineering stress by

Up to the onset of necking, the true strain, ε t , may be de-
termined from the engineering strain, by

Figure EE-1120-1
Typical Engineering Tensile Stress–Strain Curve [1]
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where “ln” is the natural log.

Beyond the point of maximum load (necking region),
the true strain is based on the actual current area, A ,
and is expressed as follows:

and the true stress is based on the load and actual current
area

At the point of fracture, the true strain (ε t ) and true
stress (σ t) are thus expressed:

where

Af = the area at fracture
Pf = the load at fracture

The true stress–strain curve beyond the point of onset
of necking (the maximum load or uniform strain limit) is
further complicated by the development of radial and
hoop stresses in the necking region. The average axial or
nominal stress given by σ t = P/A is not the true equivalent
uniaxial stress because the hoop and radial stresses are
not zero. Beyond the onset of necking, the nominal stress
is often corrected to get the true equivalent uniaxial stress
using a Bridgman Correction factor [2], which is depen-
dent upon specimen geometry (corrected curve in
Figure EE-1120-2).

EE-1130 TRUE UNIFORM STRAIN LIMIT

εuniform: true uniform strain limit or the true strain just
prior to the onset of necking in a uniaxial tensile test
[the true strain at the maximum load (tensile strength)]
at the coincident average through-wall temperature of
the base or weld material
In a uniaxial tensile test, a specimen experiences uni-

form straining along the entire gauge (or reduced area)
length until the maximum load is reached (at the tensile
strength).

EE-1140 TRUE FRACTURE STRAIN LIMIT

ε fracture: true strain at fracture in a uniaxial tensile test at
the coincident average through-wall temperature of the
base or weld material
Beyond the uniform strain limit, further deformation oc-

curs in a relatively small volume of material as the speci-
men local cross-sectional area reduces (“necks”). Note that
even though a typical stainless steel true stress–strain
curve shows a large area under the curve from the onset
of necking to fracture, the volume of material associated
with that necked region is smaller than the volume of ma-
terial in the specimen’s gauge length — resulting in only a
small additional amount of energy absorbed (compared to
the energy absorbed in the entire gauge length volume up
to the uniform strain limit) prior to the specimen breaking.
Engineering fracture strain is the strain at fracture, de-
noted as e f in Figure EE-1120-1.
Failure in stress-based acceptance criteria may be based

on, for example, exceeding the specified minimum materi-
al yield strength. The acceptance criteria would then limit
the stresses to a level below the material yield strength to
provide a safety margin against yielding. In these strain-
based acceptance criteria, large plastic deformations are
expected and allowed in the structure. The goal of the ac-
ceptance criteria is to maintain the allowable leakage rate
identified in the Design Specification. Therefore, failure
would be defined as plastic strain levels that cause breach
of the structure or through-wall crack formation.
The materials to which these strain-based acceptance

criteria are limited, 304, 304L, 316, or 316L (or dual-
marked 304/304L or 316/316L), are ductile austenitic
stainless steels. The potential for leakage of these stainless
steels would not be expected until the through-wall
strains reach a level of significant material necking near
the true fracture limit.

EE-1150 USE OF TRIAXIALITY FACTOR

Triaxiality Factor (TF) as used in the strain-based accep-
tance criteria of FF-1140 is defined as:

Figure EE-1120-2
Comparison of Engineering and True

Stress–Strain Curves (Ref. [1])
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where σ1 , σ2 , and σ3 are the principal stresses at the lo-
cation under evaluation.

Many theories and formulations have been proposed to
account for material damage under multi-axial stress and
plastic strain conditions. The details of these theories and
formulations will not be discussed herein. However, the
chosen methodology employed in these criteria, as dis-
cussed in EPRI Report NP-1921 (ref. [3]), uses the triaxi-
ality factor in a simple formulation.

The equivalent plastic strain correctly calculates the
strain condition on the Von Mises yield surface in the ab-
sence of damage (crack initiation or flaw propagation).
However, real materials experience damage under plastic
deformation, which is accelerated when multi-axial tensile
stress conditions exist. The concept of a stress triaxiality
factor was first proposed by Davis and Connelly (ref.
[4]), and has been widely discussed since (e.g., refs. [3]
and [5]). As discussed above, the stress triaxiality factor
is based on the principal stresses, and is the sum of the
three principal stresses (first stress invariant) divided by
the effective (Von Mises) stress at a location. The strain
at failure in a general case is related to the uniaxial tension
failure strain by:

Therefore, determining the allowable strain limits by ac-
counting for stress triaxiality effects will promote damage
prevention and the achievement of specified leakage rates.

A triaxiality factor of 1.0 represents uniaxial tension, a
factor of 2.0 represents biaxial tension, and greater than
2.0 indicates a triaxial tension state. Triaxiality factors of
less than 1.0 are due to compressive principal stresses
in one or more directions. Examples of triaxiality factors
for varying normalized principal stresses are shown in
Table EE-1150-1.

Note that the triaxiality factor does not indicate that
plastic straining is occurring — it merely indicates the as-
sociated stress state. Therefore, only the triaxiality factor
calculated while plastic straining is occurring is applicable
in the strain-based acceptance criteria. When plastic
straining has stopped, the triaxiality factor simply indi-
cates the elastic stress state.

The strain-based acceptance criteria indicate that a
minimum triaxiality factor of 1.0 (positive value) must
be used. Using a minimum factor of 1.0 conservatively
ignores the potential strengthening/damage inhibiting ef-
fects of compressive stresses.

EE-1200 BACKGROUND INFORMATION

EE-1210 ACHIEVING DESIRED LEAKAGE RATES

Drop testing research has been performed (refs. [6],
[7]) on 18 in. (457 mm) diameter, 3/8 in. (9.53 mm) wall
thickness and 24 in. (610 mm) diameter, 1/2 in.
(12.7 mm) wall thickness canisters, 10 ft and 15 ft (3 m
and 4.5 m) in length , weighing about 6 ,000 lb
to 10,000 lb (26.7 kN to 44.5 kN). The canisters were
made of SA-312 and SA-240 austenitic stainless steel
(316L or 316/316L). These canisters were dropped from
30 ft (9 m) onto a rigid, flat surface, impacting at a variety
of orientations or from lower drop distances onto plate
edges or ends of round bars. After drop testing, the worst-
strained canisters of each test sequence were helium leak
tested and found to have leakage rates of less than 10–7 std
cc/sec, which is considered leaktight (ref. [8]). Certain
canister test specimens had computer predicted maxi-
mum equivalent plastic strains in excess of the average
through-wall thickness strain limits of FF-1140. This gives
a clear indication that the average through-wall allowable
equivalent plastic strain of 67% of the true uniform strain
limit does indeed maintain desired leakage rates, up to
and including leaktight conditions. Other 24 in.
(610 mm) diameter, 1/2 in. (12.7 mm) wall thickness can-
isters (Multi-Canister Overpacks) made from SA-312 and
SA-240 austenitic stainless steel (304L or 304/304L)
and weighing approximately 18,000 lb (80 kN) were drop
tested and had similar results (ref. [7]).

During this canister drop testing effort, one canister of
the 18 in. (457 mm) diameter geometry was dropped from
30 ft (9 m) with an integral skirt experiencing significant
deformation. The analytically predicted peak equivalent
plastic strain was 107% on the outside surface, far beyond
the maximum strain limit established in FF-1140. Nondes-
tructive examination (liquid penetrant) was performed on
this surface of the test canister and no indications were
identified, demonstrating that no cracks had initiated,
even at these high strain levels.

Finally, over 500 impact tests have been performed dur-
ing research efforts to quantify strain rate effects for aus-
tenitic stainless steel materials (refs. [9], [10]) including
both 304/304L and 316/316L materials. This testing

Table EE-1150-1
Examples of Triaxiality Factor Calculations

Normalized
Principal Stresses Calculated

TF Descriptionσ1 σ2 σ3

1 0 0 1 Uniaxial tension
1 1 0 2 Biaxial tension
1 1 1/4 3 Triaxial tension
1 1/2

1/2 4 Triaxial tension
1 1 1/2 5 Triaxial tension
1 1 1 ∞ Triaxial tension

1 −1 0 0 Tension/compression
1 −1/2 0 0.378 Tension/compression
1 1 −1 0.5 Biaxial tension/

compression
1 −1 −1 −0.5 Tension/compression
−1 −1 −1 −∞ Triaxial compression
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included base and weld materials at −20°F (−29°C), room,
300°F (149°C), and 600°F (316°C) temperature condi-
tions. One hundred seventy-one of those impact tests
strained the test specimens to levels between 66% and
100% of the established uniform strain limit. These test
specimens, with strains above the average (through-wall)
equivalent plastic strain limits established by the strain-
based acceptance criteria, had no visible cracks in the sur-
face of the material. Forty-nine of these specimens were
strained to 90% of the uniform strain limit or higher.
Hence, the results of this testing have demonstrated that
the 304/304L and 316/316L austenitic stainless steels
are sufficiently ductile to experience strains exceeding
the limits established in FF-1140 without developing
crack initiation concerns. No crack formation means these
materials can achieve the desired leakage rates. The limits
imposed by the strain-based acceptance criteria provide
additional margins of safety.

These test results demonstrate that austenitic stainless
steels have an ability to experience high strains without
crack formation and still achieve desired leakage rates
down to 10−7 std cc/sec. This is true under uniaxial load-
ing and also multiaxial loading conditions because of the
incorporation of the triaxiality factor into the strain-based
acceptance criteria.

EE-1220 MATERIAL PROPERTIES FOR INELASTIC
EVALUATIONS

Appropriate consideration of the actual inelastic re-
sponse of the containment materials is vital to the accu-
rate prediction of strains and the proper implementation
of the strain-based acceptance criteria. Material properties
in an aged condition (potential material degradation
throughout the design life) must be considered. Tempera-
ture effects on material properties must also be incorpo-
ra ted in to any ine las t i c eva lua t ions us ing the
strain-based acceptance criteria. Determination of con-
tainment strains at multiple temperature conditions (not
just at the maximum or minimum temperature) is re-
quired to assure the resulting maximum product of the
equivalent plastic strain and the associated triaxiality fac-
tor (maximum strain response) has been determined be-
cause an energy-limited event may occur at various
temperature conditions.

Different heats of the same material specification can
have wide ranges of material properties. This mixture of
material properties can complicate the determination of
the maximum strain response of the containment. There-
fore, these varying material properties must be properly
defined in the complete containment analysis model at
the specific locations of use, reflecting an as-built condi-
tion. When calculating the resulting strains using inelastic
analyses, the material properties are varied at locations
for various components fabricated from different material
heats to assure that the maximum energy is input into the
containment boundary.

In order to properly implement the strain-based accep-
tance criteria, the necessary material property data [be-
yond those available in Section II or provided on the
Certified Material Test Reports (CMTRs42)] are defined
as the true stress–strain curve (for computer model in-
put), the true uniform strain limit, and the true fracture
strain limit, for both base and weld materials at the tem-
peratures necessary to define the coincident conditions
of the dynamic energy-limited event.

Two options for determining appropriate material
properties used in the inelastic analyses are provided in
EE-1221 and EE-1222. In either option, the Code user
can assume material properties for preliminary analytical
evaluations as long as the final Design Report adequately
reflects the temperature-dependent base and welded ma-
terial properties actually used in fabrication of the con-
tainment and their specific locations of use. In one
extreme, the assumptions can reflect a wide range of ma-
terial properties and material use locations via numerous
analytical evaluations so that the procurement of fabrica-
tion material is simplified and the analytical work does not
have to be regenerated when the properties of the actual
fabrication material become known. The other extreme
is to assume material properties that reflect a very limited
range of values (minimizing the analytical evaluations) but
the material procurement process must then impose addi-
tional requirements in order to obtain material that prop-
erly reflects that limited range of material properties and
material use locations. Regardless of the option chosen,
evaluation of the material heats actually used in fabrica-
tion of the containment on a location-by-location basis
considering temperature must be made for the final De-
sign Report.

For explanation purposes, it is assumed that the user
performs preliminary analyses prior to the actual initia-
tion of fabrication. It then becomes incumbent on the Cer-
tificate Holder responsible for the final Design Report to
justify the material properties used or to reanalyze the
containment as necessary. This justification process is dis-
cussed below.

EE-1221 ASME-Specified Material (Base and
Weld) Strength Properties

At this time, the ASME-specified true stress–strain
curves (reflecting minimum yield and ultimate tensile
strength values) and the true uniform and fracture strain
limits (reflecting a 98% exceedance probability) asso-
ciated with the strain-based acceptance criteria of
Nonmandatory Appendix FF are still under development,
so this option does not currently exist. Until these data be-
come available, the user must develop the necessary mate-
rial data based on tensile testing (see EE-1222) and their
use justified in the final Design Report.
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EE-1222 Actual Material (Base and Weld)
Strength Properties

The second option permits the use of tensile test data
reflecting the specific material properties from the actual
material heats used in the containment fabrication, pro-
vided the necessary material properties (true stress–
strain curves, true uniform strain limits, and true fracture
strain limits) are correctly obtained. There are nine basic
steps associated with this option.

Step 1. Perform preliminary analyses. If necessary, per-
form preliminary analyses using either limited analyses
(requiring assurance that the materials used are within
the acceptable range of tolerance for the material property
data used in the inelastic analyses) or numerous analyses
(sufficient to address both a wide range of potential mate-
rial property data and location uses). If material is not
available when the preliminary inelastic analyses are per-
formed, assumed material properties may be used.

Step 2. Procure material and obtain appropriate CMTRs.

Step 3. Perform material testing. Perform the necessary
base and welded material testing at the various tempera-
tures of interest. These tensile test data (true stress–strain
curves and appropriate strain limits) can be based on the
mean (average) of three tests for each unique material
heat or weld, at the coincident temperature conditions of
the event, performed in compliance with the requirements
of SA-370. Weld material test specimens shall consist of
weld material through the entire volume of the reduced
section of the test specimen.

Step 4. Check validity of material testing. The appropri-
ate CMTR data should then be compared to the actual cor-
responding mean material test data and evaluated for
accuracy (±10% tolerance). This check assures that the
tensile testing was properly performed. If the test data
are beyond this tolerance, the three tensile tests must be
repeated. If the mean values of the repeated tests match
the CMTR data within the established tolerance, then the
repeated test data should be used. If the repeated test data
matches the first set of test data within the ±10% toler-
ance, then the set of data whose mean values of yield
and tensile strengths more closely match the CMTR data
should be used.

Step 5. Develop true stress–strain curves. Using the ap-
propriate mean test data, develop the true stress–strain
curves and determine the true uniform and true fracture
strain limits at each temperature for each material heat.

Step 6. Compare material properties. The heat-specific
true stress–strain curves for the actual material being
used in fabrication should be compared to the material in-
put of the inelastic analysis performed, on a location-by-
location basis. If the true stress–strain curves vary from
the corresponding values used in any existing inelastic
analysis by more than 15% based on location use, the
complete containment design must be reanalyzed and
reevaluated.

Step 7. Perform final analyses. Perform new inelastic
analyses as needed or redo any inelastic analyses that
do not satisfy the material property data tolerance check.
These analytical evaluations must adequately reflect the
heat-specific material data at the appropriate locations
within each containment model for the various appropri-
ate temperature conditions. Resulting maximum strain re-
sponses can then be determined as the highest values
from all of the pertinent analyses performed. This reanaly-
sis effort is required because stronger materials (material
properties greater than the ASME provided minimums)
may alter the strain response of the containment. For
the final inelastic analyses for the final Design Report,
the assumed properties must eventually be reconciled
with the actual material used in the fabrication.

Step 8. Establish strain limits for the strain-based accep-
tance criteria. Using the best mean material test data as es-
tablished in Step 5, for each unique material heat and
temperature, determine the 98% exceedance probability
true uniform strain limits and true fracture strain limits
for use in the strain-based acceptance criteria (98% excee-
dance probability is defined as the mean value minus two
standard deviations).

Step 9. Compare predicted strains with strain criteria.
Compare the predicted maximum strain responses to the
strain-based acceptance criteria in FF-1140. The tested
true uniform and true fracture strain limits (adjusted to
a 98% exceedance probability) must be used to establish
the strain-based acceptance criteria limits in FF-1140.

EE-1230 BASE VERSUS WELDED MATERIAL
RESPONSES

Prior drop testing experience of full-scale Department
of Energy spent nuclear fuel canisters (refs. [6], [7]) indi-
cated there was no significant variation or discontinuity in
the deformation responses of the canister wall when im-
pact occurred directly onto a canister weld. A limited num-
ber of strain rate impact tests performed at the Idaho
National Laboratory (ref. [11]) of welded material at ele-
vated temperatures were performed prior to the comple-
tion of that material’s quasi-static tensile testing. These
first strain rate impact tests used the same drop weight
and drop height as was used for the corresponding base
material. The resulting strain rate responses of the welded
material test specimens appeared to be very similar to the
base material. However, some of the welded material test
specimens necked or broke where the base material test
specimens had not. The conclusion reached was that the
welded material had a lower uniform strain limit and frac-
ture strain than the base material. After completion of all
the quasi-static tensile testing, this indeed turned out to be
the case.

Figures EE-1230-1 and EE-1230-2 show, for 304/304L
and 316/316L respectively, quasi-static tensile test re-
sults of base and welded materials at 300°F (149°C) tem-
perature conditions. These representative engineering
stress–strain plots illustrate that the uniform strain and
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fracture strain limits for the welded material are lower
than the associated base material. Figures EE-1230-3
and EE-1230-4 are comparative strain history plots of
304/304L and 316/316L base and welded material im-
pact tests performed at −20°F (−29°C). These impact tests
used the same drop weight, drop height, and test specimen
geometry. These plots illustrate how similar the base and
welded material were in terms of strain rate response. The
plots also show that the welded material absorbs the im-
pact energy with a lower maximum strain than the base
material (i.e., welded material is stronger than base mate-
rial). However, as discussed above, the welds fail at lower
strain levels than the base material (i.e., welded material is
less ductile than the base material).
Based on the strain rate range achieved, the welded ma-

terial test specimens responded very similar to the base
material test specimens. Therefore, one would expect the
strain rate factors to be similar (ref. [11]). This permits
the structural analyst to use the same strain rate factor
data for both base and weld materials when incorporating
strain rate effects into finite element models. However, the
structural analyst must be fully aware that the welds can
have lower uniform strain and fracture strain limits.

EE-1240 PROPER FINITE ELEMENTS MODELS

In order to properly implement the strain-based accep-
tance criteria, it is imperative that accurate strains be cal-
culated. In turn, this means accurate analysis models of
the containment are needed. These strain-based

acceptance criteria should be applicable only to strain re-
sults from Quality Models. A Quality Model is a model that
adheres to the guidance set forth in the ASME Computa-
tional Modeling Guidance Document for Explicit Dynamics
Software (currently being developed by the ASME BPV III
Special Working Group on Computational Modeling For
Explicit Dynamics), or using a model with suitable conver-
gence and sensitivity studies already completed.
Issues that need to be properly addressed in a Quality

Model (or equivalent) include
(a) acceptable element types
(b) proper element aspect ratios
(c) adequate element transitioning
(d) appropriate finite element meshing
(e) acceptable modeling of welded and bolted joints
(f) correct material property input
(g) proper consideration of contact points, friction,

gaps, and boundary conditions
(h) realistic application of loading
(i) correct solution technique
(j) proper calculation of the Triaxiality Factor as de-

fined in FF-1140
(k) useful and correct strain output

EE-1250 STRAIN RATE EFFECTS
Strain rate effects refer to a material’s ability to absorb

increased amounts of strain energy during dynamic
events, beyond that determined during quasi-static tensile
testing (EE-1120). Resulting strain predictions within a

Figure EE-1230-1
Quasi-static Tensile Test Results for 304/304L Base and Welded Material at 300°F (149°C)
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Figure EE-1230-2
Quasi-static Tensile Test Results for 316/316L Base and Welded Material at 300°F (149°C)
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Figure EE-1230-3
Comparison of Base and Welded 304/304L Material to Identical Impact Tests at −20°F (−29°C)
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containment design may change when strain rate effects
are properly considered. In order to address this behavior,
additional inelastic analyses need to be completed in order
to assure that the resulting maximum strain responses
have been determined.
The strain rate testing mentioned above (refs. [9], [10])

has provided data to support the development of strain
rate elevated true stress–strain curves for both 304/
304L and 316/316L austenitic stainless steel base
and weld materials that account for strain rate
strengthening up to a strain rate of nearly 40 in./in./sec
(1 000 mm/mm/s), depending upon temperature [highest
strain rates achieved at 600°F (316°C) with existing test
equ ipment were in the lower 20s in . / in . / sec
(500s mm/mm/s)]. Table EE-1250-1 provides a summary
of the impact testing results and illustrates the magnitude
of the increased energy absorption capacity that can exist
in these ductile stainless steel materials at varying tem-
peratures. The strain rate factor is applied to all of the
stress values of a true stress–strain curve (developed from
data obtained using SA-370 methods) to reflect the in-
creased energy absorption capacity.
The results of the impact testing demonstrated that the

effects of strain rate decreased with increasing tempera-
ture. Base and weld materials appeared to behave simi-
larly during impact testing (same factors), but welded
materials were not able to achieve strains as high as their

Figure EE-1230-4
Comparison of Base and Welded 316/316L Material to Identical Impact Tests at −20°F (−29°C)

Time (sec)

S
tr

ai
n

, i
n

./i
n

. (
m

m
/m

m
)

Base

Welded

0.010.005 0.015 0.02 0.0250

0.05

0.1

0.15

0.2

0.25

0

Table EE-1250-1
Factors for Specified Strain Rates

Strain
Rate in./
in./sec
(mm/
mm/s)

−20°F
(−29°C)

Room
Temperature

300°F
(149°C)

600°F
(316°C)

304/304L Stainless Steel
5 1.333 1.235 1.166 1.043
10 1.361 1.278 1.210 1.094
22 1.428 1.381 1.316 1.217

316/316L Stainless Steel
5 1.275 1.265 1.162 1.040
10 1.296 1.281 1.187 1.070
22 1.346 1.321 1.247 1.140
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associated base material (demonstrated for both quasi-
static and dynamic impact loadings). The uniform strain
limits for both weld material and base material did not ap-
pear to change from the values established during quasi-
static tensile testing for the strain rate range considered
(up to 22 in./in./sec (550 mm/mm/s)).

Using the strain rate data developed as material input
into analytical models of the impact tensile tests per-
formed resulted in analytical predictions that showed
marked improvements when compared to material input
reflecting quasi-static tensile test results. Hence, consider-
ing the range of factors in Table EE-1250-1, the methodol-
ogy of FF-1145 reflects the trend indicated by the data.
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ð13Þ NONMANDATORY APPENDIX FF
STRAIN-BASED ACCEPTANCE CRITERIA FOR ENERGY-LIMITED

EVENTS

ARTICLE FF-1000
ACCEPTANCE CRITERIA

FF-1100 STRAIN-BASED ACCEPTANCE
CRITERIA

The strain-based acceptance criteria presented in this
Nonmandatory Appendix utilize a variety of terminology
that must be clearly understood. In addition, background
information that explains various strain concepts, material
property variations, and strain responses is useful in order
to properly implement these strain-based acceptance cri-
teria. Therefore, Nonmandatory Appendix EE has been es-
tablished to provide this information to the Code user.

FF-1110 GOAL OF STRAIN CRITERIA

The goal of the strain-based acceptance criteria is to es-
tablish plastic strain limits that are capable of maintaining
the allowable leakage rate identified in the Design Specifi-
cation, during and after energy-limited events. To achieve
this goal, only a limited number of proven ductile materi-
als are allowed for which the strain limits have been estab-
lished with sufficient margins of safety. When calculating
the resulting strains using inelastic analyses, the material
properties are varied at locations for various components
fabricated from different material heats to assure that the
maximum energy is input into the containment boundary
(see EE-1220). The strain-based acceptance criteria have
been established to prevent through-wall crack formation,
thereby maintaining the helium leakage rate specified in
the Design Specification, down to 10−7 std cc/sec
(EE-1210) or lower. These strain-based acceptance criter-
ia are not allowed to be used in instances where the result-
ing deformations could result in a breach of the
containment.

FF-1120 CRITERIA LIMITATIONS

The strain-based acceptance criteria specified in this
Nonmandatory Appendix were developed for the evalua-
tion of containments subjected to energy-limited dynamic
events that have been identified in the Design Specifica-
tion as having to satisfy Level D Service Limits.

A number of additional limitations are imposed that
shall be satisfied prior to determining if these strain-based
acceptance criteria are appropriate to use. These limita-
tions are specified in the paragraphs below.

FF-1121 Limited Loadings

Only energy-limited loadings shall be evaluated using
the strain-based acceptance criteria. Such loadings are
limited to one-time events per location on the containment
where the strain-based acceptance criteria are implemen-
ted. Cyclic and repeated incremental strain responses are
not allowed. The loadings include accidental drops and im-
pacts of nonsharp, blunt objects [e.g., 6 in. (15 cm) dia-
meter post with rounded edges, aircraft engine shafts,
etc.].

FF-1122 Limited Materials

The strain-based acceptance criteria shall only be ap-
plied to 304, 304L, 304/304L, 316, 316L, and 316/316L
material. The permitted ASME material specifications (as
restricted by Table 2A of Section II, Part D, Subpart 1)
are listed in Table FF-1122-1. Materials used shall have
suf f ic ient mater ia l propert ies determined (see
Nonmandatory Appendix EE) in order to properly imple-
ment the strain-based acceptance criteria and these prop-
erties and their implementation in the analysis shall be
justified in the final Design Report.
If certain products from these material specifications

have been subjected to excessive cold working or lack a
proper heat treatment and the result is a significant loss
of ductility (true fracture strain approaching the true uni-
form strain limit), these products shall not have the strain-
based acceptance criteria applied to them. FF-1140 pro-
vides additional requirements that assure this concern is
addressed.

FF-1123 Limited Temperatures

The applicable material temperature range shall be lim-
ited from −40°F to 800°F (−40°C to 425°C).
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FF-1124 Limited Welded Joints

The applicability of these strain-based acceptance cri-
teria to welds is limited to full-penetration butt welded
joints (Categories A and B) only. Autogenous seam welds
on SA-312 welded pipe shall be considered the same as
the base material, able to implement the strain-based ac-
ceptance criteria. Other categories of welds and their
heat-affected zones shall not use the strain-based accep-
tance criteria but the base material adjacent to these other
types of welded joints, and heat-affected zones may still
use the strain-based acceptance criteria. Note that the uni-
form strain limit for the weld material and adjacent
heat-affected zone may be different than that of the base
material.

FF-1125 Limited Fabrication Strains

Any process may be used to hot or cold form or bend
containment boundary material including weld material
provided that the following requirements are met:

(a) Fabrication-induced strains less than or equal to 5%
do not need to be addressed in the strain-based accep-
tance criteria, nor are additional heat treatments required
to reduce these strains. The fabrication strain (in percen-
tage) shall be established as follows:

(1) for cylinders,

(2) for spherical or dished surfaces,

where

Rf = final radius to centerline of the curved surface

Ro = original radius (equal to infinity for a flat surface)
t = nominal thickness

(3) for other shapes, fabrication-induced strains shall
be established by appropriate means (e.g., measurement
or analytical methods) and documented in the final Design
Report

(b) The effects of fabrication strains that exceed 5%
shall be minimized by means of post-fabrication heat
treatment (per requirements specified for all grades in
Section II, Part A, Specification SA-312, Table 2, “Annealing
Requirements,” or an equivalent heat treatment that re-
duces fabrication strain levels below 5%) or the fabrica-
tion strain43 shall be deducted from the material’s true
uniform and fracture strain limit values. Fabrication
strains that exceed 10% are not allowed.

(c) Residual stresses and the associated material strains
in, or adjacent to, welds resulting from the welding pro-
cess alone are not to be considered in the determination
of fabrication strains.

FF-1126 Exclusions

The strain-based acceptance criteria shall not be ap-
plied to the following locations:

(a) regions of the containment where strain deforma-
tions are detrimental to maintaining the desired leakage
rate (e.g., the sealing region of a bolted closure)

(b) structural or nonstructural attachments to the
containment

(c) containment boundary fillet or partial penetration
welds and their heat-affected zones, including such welds
of attachments to the containment boundary

(d) threaded connections to the containment, even if
seal welded

FF-1130 ACCURATE STRAIN DETERMINATION

The strain-based acceptance criteria shall be implemen-
ted using strains calculated from Quality Models. A Quality
Model is a finite element model of the complete contain-
ment model that adheres to the guidance set forth in
EE-1240. Alternately, a model with suitable convergence
and sensitivity studies completed that demonstrate the ac-
curacy capability of that containment model may also be
used. The explicit dynamics solution technique shall be
employed for the analyses when using these acceptable fi-
nite element models.

FF-1140 STRAIN-BASED ACCEPTANCE CRITERIA

The highest calculated product of the equivalent plastic
strain and associated triaxiality factor (from each unique
combination of location and material heat) determined
from the inelastic analyses using the material property ap-
proaches described in Nonmandatory Appendix EE shall
be evaluated to satisfy the strain-based acceptance criteria
identified below. Appropriate material data (εuniform and
ε fracture) for base material and, if applicable, weld material
(including heat affected zone interfaces) are needed to

Table FF-1122-1
Permitted Material Specifications and

Products

Material
Specification Type/Grade Product

SA-182 F304L, F304, F316L,
F316

Forgings only

SA-240 304L, 304, 316L,
316

Plate only (sheet and
strip excluded)

SA-312 (Excluding
HCW pipe)

TP304L, TP304,
TP316L, TP316

Seamless and
welded pipe

SA-965 F304L, F304, F316L,
F316

Forgings

SA-376 TP304, TP316 Seamless pipe

SA-479 (Excluding
strain-hardened

material)

304L, 304, 316L,
316

Bars and shapes

GENERAL NOTE: Single or dual-marked materials (see Sec-
tion II, Part D, Mandatory Appendix 7) are acceptable.
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implement the strain-based acceptance criteria. If weld re-
pairs per WB/WC-2500 exist in the containment material
and strain-based acceptance criteria are used, appropriate
material properties of the repair weld shall be reflected in
the inelastic analyses. However, if the depth of the repair
cavity does not exceed the lesser of 3/8 in. (10 mm) or
10% of the section thickness, the inelastic analysis imple-
menting the strain-based acceptance criteria can treat
these locations as the adjacent base material.

All containment materials implementing the strain-
based acceptance criteria must have sufficient ductility.
Sufficient ductility of the base material shall be demon-
strated by satisfying either of the following requirements:

(a) the true fracture strain at room temperature shall be
at least two times the elongation value specified on the
Certified Material Test Report (CMTR),44 or

(b) when temperature-dependent test data are avail-
able, the true fracture strain limit shall be at least two
times the true uniform strain limit at all temperatures un-
der consideration

In order to assure proper containment material re-
sponses throughout the specified design life, material
properties at the beginning of the design life as well as
at the end of the design life (aged condition) shall be eval-
uated when implementing the strain-based acceptance cri-
teria. Quantification of any potential material degradation
shall be justified in the Design Specification.

The required strain criteria evaluations are described in

the paragraphs below. Strain parameters ( , εuniform, and

ε fracture) are defined in Nonmandatory Appendix EE and
the Triaxiality Factor (TF) is defined in FF-1143.

FF-1141 Criteria for Locations Away From a Gross
or Local Structural Discontinuity

For material greater than 3tn (where tn is the adjacent
nominal containment wall thickness) away from a gross or
local structural discontinuity, the following shall be
satisfied:

(a) The products of the equivalent plastic strain ( )

and the associated TF value at each evaluation location
through the section shall be calculated for each calculated
time interval. The average of these products through the

section, [(TF)( )]avg, at any time shall be

(b) The maximum product of the equivalent plastic

strain ( ) and the associated TF value, [(TF)( )]max,

at any time at any containment location45 shall be

FF-1142 Criteria for Locations at a Gross or Local
Structural Discontinuity

At a gross or local structural discontinuity or within 3tn
of a gross or local structural discontinuity, the following
shall be satisfied:

(a) The products of the equivalent plastic strain ( )

and the associated TF value at each evaluation location
through the section shall be calculated for each calculated
time interval. The average of these products through the

section, [(TF)( )]avg, at any time shall be

(b) The maximum product of the equivalent plastic

strain ( ) and the associated TF value, [(TF)( )]max,

at any time at any containment location45 shall be

FF-1143 Triaxiality Factor
The Triaxiality Factor (TF) is a time-dependent para-

meter and is defined as

where σ1 , σ2 , and σ3 are the principal stresses at the lo-
cation under evaluation. Only those TF values while the
plastic straining is occurring need be considered.
The TF values to be used for the FF-1141 and FF-1142

evaluations shall be either
(a) the peak TF value at a location (time independent),

where any TF value less than 1.0 is set to 1.0
(b) the instantaneous TF value at a location, where any

TF value less than 1.0 is set to 1.0

FF-1144 Special Strain Limits
When the average (through the containment wall thick-

ness) equivalent plastic strain ( )avg is due to pure

shear, the criteria in FF-1141 and FF-1142 shall be satis-
fied, but the Triaxiality Factor used shall equal 3.
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FF-1145 Strain Rate Effects
In order to address strain rate effects (EE-1250), addi-

tional inelastic analyses shall be completed in order to as-
sure that the maximum resulting product of the equivalent
plastic strain and associated triaxiality factor have been
determined. All inelastic analyses performed for the entire
containment model shall be repeated two additional times,

increasing the true stress–strain curves by 20% (in the
stress direction only) each successive time. As an alterna-
tive, experimentally determined strain rate data may be
used in the structural evaluations for the final Design Re-
port, provided the strain rate data address the proper
range of strain rates experienced, and the use of the data
is justified in the final Design Report.
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ENDNOTES

1 Throughout the remainder of this Article, wherever the words component or components are used, they shall be un-
derstood to include portions thereof, and also appurtenances and portions thereof.

2 Tables XI-3221.1-1 and XI-3221.1-2 give a list of many commonly used gasket materials and contact facings, with
suggested values of m, b, and y that have proved satisfactory in actual service. These values are suggested only
and are not mandatory. Values that are too low may result in leakage at the joint, without affecting the safety of
the design. The primary proof that the values are adequate is the hydrostatic test.

3 The ratings in these standards are based on the hub dimensions given or on the minimum specified thickness of
flanged fittings of integral construction. Flanges fabricated from rings may be used in place of the hub flanges in these
standards provided that their strength, calculated by the rules in this Appendix, is not less than that calculated for the
corresponding size of hub flange.

4 Where additional safety against abuse is desired, or where it is necessary that the flange be suitable to withstand the
full available bolt load Ab × Sa , the flange may be designed on the basis of this latter quantity.

5 When internal pressure occurs only during the required pressure test, the design may be based on external pressure
and auxiliary devices such as clamps may be used during the application of the required test pressure.

6 The combined force of external pressure and bolt loading may plastically deform certain gaskets to result in loss of
gasket contact pressure when the connection is depressurized. To maintain a tight joint when the unit is repressur-
ized, consideration should be given to gasket and facing details, so that excessive deformation of the gasket will not
occur. joints subject to pressure reversals, such as in heat exchanger floating heads, are in this type of service.

7 This definition of stress intensity is not related to the definition of stress intensity applied in the field of Fracture
Mechanics.

8 Equivalent linear stress is defined as the linear stress distribution which has the same net bending moment as the
actual stress distribution.

9 See Table XIII-1130-1 and Note (4) of Figure XIII-1141-1.

10 Subdivision of secondary stresses into membrane and bending components is not required because the same stress
limits apply to both components.

11 The tests on which the design curves are based did not include tests at temperatures in the creep range or in the
presence of unusually corrosive environments, either of which might accelerate fatigue failure. Therefore, these
curves are not applicable at service temperatures for which creep is a significant factor. In addition, the designer shall
evaluate separately any effects on fatigue life which might result from an unusually corrosive environment.

12 It is permissible to use 1.5Sm whenever it is greater than Sy .

13 Knowing the rated capacity of a pressure relief valve which is stamped on the valve, it is possible to determine the
overall value of KA in either of the following equations in cases where the value of these individual terms is not
known:
(a) Rated Steam Capacity
For pressures up to 1,500 psig (10.3 MPa)

For pressures over 1,500 psig (10.3 MPa) to 3200 psig (22 MPa)

(b) Rated Air Capacity
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This value for KA is then substituted in the above equation to determine the capacity of the safety valve in terms of
the new gas or vapor.

14 Rated capacity (lb/hr air @ 60°F @ 14.7 psia)/0.0766/60 = rated capacity (scfm air) [Rated capacity (kg/h air @
20°C @ 101 kPaabs/1.204 = rated capacity (m3/h air)].

15 This conversion is not valid for liquid flashing valve operating conditions.

16 Knowing the rated capacity of pressure relief valve stamped with a liquid capacity, it is possible to determine the
overall value of KA in the following equation where the value of the individual terms is not known:

17 Illustrative samples of statements are shown in Guide A.

18 Express metric values in exponential form.

19 Cozzone, F. P. Bending Strength in the Plastic Range. Journal of Aeronautical Sciences, May 1943.

20 Bruhn, E. F. Analysis and Design of Flight Vehicle Structures. Tri‐State Offset Company, 1965, Chap. C3.

21 Gavalis, R. Bending Strength in the Plastic Range. Machine Design, July 1964.

22 Applicable operability requirements are contained in the Subarticles designated 200 in this Appendix, such as
B-2200, B‐3200, etc.

23 Applicable regulatory requirements are contained in the Subarticles designated 300 in this Appendix, such as B-2300,
B‐3300, etc.

24 Express metric values in exponential form.

25 Tables E-1210-1 and E-1210-2 give a list of many commonly used gasket materials and contact facings with sug-
gested values of m, b, and y that have proved satisfactory in actual service. These values are suggested only and
are not mandatory. Values that are too low may result in leakage at the joint, without affecting the safety of the design.
The primary proof that the values are adequate is the hydrostatic test.

26 In addition to Section II, Part D, Subpart 1, Table U, Su values are also available in Code Cases covering new or addi-
tional materials for components and their supports.

27 The stress intensity factor as used in fracture mechanics has no relation to and must not be confused with the stress
intensity used in Section III, Division 1. Furthermore, stresses referred to in this Appendix are calculated normal ten-
sile stresses not stress intensities in a defect‐free stress model at the surface nearest the location of the assumed
defect.

28 WRCB 175 (Welding Research Council Bulletin 175) “PVRC Recommendations on Toughness Requirements for Fer-
ritic Materials” provides procedures in Paragraph 5c(2) for considering maximum postulated defects smaller than
those described.

29 The coolant temperature is the reactor coolant inlet temperature.

30 The vessel metal temperature is the temperature at a distance one fourth of the vessel section thickness from the
inside wetted surface in the vessel beltline region. RTNDT is the highest adjusted reference temperature (for weld
or base metal in the beltline region) at a distance one fourth of the vessel section thickness from the vessel wetted
inner surface as determined by Regulatory Guide 1.99, Rev. 2.

31 C3 = C4 = 0 when F I ′ = 0.

32 A Class FF flange bolted to a rigid foundation may be analyzed as a Group 1 assembly by substituting 2l for l in
eq. L-3242(18).
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33 Where the flanges are identical dimensionally and have the same elastic modulus E , but have different allowable
stresses S f , the assembly may be analyzed as a Group 1 assembly provided the calculated stresses are evaluated
against the lower allowable stress.

34 See L-3243(a)(2).

35 The symbols for the various stresses in the case of a Group 3 assembly also carry the subscript I or II. For example,
SH1 represents the longitudinal hub stress in Flange I of the Group 3 assembly.

36 An individual time history response may be considered to have dominant frequency if one‐half or more of its total
response can be identified with a single frequency.

37 “Technical Position on Piping Installation Tolerances,” Welding Research Council Bulletin 316, July 1986.

38 “Guidelines for Piping System Reconciliation” (NCIG‐05, Revision 1), Electric Power Research Institute, EPRI‐5639,
May 1988.

39 Whenever NC/ND is used for reference, the reference is NC for Class 2 and ND for Class 3.

40 Stops do not include snubbers (NF‐3412.4).

41 Other equivalent formats of this equation using different nomenclature are acceptable.

42 For establishing material properties using CMTRs, the CMTR data must accurately reflect the material property data
of the final product being used in the fabrication of the containment. If this is not the case, then the material testing
procedure of EE-1222 should be used to establish existing material property data.

43 Engineering and true strains at these low strain values (less than 10%) are essentially the same numerical value, and
it is conservative to consider engineering strain as equivalent to true strain in this specific use.

44 This requires the material procurement effort for containment materials to require that reduction of area values be
specified on the CMTRs along with the elongation and other typical tensile test data. It is recognized that the CMTR
data are generated at room temperature conditions, which is acceptable for this effort of determining adequate ma-
terial ductility. FF-1140(a) is valid only if the CMTR data accurately reflect the material properties of the final product
being used in the fabrication of the containment.

45 Not applicable to points of numerical singularity in the finite element model as justified in the final Design Report.
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