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Preface

This preface, as well as all footnotes and annexes, is included for informational purposes and is
not part of ISA-75.01-1985 (R1995).

This standard has been prepared as part of the service of the ISA, the international society for
measurement and control, toward a goal of uniformity in the field of instrumentation. To be of
real value, this document should not be static, but should be subject to periodic review. Toward
this end, the Society welcomes all comments and criticisms, and asks that they be addressed to
the Secretary, Standards and Practices Board, ISA, 67 Alexander Drive, P.O. Box 12277,
Research Triangle Park, NC 27709, Telephone (919) 990-9227; Fax (919) 549-8288;

E-mail: standards@isa.org.

The ISA Standards and Practices Department is aware of the growing need for attention to the
metric system of units in general, and the International System of Units (SI) in particular, in the
preparation of instrumentation standards, recommended practices, and technical reports. The
Department is further aware of the benefits to USA users of ISA standards of incorporating
suitable references to the Sl (and the metric system) in their business and professional dealings
with other countries. Toward this end, this Department will endeavor to introduce Sl-acceptable
metric units in all new and revised standards to the greatest extent possible. The Metric Practice
Guide, which has been published by the Institute of Electrical and Electronics Engineers as
ANSI/IEEE Std 268-1992, and future revisions, will be the reference guide for definitions,
symbols, abbreviations, and conversion factors.

It is the policy of ISA to encourage and welcome the participation of all concerned individuals and
interests in the development of ISA standards, recommended practices, and technical reports.
Participation in the ISA standards-making process by an individual in no way constitutes
endorsement by the employer of that individual, of ISA, or of any of the standards, recommended
practices, and technical reports that ISA develops.
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1 Scope

This standard presents equations for predicting the flow of compressible and incompressible
fluids through control valves. The equations are not intended for use when mixed-phase fluids,
dense slurries, dry solids, or non-Newtonian liquids are encountered. In addition, the prediction
of cavitation, noise, or other effects is not a part of this standard.

2 Introduction

The equations of this standard are based on the use of experimentally determined capacity
factors obtained by testing control valve specimens according to the procedures of ANSI/ISA
S75.02, “Control Valve Capacity Test Procedure” (see Annex J—References).

The equations are used to predict the flow rate of a fluid through a valve when all the factors,
including those related to the fluid and its flowing condition, are known. When the equations are
used to select a valve size, it is often necessary to use capacity factors associated with the fully
open or rated condition to predict an approximate required valve flow coefficient (C,). This
procedure is further explained in Annex A.

2.1 Flow variable and fluid properties
The flow rate of a fluid through a control valve is a function of the following (where applicable):
a) Inlet and outlet conditions

1) Pressure
2) Temperature
3) Piping geometry

b) Liquid properties

1) Composition

2) Density

3) Vapor pressure

4) Viscosity

5) Surface tension

6) Thermodynamic critical pressure

c) Gas and vapor properties

1) Composition
2) Density
3) Ratio of specific heats

d) Control valve properties

1) Size
2) Valve travel
3) Flow path geometry

ISA-S75.01-1985 (R 1995) 11



3 Nomenclature

Symbol

NG BB ICIENYS

o

P

xR

S 2 XX

Ap
Pe
p:
Py
Pye

qm ax

1, N,, etc.

Description

Valve flow coefficient

Valve inlet diameter

Internal diameter of the pipe

Valve style modifier

Liquid critical pressure ratio factor, dimensionless

Ratio of specific heats factor, dimensionless

Liquid pressure recovery factor of a valve without attached
fittings, dimensionless

Product of the liquid pressure recovery factor of a valve with
attached fittings (no symbol has been identified) and the piping
geometry factor, dimensionless

Piping geometry factor, dimensionless

Reynolds number factor, dimensionless

Laminar, or streamline, flow factor, dimensionless
Local acceleration of gravity

Liquid specific gravity at upstream conditions [ratio of density of
liquid at flowing temperature to density of water at 60°F (15.6°C)],
dimensionless

Gas specific gravity (ratio of density of flowing gas to density of
air with both at standard conditions, which is equal to the ratio of
the molecular weight of gas to the molecular weight of air),
dimensionless

Ratio of specific heats, dimensionless

Head loss coefficient of a device, dimensionless

Bernoulli coefficient, dimensionless

Velocity head factors for an inlet fitting, dimensionless
Molecular weight, atomic mass units

Numerical constants for units of measurement used
Upstream absolute static pressure, measured two nominal pipe
diameters upstream of valve-fitting assembly

Downstream absolute static pressure, measured six nominal
pipe diameters downstream of valve-fitting assembly
Pressure differential, p, — p,

Absolute thermodynamic critical pressure

Reduced pressure, dimensionless

Absolute vapor pressure of liquid at inlet temperature
Apparent absolute pressure at vena contracta

Volumetric flow rate

Maximum flow rate (choked flow conditions) at a given upstream
condition

12
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Symbol

y; (gamma)
p (mu)

v (nu)

p (rho)

Subscripts

1
2
s

t

Description

Valve Reynolds number, dimensionless

Reduced temperature, dimensionless

Absolute thermodynamic critical temperature
Absolute upstream temperature (in degrees K or R)
Velocity at valve inlet

Weight or mass flow rate

Ratio of pressure drop to absolute inlet pressure (Ap/p,),
dimensionless

Pressure drop ratio factor, dimensionless
Value of x; for valve-fitting assembly, dimensionless

Expansion factor, ratio of flow coefficient for a gas to that for a
liquid at the same Reynolds number, dimensionless

Compressibility factor, dimensionless
Specific weight, upstream conditions
Viscosity, absolute

Kinematic viscosity, centistokes
Density

Upstream conditions
Downstream conditions
Nonturbulent

Turbulent

4 Incompressible fluid — flow of nonvaporizing liquid

The flow rate of a liquid through a given control valve at a given travel is a function of the
differential pressure (p, — p,) when the liquid does not partially vaporize between the inlet and
outlet of the valve. If vapor bubbles form either temporarily (cavitation) or permanently (flashing),
this relationship may no longer hold. (Refer to Section 5 for choked flow equations that apply
when extensive vaporization occurs.) In the transitional region between nonvaporizing liquid flow
and fully choked flow, the actual flow rate is less than that predicted by either the equations in
this section or those in Section 5. Cavitation that occurs in this transitional region can produce
physical damage to the valve and/or to the downstream piping and equipment.

ISA-S75.01-1985 (R 1995)
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4.1 Equations for turbulent flow

The equations for determining the flow rate of a liquid through a valve under turbulent,

nonvaporizing flow conditions are:
_ [P1= P2
q-= N,/ C, P

or (Eq. 1)

__9g Gy
N1 Fon Py — Py

\"

w = NgFoC,J(P1—P2)Y,
or (Eq. 2)

— w
Ner (P1—Po)Y1

C,

\"

4.2 Numerical constants N

The numerical constants N are chosen to suit the measurement units used in the equations.
Values for N are listed in Table 1.

Table 1 — Numerical constants for liquid flow equations

Constant Units Used in Equations
N w q p, Ap d,D Y1 v
N; 0.0865 — m3/h kPa — — —
0.865 — m3/h bar — — —
1.00 — gpm psia — — —
N, 0.00214 — — — mm — —
890 — — — in — —
Ny 76 000 — m3/h — mm — centistokes*
17 300 — gpm — in — centistokes*
Ng 2.73 kg/h — kPa — kg/m3 —
27.3 kg/h — bar — kg/m3 —
63.3 Ib/h — psia — Ib/ft3 —

*To convert m?/s to centistokes, multiply m?/s by 108. To convert centipoises to centistokes, divide centipoises by Gy.

14 ISA-S75.01-1985 (R 1995)



4.3 Piping geometry factor F,

p

The piping geometry factor F, accounts for fittings attached to either the valve inlet or the outlet
that disturb the flow to the extent that valve capacity is affected. F,is actually the ratio of the flow
coefficient of a valve with attached fittings to the flow coefficient (C,) of a valve installed in a
straight pipe of the same size as the valve.

For maximum accuracy, F, must be determined by the test procedures specified in ANSI/ISA
S75.02 (see Annex J—References). Where estimated values are permissible (see Baumann
reference, Effect of Pipe Reducers on Control Valve Capacity), F, may be determined by using
the following equation:

TKC: O*
F,D = B_4+1|:| (qu)
Dde [l

(See Annex B for the mathematical derivation of F,.)

In many instances, the nominal sizes for valve and pipe (d and D) may be used in Equations 3, 5,
6, and 7 without significant error.

The factor ZK is the algebraic sum of the effective velocity head coefficients of all fittings
attached to but not including the valve. For instance,

SK = Ky+ Ky + Kgy —Kpgy (Eq. 4)

where K, and K, are the resistance coefficients of the inlet and outlet fittings, respectively, and K;,
and K, are the Bernoulli coefficients for the inlet and outlet fittings, respectively. The Bernoulli
coefficients compensate for the changes in pressure resulting from differences in stream area
and velocity.

When the diameters of the inlet and outlet fittings are identical, K, = K;,, both factors drop out of
the equation. When the diameters of the inlet and outlet fittings are different, K;is calculated as
follows:

4
Kg = 1- %E (Eq. 5)

The fittings most commonly encountered are standard, short-pattern concentric pipe reducers.
These fittings have little taper, and their pressure loss will not exceed that of an abrupt
contraction with a slightly rounded entrance. On that basis, if experimental values for the
resistance coefficients K, and K, are unavailable, estimated values may be computed as follows:

Inlet reducer only:

O gq202
K, = 0.501- =00 (Eq. 6)
O DfD
Outlet increaser only:
0 dz[‘?
K, = 1.0 O1-=—0O (Eq. 7)
O DZZD

ISA-S75.01-1985 (R 1995) 15



When the reducer and increaser are the same size:

0 d2[12
D

(See Annex C for a graphic representation of system head changes around a valve with attached
reducers.)

4.4 Equations for nonturbulent flow

Nonturbulent flow occurs at high fluid viscosities and/or low velocities. In these circumstances,
the flow rate through a valve is less than for turbulent flow, and the Reynolds number factor F5
must be introduced. F; is the ratio of nonturbulent flow rate to the turbulent flow rate predicted by
Equations 1 or 2. The corresponding nonturbulent equations then become,

respectively:
pP1—p
q = NiFRC, ===
f

or (Eq. 9)
G
c, = L |-
NiFgy Py — P,

w = NgFgrC,./(P1—P2)V,
or (Eq. 10)

w
C =
Y NgFr.J(P1—P2)Y1

Note the absence of the piping geometry factor in the above equations. For nonturbulent flow,
the effect of close-coupled reducers or other flow-disturbing fittings is unknown. Thus, Equation
3 applies to turbulent flow only.

Tests (see Stiles reference, Liquid Viscosity Effects on Control Valve Sizing, and McCutcheon
reference, A Reynolds Number for Control Valves) show that F5 can be found by using the valve
Reynolds number and Figure 1. The shading around the central curve indicates the scatter of
test data and the range of uncertainty of flow rate prediction in the nonturbulent regimes.

The valve Reynolds number is defined as:

N,F,q OFfc? 07"
Re, = ) 1/2D 2 +10 (Eq. 11)

VF, "C, DNZd 0
The valve style modifier F,in Equation 11 correlates data from tests of several valve styles with
different hydraulic radii, so that a single curve represents all the styles tested. (See Annex D for
representative values of F,.) Caution must be used in applying the curve in Figure 1 to valve
styles for which F, has not been established.

16 ISA-S75.01-1985 (R 1995)
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Figure 1 — Reynolds number factor

The bracketed term in Equation 11 accounts for the velocity of approach*. Except for wide-open
ball or butterfly valves, this term has only a slight effect on the Re,, calculation and can generally
be omitted.

Most flow streams in process plant control valves are turbulent, with valve Reynolds numbers in
excess of 104, where the Reynolds number factor is 1.0. When the flow regime is questionable,
Equation 11 should be used to find Re, . For additional information on nonturbulent flow, see
Annexes E and F.

5 Incompressible fluid — choked flow of vaporizing liquid

Choked flow is a limiting, or maximum, flow rate. With fixed inlet (upstream) conditions, it is
manifested by the failure of decreasing downstream pressure to increase the flow rate. With
liquid streams, choking occurs as a result of vaporization of the liquid when the pressure within
the valve falls below the vapor pressure of the liquid. Choked flow will be accompanied by either
cavitation or flashing. If the downstream pressure is greater than the vapor pressure of the liquid,
cavitation occurs. If the downstream pressure is equal to or less than the vapor pressure of the
liquid, flashing occurs. This relationship between flow rate and pressure drop for a typical valve is
shown in Figure 2.

*The flow rate through a valve is a function of the velocity of the jet stream at the vena contracta and the area of the jet
at that location. This velocity is a function of the pressure drop across the valve orifice and also the valve inlet
velocity, or velocity of approach. The velocity of approach factor is included in the valve flow coefficient C,.

ISA-S75.01-1985 (R 1995) 17



FULLY CHOKED FLOW
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Figure 2 — Liquid flow rate versus pressure drop for a typical valve (constant
upstream pressure and vapor pressure)

5.1 Liquid choked flow equations

The equations for determining the maximum flow rate of a liquid under choked conditions for
valves in straight pipes of the same size are as follows:

_ IPL—P
qmax - NlFLCv G =
f

or (Eq. 12a)
C qmax
v NF LNP1— pvc
where
P..= Fep, (see Annex G for Fr) (Eq. 13a)
giving
_ 1P~ Fep
Omax = NlFLCv TV
f
or (Eq. 14a)

C qmax Gf
Y Nl LNPL—Fep,

18 ISA-S75.01-1985 (R 1995)




The equations for determining the maximum flow rate of a liquid under choked conditions for
valves with attached fittings are:

or

where

giving

or

_ lp,—p
qmax - NlFLPCv Gf v
C = qmax Gf
Y Ny F N PL=Pye

pvc: Fva

_ lo,—Fep
Gmax = NlFLPCv %
f
C = qmax Gf
* NiFip\py—Fep,

(see Annex G for F¢)

5.2 Liquid pressure recovery factor F,

|

> (Eq. 12b)

(Eq. 13b)

(Eq. 14b)

The liquid pressure recovery factor F, applies to valves without attached fittings (see Baumann
reference, The Introduction of a Critical Flow Factor for Valve Sizing). This factor accounts for
the influence of the internal geometry of the valve on its capacity at choked flow. Under

nonvaporizing flow conditions, it is defined by the equation:

Representative F, values for various valve styles are listed in Annex D.

F, = P1—P;

pl_pvc

(Eq. 15a)

ISA-S75.01-1985 (R 1995)
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5.3 Combined liquid pressure recovery factor F. -

When a valve is installed with reducers or other attached fittings, the liquid pressure recovery of
the valve-fitting combination is not the same as that for the valve alone. For calculations
involving choked flow, it is convenient to treat the piping geometry factor (F,) and the F, factor for
the valve-fitting combination as a single factor, F, .. The value of F, for the combination is then
F.plF,, where

Fip _ |PizP (Eq. 15b)

Fp P1=Pyc

(Refer to Section 4.3 and Annex B.)

For maximum accuracy, F,, must be determined by using the test procedures specified in
ANSI/ISA S75.02 (see Annex J—References). When estimated values are permissible,
reasonable accuracy may be obtained by using the following equation to determine F, 5:

. _IKFic: Ov?
4
U N,d U

In this equation, K;is the head loss coefficient (K, + Kj,) of any fitting between the upstream
pressure tap and the inlet face of the valve only. (See Annex B for the mathematical derivation of
FLP')

6 Compressible fluid — flow of gas and vapor

The flow rate of a compressible fluid varies as a function of the ratio of the pressure differential to
the absolute inlet pressure (Ap/p,), designated by the symbol x. At values of x near zero, the
eqguations in this section can be traced to the basic Bernoulli equation for Newtonian
incompressible fluids. However, increasing values of x result in expansion and compressibility
effects that require the use of appropriate correction factors (see Buresh and Schuder reference,
The Development of a Universal Gas Sizing Equation for Control Valves, and Driskell reference,
New Approach to Control Valve Sizing).
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6.1 Equations for turbulent flow

The flow rate of a gas or vapor through a valve may be calculated by using any of the following

equivalent forms of the equation:

or

or

or

or

w = NgF,C,Y /Xp1y,
(Eq. 17)
C, = w
NgF,Y . /XP1Y
q = N;F,C,p,Y /
(Eq. 18)
G T1
i N7F p.Y
w = NgF,C,p Y XM
8 1
v TlZ
(Eq. 19)
TlZ
v N8 pplY
q = NgF,C,p,Y
v A/Mle
(Eqg. 20)
Mle
Y NgF pyY

Note that the numerical value of x used in these equations must not exceed the choking limit
(Fix7,), regardless of the actual value of x. (See Section 6.4.)

6.2 Numerical constants N

The numerical constants N are chosen to suit the measurement units used in the equations.

Values for N are listed in Table 2.
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Table 2 — Numerical constants for gas and vapor flow equations

Constant Units Used in Equations

N w a p.Ap Y1 T d, D

Ng 0.00241 — — — — — mm
1000 — — — — — in

Ng 2.73 kg/h — kPa kg/m3 — —
27.3 kg/h — bar kg/m3 — —

63.3 Ib/h — psia b/t — —

N, 4.17 — m3/h kPa — K —
417 — m3/h bar — K —

1360 — scfh psia — °R —

Ng 0.948 kg/h — kPa — K —
94.8 kg/h — bar — K —

19.3 Ib/h — psia — °R —

Ng 22.5 — m3/h kPa — K —
2250 — m3/h bar — K —

7320 — scfh psia — °R —

*qis in cubic feet per hour measured at 14.73 psia and 60°F, or cubic meters per hours measured at 101.3 kPa and 15.6°C.

6.3 Expansion factor Y

The expansion factor Y accounts for the change in density of a fluid as it passes from the valve
inlet to the vena contracta and for the change in area of the vena contracta as the pressure drop
is varied (contraction coefficient). Theoretically, Yis affected by all of the following:

1) Ratio of port area to body inlet area
2) Internal geometry of the valve

3) Pressure drop ratio, x

4) Reynolds number

5) Ratio of specific heats, k

The influence of items 1, 2, and 3 are defined by the factor x;. Test data (see Driskell reference,
New Approach to Control Valve Sizing) indicate that Y may be taken as a linear function of x, as
shown in the following equation for a valve without attached fittings:

X
3F Xt

Y=1-

(Limits 1.0 = Y=>0.67) (Eq. 21)

For a valve with attached fittings, x;, shall be substituted for x;.

22 ISA-S75.01-1985 (R 1995)



For all practical purposes, Reynolds number effects may be disregarded in the case of
compressible fluids. The effect of the ratio of specific heats is considered in Section 6.7.

6.4 Choked flow

If all inlet conditions are held constant and the differential pressure ratio (x) is increased by
lowering the downstream pressure (p,), the mass flow rate will increase to a maximum limit. Flow
conditions where the value of x exceeds this limit are known as choked flow. Choking occurs
when the jet stream at the vena contracta attains its maximum cross-sectional area at sonic
velocity. This occurs at pressure ratios (p,/p,.) greater than about 2.0.

The value of x at the inception of choked flow conditions varies from valve to valve. It also varies
with the piping geometry and with the thermodynamic properties of the flowing fluid. The factors
involved are x; (Section 6.5), x;» (Section 6.6), and F, (Section 6.7).

Choking affects the use of Equations 17 through 21 in the following manner: The value of x used
in the equations must not exceed F, x; or F, x;» , regardless of the actual value of x. The
expansion factor Y at choked flow (x = F, x;p) is then at its minimum value of 2/3.

6.5 Pressure drop ratio factor  x;

For maximum accuracy, the pressure drop ratio factor X; must be established by using the test
procedures specified in ANSI/ISA S75.02 (see Annex J—References). Representative X; values
for valves are tabulated in Annex D. These representative values are not to be taken as actual.
Actual values must be obtained from the valve manufacturer.

6.6 Pressure drop ratio factor with reducers or other fittings X1p

When a valve is installed with reducers or other fittings, the pressure drop ratio factor of the
assembly (X ) is different from that of the valve alone (X;). For maximum accuracy, X;»must be
determined by test (see reference ANSI/ISA S75.02). When estimated values are permissible,
the following equation may be used to determine X;»:

— —2+10 (Eq. 22)

In this equation, x; is the pressure drop ratio factor for a given valve installed without reducers or
other fittings, and K; is the sum of the inlet velocity head coefficients (K; +Kj,) of the reducer or
other fitting attached to the valve inlet. This correction to x; is usually negligible if d/D is greater
than 0.5 and C,/d ?is less than 20, where d s in inches.

See Annex H for the mathematical derivation of x; .

6.7 Ratio of specific heats factor F,

The ratio of specific heats of a compressible fluid affects the flow rate through a valve. The factor
F, accounts for this effect. F, has a value of 1.0 for air at moderate temperatures and pressures,
where its specific heat ratio is about 1.40. Both theoretical and experimental evidence indicate
that for valve sizing purposes, F, may be taken as having a linear relationship to k. Therefore:

k

F, = >
k™ 1.40

(Eq. 23)
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6.8 Compressibility factor Z

Equations 18, 19, and 20 do not contain a term for the actual specific weight of the fluid at
upstream conditions. Instead, this term is inferred from the inlet pressure and temperature based
on the laws of ideal gases. Under some conditions, real gas behavior can deviate markedly from
the ideal. In these cases, the compressibility factor Z shall be introduced to compensate for the
discrepancy. Zis a function of both reduced pressure and reduced temperature. For use in this
section, reduced pressure p, is defined as the ratio of the actual inlet absolute pressure to the
absolute thermodynamic critical pressure for the fluid in question. The reduced temperature is
defined similarly. That is:

P1
= — (Eq. 24)

pr=
T = Tl Eqg. 25
r = TC ( q )

Absolute thermodynamic critical pressures and temperatures for most fluids, and curves from
which Z may be determined, can be found in many reference handbooks of physical data.
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Annex A — Use of flow rate equations for sizing valves

Laboratory tests are conducted on actual valves in a prescribed test setup (see reference
ANSI/ISA S75.02). The test fluid is usually water or air. The flow coefficient C, and the factors
F,, x;, etc. are determined at the rated valve travel. These data, along with factors to account for
the actual fluid and the pipe configuration (F,, Fr, F,, etc.), are used in the equations of this
standard to predict the flow rate with the valve fully open.

The principal use of the flow equations is to aid in the selection of an appropriate valve size for a
specific application. In this procedure, the numbers in the equations consist of known values for
the fluid and flow conditions and known values for the selected valve type at its rated opening.
With these factors in the equation, the unknown (or product of unknowns, e.g., F,C,) can be
computed. Although these computed numbers are often suitable for selecting a valve from a
series of discrete sizes, they do not represent a true operating condition, because the factors are
mutually incompatible. Some of the factors used in the equation are for the wide-open valve
while others relating to the operating conditions are for the partially open valve.

Once a valve size has been selected, the remaining unknowns, such as F, can be computed
and a judgment can be made as to whether the valve size is adequate. Itis not usually
necessary to carry the calculations further to predict the exact valve opening. To do this, all the
pertinent sizing factors must be known at fractional valve openings.

Additional information on the use of the flow equations, along with example problems, is
available in ISA Handbook of Control Valves and Driskell reference, Control Valve Selection and
Sizing.
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Annex B — Derivation of factors F,and F,,

If a valve is installed between reducers, the C, of the entire assembly is different from that of the
valve alone. If the inlet and outlet reducers are the same size, the only effect is the added
resistance of the fittings, which creates an additional pressure drop. If there is only one reducer
or if there are reducers of different sizes, there will be an additional effect on the pressure due to
the difference in velocity between the inlet and outlet streams.

The velocity head expressed in feet of fluid equals U,/2g, where U is the velocity of the stream
and g is the acceleration of gravity. Expressed in U.S. customary units, psi, gpm, and inches, the
velocity pressure becomes:

2
G
- 9= (Eq. B-1)
890d"
For a resistance coefficient K, the pressure difference then becomes:
04°G,0
Ap = KB—4D (Eq. B-2)
(8904 U
From Equations 1 and B-2, the resistance coefficient for a valve is:
890d"
Kiaive = > (Eq. B-3)
"4
The change in velocity pressure across a reducer with diameters d and D is
2 2 2
qgG G qg G; O 40
r_ 9% Ny (Eq. B-4)

8o0od* 8oop* 890g*d DO

From Equations B-2 and B-4, we have the factor Kj, which has been called the Bernoulli
coefficient.

Here,
O g0
Kg = Ol —-=0 (Eq. B-5)
0 p'Q
By definition:
2
2 q Gy
(FpC))" = ap (Eq. B-6)
From Equations B-2 and B-6, adding all K factors:
2 890d*
(FpC))" = (Eq. B-7)
Y Kiawe ¥ Ky + Ky + Kgy = Kpy
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Substitute K

valve

from Equation B-3:

4
2 890d
(FpC)™ = ——— (Eq. B-8)
890" | 5
v
where
2K = Ki+ K, + Kg—Kp, (Eq. B-9)
Then, rearranging Equation B-8, we have:
zkc? 002
p = O—p 10 (Eq. B-10)
[890d 0

It should be noted in Equation B-9 that ZK is the sum of all the effective velocity head
coefficients. If the inlet and outlet reducers are the same size, K5, = Kg,, and in Equation B-9
both drop out because of the difference in their sign. For K; and K,, see Equations 6 and 7.

By definition, from Equation 15:
2 - p1—p, _ Ap,
;= =
P1—Pyc A'Dvc

where Ap, is the pressure drop across the valve, and Ap,. is the drop to the vena contracta.

(Eq. B-11)

Also, from Equation 1:

Ap Ap
2 2 b 2 a
q = (FpC) — = — (Eqg. B-12)
Vv Gf v Gf
where Ap, is the drop across the valve with reducers.
From Equation B-12:
2
Ap, = F;Ap, (Eq. B-13)
Substituting this expression into Equation B-11, we have:
Ap
2 2 BPy
F =F (Eqg. B-14)
L P
ApVC
By definition:
Ap
2 b
(F)), = ————— (Eqg. B-15)
Hp A'Dvc + A'Di

where (F)) 5 is the pressure recovery factor for the valve with reducers, and Ap; is the drop across
the inlet reducer.
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From Equation B-2:

2
_ K.q G

Ap;
" good*

(Eq. B-16)
where K, = K, + K, .

Substituting the expression for g2 from Equation B-12 into Equation B-16, we have:

2 .2
KF CvA
Ap; = M (Eq. B-17)

890d"
Substituting Equations B-14 and B-17 into B-15, we have the following development:

Ap,,
2 2
FplAPy, | KiF, CoAD,
F 890d"

(F), =

Fip = (F)pFp = + —c 0
p 8902
F; Lo~0
2 ~1/2
Fp= FL{_FL Ki %C—‘Z/%F + 1} (Eq. B-18)
N, 00
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Annex C — Control valve-piping system head changes

An understanding of the various loss mechanisms involved in a control valve-piping system can
be obtained by looking at the energy grade lines and the hydraulic grade lines for a liquid flow
system containing abrupt contractions and expansions in the form of concentric reducers. These
are shown schematically in Figure C-1. For ease of comprehension, the curves are displayed as
straight line segments. The energy grade line includes only the available energy and excludes
internal energy. Each point of pressure change associated with this figure is defined below.
Some of the pressure drops are nonrecoverable and some are recoverable, as shown in the
hydraulic grade line. The terms below also define the various coefficients associated with the

system. The Bernoulli coefficients, K, and K;,, account for the change in the velocity pressure
of the stream and relate the total kinetic energy to that calculated with the valve inlet velocity U,.

Table C-1 — Definitions of head terms

(Refer to Figure C-1)

Reference
Letter (See
Fig. C-1) Head Terms* U.S. Units S| Units
A Inlet pressure head P’y p./pg
B Inlet velocity head (d/D)}(U%/2g) (d/D )} (U%2g)
C Reducer drop (K1 +Kg)(U%29) (K +Kg)(UA2g)
D Differential to vena (E)/ (1-F2) (E)/ 1-F?)
contracta
E Pressure recovery at (D) —(H) (D) — (H)
valve
F Increaser recovery (Kex — Ky) (U2 /29) (Kgz — K3) (U?/ 29)
G Reducer loss K,(U?2g) K, (U?29)
H Valve loss N,(a*/C ?)(U?/2g) Ny(d#/C H)(U2g)
I Increaser loss K,(U32g) Ky (UA2g)
J Outlet pressure head p,/y P,/ pg
K Outlet velocity head (d/D,) (U22g) (d/D, )} (U%/2g)
L Total head loss (br—p) /Y (b, —po) /pg

* All units are absolute and consistent: pound, foot, and second in U.S. customary units; S| for metric units.
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Figure C-1 — Head changes in a control valve-piping system
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Annex D — Representative values of valve capacity factors

The values in Table D-1 are typical only for the types of valves shown at their rated travel for full-
size trim. Significant variations in value may occur because of any of the following reasons:
reduced travel, trim type, reduced port size, and valve manufacturer.

Table D-1 — Representative values of valve capacity factors

Flow
Valve Type Trim Type Direction* X7 FL Fs Fy C,/d?
GLOBE
Single port Ported plug Either 0.75 0.9 1.0 1.0 9.5
Contoured plug Open 0.72 0.9 1.1 1.0 11
Close 0.55 0.8 11 1.0 11
Characterized cage Open 0.75 0.9 11 1.0 14
Close 0.70 0.85 11 1.0 16
Wing guided Either 0.75 0.9 11 1.0 11
Double port  Ported plug Either 0.75 0.9 0.84 0.7 125
Contoured plug Either 0.70 0.85 0.85 0.7 13
Wing guided Either 0.75 0.9 0.84 0.7 14
Rotary Eccentric spherical plug Open 0.61 0.85 1.1 1.0 12
Close 0.40 0.68 1.2 1.0 13.5
ANGLE Contoured plug Open 0.72 0.9 1.1 1.0 17
Close 0.65 0.8 11 1.0 20
Characterized cage Open 0.65 0.85 1.1 1.0 12
Close 0.60 0.8 11 1.0 12
Venturi Close 0.20 0.5 1.3 1.0 22
BALL Segmented Open 0.25 0.6 1.2 1.0 25
Standard port (diameter = 0.8d) | Either 0.15 0.55 1.3 1.0 30
BUTTERFLY 60-Degree aligned Either 0.38 0.68 0.95 0.7 175
Fluted vane Either 0.41 0.7 0.93 0.7 25
90-Degree offset seat Either 0.35 0.60 0.98 0.7 29

* Flow direction tends to open or close the valve, i.e., push the closure member away from or towards the seat.
** In general, an F4value of 1.0 can be used for valves with a single flow passage. An F;value of 0.7 can be used for
valves with two flow passages, such as double-ported globe valves and butterfly valves.
T In this table, d may be taken as the nominal valve size, in inches.
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Annex E — Reynolds number factor F;

The information contained in this annex is an elaboration of the discussion presented in Section
4.4. It presents a method used for resolving laminar and transitional flow problems.

Figure E-1 shows the relationships between F and the valve Reynolds number Re, for the three
types of problems that may be encountered with viscous flow. These are:

a) Determining the required flow coefficient when selecting a control valve size
b) Predicting the flow rate that a selected valve will pass

¢) Predicting the pressure differential that a selected valve will exhibit

In Figure E-1, the straight diagonal lines extending downward at an Fj value of approximately 0.3
indicate conditions under which laminar flow exists. At a valve Reynolds number of 40 000, all
three curves in Figure E-1 reach an F5 value of 1.0. At this number and at all higher Re, values,
fully turbulent flow conditions exist. Between the laminar region, indicated by the straight
diagonal lines of Figure E-1, and the turbulent region, where F, = 1.0, the flow regime is
transitional (i.e., neither laminar nor turbulent).

Equation 11 for determining the valve Reynolds number Re, is:
N,F,q Echz 0/

= Y+ 10 (Eq. 11)
R o VA7 A

F~ values and the solutions to the three classes of problems may be obtained by using the
following procedures.

Re
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Figure E-1 — Reynolds number factor for valve sizing
(See Figure 1 for the range of uncertainty.)

Determining required flow coefficient (selecting valve size)

The following treatment is based on valves without attached fittings; therefore, F, = 1.0.

a) Calculate a pseudo valve flow coefficient C,,, assuming turbulent flow, using:

C, = + (Eq. E-1)
N, /p—Gfp 2

b) Calculate Re, by using Equation 11, substituting C,,from Step 1 for C,. For F,, select
a representative value for the valve style desired.

¢) Find F; as follows:

1) If Re, is less than 56, the flow is laminar, and F, may be found by using either the
curve in Figure E-1 labeled "For Selecting Valve Size" or by using the equation

F,=0.019 (Re )05 (Eq. E-2)

2) If Re, is greater than 40 000, the flow may be taken as turbulent, and F, = 1.0.

3) If Re, lies between 56 and 40 000, the flow is transitional, and F, may be found by
using either the curve in Figure E-1 or Table E-1 in the column headed "Valve Size
Selection.”

36
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d) Obtain the required C, from:

c, = Su

Eqg. E-3
v FR ( q )

e) After determining C,, check the F, value for the selected valve size and style. If this

value is significantly different from the value selected in Step 2, use the new value and
repeat Steps 1 through 4.

Predicting flow rate

a) Calculate g, assuming turbulent flow, using:

py—p
q: = N,C, [Z = (Eq. E-4)
f

b) Calculate Re, by using Equation 11, substituting g, for g from Step 1.

¢) Find F; as follows:

1) If Re, is less than 106, the flow is laminar, and F; may be found by using the curve
in Figure E-1 labeled "For Predicting Flow Rate" or by using the equation

F,=0.0027Re, (Eq. E-5)

2) If Re, is greater than 40 000, the flow may be taken as turbulent, and F;= 1.0.

3) If Re, lies between 106 and 40 000, the flow is transitional, and F5 may be found by

using the curve in Figure E-1 or Table E-1 in the column headed "Flow Rate
Prediction."

d) Obtain the predicted flow rate from:

q=Frq, (Eq. E-6)
Predicting pressure drop

a) Calculate Re, according to Equation 11.

b) Find Fas follows:

1) If Re,is less than 30, the flow is laminar, and Frmay be found by using the curve in
Figure E-1 labeled "For Predicting Pressure Drop" or by using the equation

F,=0.052(Re,)°5 (Eq. E-7)

2) If Re,is greater than 40 000, the flow may be taken as turbulent, and Fr= 1.0.

3) If Re, lies between 30 and 40 000, the flow is transitional, and Fr may be found by

using the curve in Figure E-1 or Table E-1 in the column headed "Pressure Drop
Prediction."

¢) Obtain the predicted pressure drop from:

o0 49 7 i
Ap Gf[NlFRCvD (Eg. E-8)
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Table E-1 — Reynolds number factor

Fx for transitional flow

Valve Reynolds Number, Re*

Valve
Size Flow Pressure Drop
Fe* Selection Rate Prediction Prediction
0.284 56 106 30
0.32 66 117 38
0.36 79 132 48
0.40 94 149 59
0.44 110 167 74
0.48 130 188 90
0.52 154 215 113
0.56 188 253 142
0.60 230 298 179
0.64 278 351 224
0.68 340 416 280
0.72 471 556 400
0.76 620 720 540
0.80 980 1100 870
0.84 1560 1690 1430
0.88 2470 2660 2300
0.92 4600 4800 4400
0.96 10 200 10 400 10 000
1.00 40 000 40 000 40 000

* Linear interpolation between listed values is satisfactory.
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Annex F — Equations for nonturbulent liquid flow

The following method for handling liquid nonturbulent flow permits a direct solution for the
unknown — flow rate, C,, or Ap — without using tables or curves and without first computing a
Reynolds number. It is especially useful with programmable calculators or computers. The
results are in conformance with Section 4.4.

Figure 1 in Section 4.4 has the following features:

a) A straight horizontal line at F5 = 1.0, representing the turbulent flow region. Here, the
flow rate varies as the square root of differential pressure (Equation 1).

b) A straight diagonal line, representing the laminar flow region. Here, the flow rate varies
directly with the differential pressure.

¢) A curved portion, representing the transitional flow region.

d) A shaded envelope to indicate the scatter of the test data (see Stiles reference, Liquid
Viscosity Effects on Control Valve Sizing, and McCutcheon reference, A Reynolds
Number for Control Valves) and the uncertainty to be expected in the nonturbulent flow

region.
P1—p
g = NyFRC, “TZ (Eq. 9)
f

N,F,q COFfcZ  O/*
v = EIRVE, 2 + 10 (Eq. 11)
vF?CY?ON,d* D

For the laminar flow region, an equation can be written for the straight line found in Figure 1, such
that:

From Equation 9:

and Equation 11.:

Re

evD1/2
Fr= tg700 (Eq. F-1)
Combining these three equations, we obtain:
372
g = N(F.C,) Fp
or (Eq. F-2)
_ 1ngH 0
Y FINApD
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where,

F2eFic?  O7°
Fe = 04—+ 10 (Eq. F-3)
F, LN d 0
and
u = absolute viscosity, centipoises

N, = a constant that depends on the units used, i.e.,

N q Ap
47 gpm psi
1.5 ms3/hr kPa
15 ms3/hr bar

F.is generally a function of a specific manufacturer's valve style and varies little from size to size.
This variation is usually no greater than the uncertainty in the value of the factor F,that accounts
for the hydraulic radius. Representative values of F are listed in Annex D. Once a particular
valve has been selected, the actual values of F,, F,, and C,/d > may be used to compute F,.

Equation F-2 may be solved directly for the unknown if the flow is fully laminar. In the transitional
region, to avoid using a curve or table, the following equations have been established for
determining Fx:

VSD0.655
Fr = 1.044- 0.35%%D (Eq. F-4)
vt
.336
Fr = 1.084- 0.37 Z SEO (Eq. F-5)
t
[DO.588
F, = 1.004- 0-35%5 (Eq. F-6)
S

In these equations,the subscript s denotes a value computed from Equation F-2 assuming
laminar flow conditions, and the subscript t denotes a value computed from Equation 9 assuming
turbulent flow conditions (F5 = 1.0).

When the value F;calculated by the above equations is less than 0.48, the flow may be taken as
laminar, and Equation F-2 governs. When Fyis greater than 0.98, the flow may be taken as
turbulent, and Equation 9 governs (Fis [11.0). The piping geometry factor F, should not be used
in either Equation 9 or Equation F-2, because the effect that close-coupled fittings have on
nonturbulent flow through control valves has not been established. Also, the equation used in
this standard for F, is based on turbulent flow only. For maximum accuracy, a valve must be
installed with a straight inlet pipe the same size as the valve. The length of the straight pipe
should be sufficient for the stream to attain its normal velocity profile, a condition upon which the
research data are based.

The following examples demonstrate how problems may be solved.
PROBLEM 1. Find the valve size.
Given: g =500 gpm, G,= 0.9, Ap = 20 psi, u=20 000 cp
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Selected valve: Butterfly, C,/ d? =19, F,=0.93 (from a manufacturer's catalog or Annex D)

Using Equation 9 for turbulent flow:

_ p 2
qg = N,FRCy, %%fm

20 /2
500 = (1.0(1.0)C,, E'ng%l
C,.= 106

Using Equation F-2 for laminar flow:

c - lOaw 3
Vs FSENSA'DD

1 500(20000°_ .,

vs = 0.930 47(20 U

Using Equation F-4 for transitional flow,

2 .655
Fr = 1.044— 0'35%63 = 0.03

This value for F5 is less than the 0.48 limit for transitional flow, so the flow is laminar. The C,

required is 520. To meet this requirement, a representative 6-inch valve has a C,= 19d2= 684,

or as listed in the manufacturer's catalog.
PROBLEM 2. Find the differential pressure.

Given: g = 1070 gpm, G,= 0.84, 1 =5900 cp, C, =400, F,=1.25

Using Equation 9 assuming turbulent flow:

P /2
g = Ny(1.0)C, BA—GE

_ EI%Dl/Z
1070 = ( 10(10)400@.841]

Ap,= 601 psi

Using Equation F-2 assuming laminar flow:

3/2 Op
q= Ns(Fsz) —=

372 Dpg

1070 = 47 1.2% 400 5900

A p,=12.0 psi
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Using Equation F-5 for transitional flow:

2 .336

Fp = 1.084- 03755

010 = 0.61

Because Fxis between 0.48 and 0.98, the flow is transitional.
Find the pressure drop using Equation 9:

_ P /2
q= NlFRCvE%El

- nAp07?
1070 = 1.q 0'61(400)&),84]
Ap =16 psi

Note that the pseudo values of Ap, assuming turbulent (6 psi) or laminar flow (12 psi), are not
applicable, because the flow is actually transitional.

PROBLEM 3. Find the valve size.
Given: g=17 m%h, p= 1100 kg/m3, Ap = 69 kPa, u = 1000 N[S/m? (or 108 cp)
Selected valve: Ball, C,/ d?=30, F,=1.3

Using Equation 9 for turbulent flow:

/2
17 = 0.086% 1.(,1)(:&6—9181

C, = 24.8

Using Equation F-2 for laminar flow:

C = logu 3

vs = F.ON ap0
c - i{l?( 106)]2/3
vs = 1.31.5(69
C,. = 2310

For transitional flow:
_ 31q]0.655 _
FR = 1.044- 0.35 280 = 59

A value less than 0.48 indicates laminar flow. Therefore, the required C, is 2310. To meet this
requirement, a 250-mm (10-in) valve has a C,= 30(10)2 = 3000.
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Annex G — Liquid critical pressure ratio factor F.

Flow rate is a function of the pressure drop from the valve inlet to the vena contracta. Under
nonvaporizing liquid flow conditions, the apparent vena contracta pressure (p,.) can be predicted
from the downstream pressure (p,), because the pressure recovery is a consistent fraction of the
pressure drop to the vena contracta. The effect of this pressure recovery is recognized in the
valve flow coefficient (C,).

Under choked flow conditions, there is no relationship between p, and p,. because vaporization
affects pressure recovery. The liquid critical pressure ratio factor is used to predict p,.. Itis the
ratio of the apparent vena contracta pressure under choked flow conditions to the vapor pressure
of the liquid at its inlet temperature.

An equation for predicting F- has been published in previous standards. A theoretical equation
based on the assumption (see Allen reference, Flow of a Flashing Mixture of Water and Steam
through Pipes and Valves) that the fluid is always in thermodynamic equilibrium states that:

VD1/2
Fr = 0.96— o.2ﬁ%D (Eq. G-1)
C

Because a liquid does not remain in thermodynamic equilibrium as it flashes across a valve (see
Bailey reference, Metastable Flow of Saturated Water), the actual flow rate will be greater than
that predicted by the use of Equation G-1.

In experiments with nonvalve restrictions (see Burnell reference, Flow of Boiling Water through
Nozzles, Orifices and Pipes), the following equation for F- was derived:

Fp = 1—F£ (Eq. G-2)

o

where g is the surface tension of the liquid in N/m and F,is an experimentally determined orifice
factor for the restriction or valve in the same units. This equation allows for the fact that liquids
vaporizing across a restriction are not in thermodynamic equilibrium, but become metastable and
choke at a critical vena contracta pressure. The equation has been tested only for deaerated
water. Limited data indicate that values of F,for values at rated travel range from around 0.2 N/
m for a streamlined angle valve to nearly 1.0 for a more tortuous double-ported globe valve. The
surface tension of water in N/m can be approximated based on the Othmer equation:

_ [(874—°C)7+0°
‘[ 4080 J (Ea. G-3)
or
_ [(705-"°F)7+%°
a—[ S J (Eq. G-4)
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Annex H — Derivation of factor  x,,

The slope of the Y versus x curve for any specific valve is determined using air or gas as the test
fluid, and is designated by the value of x at Y = 2/3. This value, known as x, is the pressure drop
ratio factor. For most valves, it is less than 1.0, but it may be greater for some valve styles.

If a valve is installed with a fitting at the inlet and/or outlet, the pressure drop ratio factor for the
combination of the valve plus the fitting (x;5) usually differs from that of the valve alone.

Let us consider a valve with reducers operating at choked flow
[X = X7p, Y = Y; for an ideal gas (Z = 1)]

From Equation 18, the volumetric valve flow equation (in U.S. customary units) is:

X
gy = 1360 F5C,p, Y /G T; (Eq. H-1)
g'1

where the subscript T indicates the terminal or choked condition. For the valve alone at choked

flow, the equation is:
_ X1
qr = 1360 CV,Di YT Gng (Eq. H-2)

where p; is the valve inlet pressure. From Equations H-1 and H-2, we have:

Ix
p; = Fppy % (Eg. H-3)
;

From the gas laws, the mean specific weight across the inlet reducer is:

_ [pl—pim M _ l44(p1+p/)§897GgD
1702 Ry, 2 [(15457,0

G
y; = 1.35(Ip1+p,-)?q (Eq. H-4)
1
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Since the pressure drop, expressed in feet of head, is K (U?/2q),

144(p, —p,) _ £U2 144(p, - p,)

y 2g9

K[ g 1473 Ti a(144]
29 | 36000.5(p; + p;)519.69 142

Simplifying:

pi-p; = 1214 10°)KG,T,q°d"
Substituting the expression for p, from Equation H-3, we have:

2 2 2 ~9 2 4
pl—FpplmXTTPE = 1214 10")KG,T,q°d

From Equation H-1:

> . Iy 2
GGy —L = (1360 F,C, Y1) Xpp
1

Substituting this into Equation H-6, with g = g, and K= K;, we have:

X X
1.214 10)(1360 F,C, Y7)°K; ? = 1-F2 %9
T

Solving for Xrps with Y; = 2/3, we have:

Gg
1.35Q(py + ,0,-)?
1

(Eqg. H-5)

(Eq. H-6)

(Eq. H-7)

(Eq. H-8)

(Eq. H-9)
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Annex | — Control valve flow equations — Sl Notation
(International System of Units)

The valve flow coefficient that is compatible with SI units is A, (see IEC reference, Industrial
Process Control Valves). At the present time, A,does not have wide acceptance by the technical
community. This annex has been included for the benefit of those who wish to use pure,
coherent Sl units.

In the following equations, certain symbols commonly associated with Sl practice differ from
those listed in Section 3. These are:

A, Valve flow coefficient, mZ[AV = C, x 24( 10_6)]
{ (Zeta) Head loss coefficient (¢ = K), dimensionless

p (Rho) Density, kg/m?3

Liquid Equations

Turbulent flow:

/2
q-= FpAVE%jg (Eqg. 1-1)
w = FA(bpp)"° (Eq. I-2)
. _[oman, 77
n = EILi—.23d4% (Eq. I-3)
Choked flow:
- 1/2
q= FLPAV['D L pp VCJ (Eq. I-4)
w = FpAlp(p—p,)l " (Eq. 1-5)
-1/2
2, F AT
Fip= F/_{DB - _;d‘lvg-l- 1 (Eq. I-6)
1.2
where {;={; + (g
p..= Fep, (See Annex G for Fp) (Eq.1-7)
Laminar flow (see Annex F):
A
qs = (FSAV)s/Z—Zs’gu (Eq. 1-8)
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3/2 App

w, = (FA) 2800 (Eq. 1-9)
FeoF2a: 0’°
Fg = —1/3B—4+ 10 (Eq. I-10)
/30 2x* O
Transitional flow:
/2
q = FRAVE%EEI (Eq. I-11)
1/2
w = FRA (App) (Eq. I-12)
V5D0.655
Fr = 1.044- 0.35 0 (Eq. I-13)
vt
.336
Fr = 1.084- 0.37 Z SEO (Eq. 1-14)
t
[DO.588
Fr = 1.004- 0.35%D (Eq. I-15)
S
Limits for F,=0.48 to 1.0.
Gas and Vapor Equations
Turbulent flow:
w = FpAVY(xplpl)l/2 (Eq. I-16)

/2
q = 0.246FpAV,01YDLDL (Normalm3at 0°C (Eq.1-17)

T, 20 and 101.3 kPa)
Limit: x <F, x7» (in equation only)
_x,[O AT
Xrp = E %0-72XTZ/' +1 (Eq. 1-18)
p
where
(=0 + (g (Eq. 1-19)
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