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INTERNATIONAL ELECTROTECHNICAL COMMISSION

INDUSTRIAL-PROCESS CONTROL VALVES -

Part 2-1: Flow capacity —
Sizing equations for fluid flow under installed conditions

FOREWORD

1) The International Electrotechnical Commission (IEC) is a worldwide organization for standardization comprising
all national electrotechnical committees (IEC National Committees). The object of IEC is to promote
international co-operation on all questions concerning standardization in the electrical and electronic fields. To
this end and in addition to other activities, IEC publishes International Standards, Technical Specifications,
Technical Reports, Publicly Available Specifications (PAS) and Guides (hereafter referred to as “IEC
Publication(s)”). Their preparation is entrusted to technical committees; any IEC National Committee interested
in the subject dealt with may participate in this preparatory work. International, governmental and non-
governmental organizations liaising with the IEC also participate in this preparation. IEC collaborates closely
with the International Organization for Standardization (ISO) in accordance with conditions determined by
agreement between the two organizations.

2) The formal decisions or agreements of IEC on technical matters express, as nearly as possible, an international
consensus of opinion on the relevant subjects since each technical committee has representation from all
interested IEC National Committees.

3) IEC Publications have the form of recommendations for international use and are accepted by IEC National
Committees in that sense. While all reasonable efforts are made to ensure that the technical content of IEC
Publications is accurate, IEC cannot be held responsible for the way in which they are used or for any
misinterpretation by any end user.

4) In order to promote international uniformity, IEC National Committees undertake to apply IEC Publications
transparently to the maximum extent possible in their national and regional publications. Any divergence
between any IEC Publication and the corresponding national or regional publication shall be clearly indicated in
the latter.

5) IEC itself does not provide any attestation of conformity. Independent certification bodies provide conformity
assessment services and, in some areas, access to IEC marks of conformity. IEC is not responsible for any
services carried out by independent certification bodies.

6) All users should ensure that they have the latest edition of this publication.

7) No liability shall attach to IEC or its directors, employees, servants or agents including individual experts and
members of its technical committees and IEC National Committees for any personal injury, property damage or
other damage of any nature whatsoever, whether direct or indirect, or for costs (including legal fees) and
expenses arising out of the publication, use of, or reliance upon, this IEC Publication or any other IEC
Publications.

8) Attention is drawn to the Normative references cited in this publication. Use of the referenced publications is
indispensable for the correct application of this publication.

9) Attention is drawn to the possibility that some of the elements of this IEC Publication may be the subject of
patent rights. IEC shall not be held responsible for identifying any or all such patent rights.

International Standard IEC 60534-2-1 has been prepared by subcommittee 65B: Measurement
and control devices, of IEC technical committee 65: Industrial-process measurement, control
and automation.

This second edition cancels and replaces the first edition published in 1998. This edition
constitutes a technical revision.

This edition includes the following significant technical changes with respect to the previous
edition:

e the same fundamental flow model, but changes the equation framework to simplify the
use of the standard by introducing the notion of 4pg;,;pg;
e changes to the non-turbulent flow corrections and means of computing results;

e multi-stage sizing as an Annex.

The text of this standard is based on the following documents:
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FDIS Report on voting
65B/783/FDIS 65B/786/RVD

Full information on the voting for the approval of this standard can be found in the report on
voting indicated in the above table.

This publication has been drafted in accordance with the ISO/IEC Directives, Part 2.

A list of all the parts of the IEC 60534 series, under the general title Industrial-process control
valves, can be found on the IEC website.

The committee has decided that the contents of this publication will remain unchanged until
the stability date indicated on the IEC web site under "http://webstore.iec.ch" in the data
related to the specific publication. At this date, the publication will be

* reconfirmed,

* withdrawn,

+ replaced by a revised edition, or
*+ amended.

The contents of the corrigendum of April 2015 have been included in this copy.
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INDUSTRIAL-PROCESS CONTROL VALVES -

Part 2-1: Flow capacity —
Sizing equations for fluid flow under installed conditions

1 Scope

This part of IEC 60534 includes equations for predicting the flow of compressible and
incompressible fluids through control valves.

The equations for incompressible flow are based on standard hydrodynamic equations for
Newtonian incompressible fluids. They are not intended for use when non-Newtonian fluids,
fluid mixtures, slurries or liquid-solid conveyance systems are encountered. The equations for
incompressible flow may be used with caution for non-vaporizing multi-component liquid
mixtures. Refer to Clause 6 for additional information.

At very low ratios of pressure differential to absolute inlet pressure (Ap/p4), compressible
fluids behave similarly to incompressible fluids. Under such conditions, the sizing equations
for compressible flow can be traced to the standard hydrodynamic equations for Newtonian
incompressible fluids. However, increasing values of Ap/ps result in compressibility effects
which require that the basic equations be modified by appropriate correction factors. The
equations for compressible fluids are for use with ideal gas or vapor and are not intended for
use with multiphase streams such as gas-liquid, vapor-liquid or gas-solid mixtures.
Reasonable accuracy can only be maintained when the specific heat ratio, y, is restricted to
the range 1,08 <y < 1,65. Refer to Clause 7.2 for more information.

For compressible fluid applications, this standard is valid for valves with x7 < 0,84 (see Table
D.2). For valves with x7 > 0,84 (e.g. some multistage valves), greater inaccuracy of flow
prediction can be expected.

Reasonable accuracy can only be maintained for control valves if:

C

2
18

< 0,047

Note that while the equation structure utilized in this document departs radically from previous
versions of the standard, the basic technology is relatively unchanged. The revised equation
format was adopted to simplify presentation of the various equations and improve readability
of the document.

2 Normative references

The following referenced documents are indispensable for the application of this document.
For dated references, only the edition cited applies. For undated references, the latest edition
of the referenced document (including any amendments) applies.

IEC 60534-1:2005, Industrial-process control valves — Part 1: Control valve terminology and
general considerations

IEC 60534-2-3:1997, Industrial-process control valves — Part 2-3: Flow capacity — Test
procedures
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3 Terms and definitions

For the purposes of this document, the terms and definitions given in IEC 60534-1, and the
following apply.

3.1

valve style modifier

the ratio of the hydraulic diameter of a single flow passage to the diameter of a circular
orifice, the area of which is equivalent to the sum of areas of all identical flow passages at a
given travel. It should be stated by the manufacturer as a function of travel (see Annex A).

3.2

standard volumetric flowrates

compressible fluid volumetric flow rates in cubic metres per hour, identified by the symbol Qg,
refer to either

a) Standard conditions, which is an absolute pressure of 1 013,25 mbar and a
temperature of 288,6 K, or

b) Normal conditions, which is an absolute pressure of 1 013,25 mbar and a temperature
of 273 K.

Numerical constants for the flow equations are provided for both conventions (see Table 1).
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4 Symbols
Symbo Description Unit
|
C Flow coefficient (K,, C,) Various (see IEC 60534-1)
(see Note 4)
Nominal valve size mm
D Internal diameter of the piping mm
D, Internal diameter of upstream piping mm
D, Internal diameter of downstream piping mm
D, Orifice diameter mm
Fy Valve style modifier (see Annex A) Dimensionless
(see Note 4)
Fe Liquid critical pressure ratio factor Dimensionless
FL Liquid pressure recovery factor of a control valve without attached fittings Dimensionless
(see Note 4)
Fip Combined liquid pressure recovery factor and piping geometry factor of a Dimensionless

control valve with attached fittings

Fp Piping geometry factor Dimensionless
Fr Reynolds number factor Dimensionless
F, Specific heat ratio factor Dimensionless
Molecular mass of flowing fluid kg/kmol
N Numerical constants (see Table 1) Various (see Note 1)
P1 Inlet absolute static pressure measured at point A (see Figure 1) kPa or bar (see Note 2)
Po Outlet absolute static pressure measured at point B (see Figure 1) kPa or bar
Pe Absolute thermodynamic critical pressure kPa or bar
Pr Reduced pressure (p1/p.) Dimensionless
Py Absolute vapour pressure of the liquid at inlet temperature kPa or bar
Apacwar | Differential pressure between upstream and downstream pressure taps kPa or bar
(P1=P2)
Apchokes | Computed value of limiting pressure differential for incompressible flow kPa or bar
Apsizing | Value of pressure differential used in computing flow or required flow kPa or bar
coefficient for incompressible flows
Q Actual volumetric flow rate m3/h
Qs Standard volumetric flow rate (see definition 3.2) m3/h
Re, Valve Reynolds number Dimensionless
T, Inlet absolute temperature K
T. Absolute thermodynamic critical temperature K
T, Reduced temperature (T4/T;) Dimensionless
tg Absolute reference temperature for standard cubic metre K
w Mass flow rate kg/h
X Ratio of actual pressure differential to inlet absolute pressure (AP/P) Dimensionless
Xchoked Choked pressure drop ratio for compressible flow Dimensionless
Xsizing Value of pressure drop ratio used in computing flow or required flow Dimensionless

coefficient for compressible flows
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Symbo
|

Description

Unit

XT

XTp

Z;

P

P1/Po

St
)
SB1
B2

Pressure differential ratio factor of a control valve without attached fittings
at choked flow

Pressure differential ratio factor of a control valve with attached fittings at
choked flow

Expansion factor

Compressibility factor at inlet conditions
Kinematic viscosity

Density of fluid at p; and T

Relative density (p4/p, = 1,0 for water at 15 °C)
Specific heat ratio

Velocity head loss coefficient of a reducer, expander or other fitting
attached to a control valve or valve trim

Upstream velocity head loss coefficient of fitting
Downstream velocity head loss coefficient of fitting
Inlet Bernoulli coefficient

Outlet Bernoulli coefficient

Dimensionless
(see Note 4)

Dimensionless

Dimensionless
Dimensionless
m2/s (see Note 3)
kg/m3
Dimensionless
Dimensionless

Dimensionless

Dimensionless
Dimensionless
Dimensionless

Dimensionless

NOTE 1

NOTE 2
NOTE 3

To determine the units for the numerical constants, dimensional analysis may be performed on the
appropriate equations using the units given in Table 1.

1 bar = 102 kPa = 105 Pa

1 centistoke = 10-6 m2/s

NOTE 4 These values are travel-related and should be stated by the manufacturer.

5 Installation

In many industrial applications, reducers or other fittings are attached to the control valves.
The effect of these types of fittings on the nominal flow coefficient of the control valve can be
significant. A correction factor is introduced to account for this effect. Additional factors are
introduced to take account of the fluid property characteristics that influence the flow capacity
of a control valve.

In sizing control valves, using the relationships presented herein, the flow coefficients calculated
are assumed to include all head losses between points A and B, as shown in Figure 1.

Full document details: IEC 60534-2-12011
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I Flow I -

Pressure tap Pressure tap

\
L0 S

A B

\ Control valve with or without attached fittings

IEC 509/11

/1 = two nominal pipe diameters

I, = six nominal pipe diameters
Figure 1 — Reference pipe section for sizing
6 Sizing equations for incompressible fluids

6.1 Turbulent flow

The fundamental flow model for incompressible fluids in the turbulent flow regime is given as:

O =CN,Fp (1)

NOTE 1 The numerical constant N, depends on the units used in the general sizing equation and the type of flow
coefficient: K, or C,,.

NOTE 2 The piping geometry factor, Fp, reduces to unity when the valve size and adjoining pipe sizes are
identical. Refer to 8.1 for evaluation and additional information.

This model establishes the relationship between flow rate, flow coefficient, fluid properties,
related installation factors, and pertinent service conditions for control valves handling
incompressible fluids. Equation (1) may be used to compute the required flow coefficient, the
flow rate or applied pressure differential given any two of the three quantities.

This model rigorously applies only to single component, single phase fluids (i.e., no multi-
phase mixtures, no multi-component mixtures). However, this model may be used with caution
under certain conditions for multi-component mixtures in the liquid phase. The underlying
assumptions of the flow model would be satisfied for liquid-liquid fluid mixtures subject to the
following restrictions:

o the mixture is homogenous;

e the mixture is in chemical and thermodynamic equilibrium;

e the entire throttling process occurs well away from the multiphase region.

When these conditions are satisfied, the mixture density should be substituted for the fluid
density p; in Equation (1).
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6.2 Pressure differentials
6.2.1 Sizing pressure differential, Apg;,ip,

The value of the pressure differential used in Equation (1) to predict flow rate or compute a
required flow coefficient is the lesser of the actual pressure differential or the choked pressure
differential:

. {Ap if AP < AP poked
sizing Apcho red lf Ap > Apchoked
6.2.2  Choked pressure differential, 4p;poxeq

The condition where further increase in pressure differential at constant upstream pressure no
longer produces a corresponding increase in flow through the control valve is designated
“choked flow”. The pressure drop at which this occurs is known as the choked pressure
differential and is given by the following equation:

2

F

Apchoked :( FL.P] (pl _Fva) (3)
P

NOTE The expression (%f)z reduces to F,2 when the valve size and adjoining pipe sizes are identical. Refer to

8.1 for more information.
6.2.3  Liquid critical pressure ratio factor, Fg

Fg is the liquid critical pressure ratio factor. This factor is the ratio of the apparent vena
contracta pressure at choked flow conditions to the vapour pressure of the liquid at inlet
temperature. At vapor pressures near zero, this factor is 0,96.

Values of Fr may be supplied by the user if known. For single component fluids it may be
determined from the curve in Figure D.3 or approximated from the following equation:

Fp =096-0,28 |2 (4)
Pe

Use of Equation (4) to describe the onset of choking of multi-component mixtures is subject to
the applicability of appropriate corresponding states parameters in the flashing model.

6.3 Non-turbulent (laminar and transitional) flow

The flow model embodied in Equation (1) is for fully developed, turbulent flow only. Non-
turbulent conditions may be encountered, especially when flow rates are quite low or fluid
viscosity is appreciable. To affirm the applicability of Equation (1), the value of the valve

Reynolds Number (see Equation (23)) should be computed. Equation (1) is applicable if
Rey > 10 000.

7 Sizing equations for compressible fluids

71 General

The fundamental flow model for compressible fluids in the turbulent flow regime is given as:

W = CNGFPY—\'xsizingplpl Docu‘ﬁents
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This model establishes the relationship between flow rates, flow coefficients, fluid properties,
related installation factors and pertinent service conditions for control valves handling
compressible fluids.

Two equivalent forms of Equation (5) are presented to accommodate conventional available
data formats:

W = CNgFpp,Y M (6)
84 PF1 TlZl

X
—CNoFop Y sizing 7
O, 9ol'p Py 1 —MTIZI (7)

Equation (6) is derived by substituting the fluid density as computed from the ideal gas
equation-of-state into Equation (5). Equation (7) expresses the flow rate in standard
volumetric units. Equations (5) through (7) may be used to compute the required flow
coefficient, the flow rate or applied pressure differential given any two of the three quantities.

NOTE See Annex D for values of M.

7.2 Pressure differentials

7.21 Sizing pressure drop ratio, Xg;;ing
The value of the pressure drop ratio used in Equations (5) through (7) to predict flow rate or
compute a required flow coefficient is the lesser of the actual pressure drop ratio or the
choked pressure drop ratio:

X = {X lf X < Xehoked (8)
sizing X choked ljf X2 Xchoked
where
A
P

7.2.2 Choked pressure drop ratio, X;poked

The pressure drop ratio at which flow no longer increases with increased value in pressure
drop ratio, is the choked pressure drop ratio, given by the following equation:

xc‘haked = F}/xTP (1 O)

NOTE The expression xrp reduces to x;r when the valve size and adjoining pipe sizes are identical. Refer to 8.1
for more information.

7.3  Specific heat ratio factor, F,

The factor xt is based on air near atmospheric pressure as the flowing fluid with a specific
heat ratio of 1,40. If the specific heat ratio for the flowing fluid is not 1,40, the factor F, is used
to adjust x7. Use the following equation to calculate the specific heat ratio factor:

F, =L (11)
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Equation (11) evolved from assumption of perfect gas behaviour and extension of an orifice
plate model based on air and steam testing to control valves. Analysis of that model over a
range of 1,08 < y < 1,65 leads to adoption of the current linear model embodied in Equation
(11). The difference between the original orifice model, other theoretical models and Equation
(11) is small within this range. However, the differences become significant outside of the
indicated range. For maximum accuracy, flow calculations based on this model should be
restricted to a specific heat ratio within this range and to ideal gas behaviour.

7.4 Expansion factor, Y

The expansion factor Y accounts for the change in density as the fluid passes from the valve
inlet to the vena contracta (the location just downstream of the orifice where the jet stream
area is a minimum). It also accounts for the change in the vena contracta area as the
pressure differential is varied.

Theoretically, Y is affected by all of the following:

D

ratio of port area to body inlet area;

O

shape of the flow path;

o O

Reynolds number;

)

)
)
) pressure differential ratio x;
)
)

specific heat ratio y.

The influence of items a), b), c), and e) is accounted for by the pressure differential ratio
factor xT, which may be established by air test and which is discussed in 8.4.

The Reynolds number is the ratio of inertial to viscous forces at the control valve orifice. In
the case of compressible flow, its value is beyond the range of influence since turbulent flow
almost always exists.

The pressure differential ratio xT is influenced by the specific heat ratio of the fluid.

Y shall be calculated using Equation (12).

Y :1_ 'x.vizing (12)

3 ‘xchoked

NOTE The expansion factor, Y, has a limiting value of % under choked flow conditions.

7.5 Compressibility factor, Z

Several of the sizing equations do not contain a term for the actual density of the fluid at
upstream conditions. Instead, the density 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. Z is a function of both the reduced pressure and reduced
temperature. 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 T, is defined similarly. That is:

Pr="—" (13)

T,
T=7 (14)
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NOTE See Annex D for values of p, and T..
7.6 Non-turbulent (laminar and transitional) flow

The flow model embodied in Equations (5) through (7) is for fully developed, turbulent flow
only. Non-turbulent conditions may be encountered, especially when flow rates are quite low
or fluid viscosity is appreciable. To affirm the applicability of the flow model, the value of the
valve Reynolds Number (see Equation (23)) should be computed. The flow model is
applicable if Rey > 10 000.

8 Correction factors common to both incompressible and compressible flow

8.1 Piping geometry correction factors

The various piping geometry factors (Fp, F;p, Xyp) are necessary to account for fittings
attached upstream and/or downstream to a control valve body. The Fp factor is the ratio of the
flow rate through a control valve installed with attached fittings to the flow rate that would
result if the control valve was installed without attached fittings and tested under identical
conditions which will not produce choked flow in either installation (see Figure 1).

To meet the stated flow accuracy of + 5 %, all piping geometry factors shall be determined by
test in accordance with IEC 60534-2-3.

When estimated values of the piping geometry factors are permissible, the following equations
should be used for concentric reducers and expanders directly coupled to the control valve.
These equations derive from an analytical accounting of the additional resistance and
interchange between the static and dynamic head introduced by the fittings.

The validity of this method is a function of the degree to which the control valve and attached
fittings remain hydraulically or aerodynamically independent of each other such that the
cumulative effects remain additive. This condition is likely to be satisfied for the majority of
practical applications. However, in certain styles of control valves, such as butterfly valves
and ball valves, pressure recovery is likely to occur principally in the downstream pipe as
rather than within the valve body. Replacement of the downstream pipe section with an
arbitrary pipe fitting may alter the recovery zone in some cases. Under this condition, it is
doubtful that the simple flow resistance method of correction will adequately account for these
effects.

8.2 Estimated piping geometry factor, Fp

The Fp factor is the ratio of the flow rate through a control valve installed with attached fittings
to the flow rate that would result if the control valve was installed without attached fittings and
tested under identical conditions which will not produce choked flow in either installation (see
Figure 1). When estimated values are permissible, the following equation shall be used:

A (15)

2
=
N, \d

In this equation, the factor £ is the algebraic sum of all of the effective velocity head loss
coefficients of all fittings attached to the control valve. The velocity head loss coefficient of
the control valve itself is not included.

2§=§1+§2+4’B]_§BZ (16)
In cases where the piping diameters approaching and leaving the control valve are different,
the (g coefficients are calculated as follows: ocuments
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d 4
4B=1—(5] (17)

If the inlet and outlet fittings are short-length, commercially available, concentric reducers, the
¢4 and ¢ coefficients may be approximated as follows:

VT

gl=o,5{1—[3|} ] (18)
d 2

Z, :1,0[1-(1)—2] } (19)

Inlet and outlet reducers of equal size:

aV T
G+, =15 [1-&} } (20)

The Fp values calculated with the above ¢ factors generally lead to the selection of valve
capacities slightly larger than required. See Annex C for methods of solution.

Inlet reducer:

Outlet reducer (expander):

For graphical approximations of Fp, refer to Figures D.2a) and D.2b) in Annex D.

8.3 Estimated combined liquid pressure recovery factor and piping geometry factor
with attached fittings, F, p

F_ is the liquid pressure recovery factor of the valve without attached fittings. This factor
accounts for the influence of the valve internal geometry on the valve capacity at choked flow.
It is defined as the ratio of the actual maximum flow rate under choked flow conditions to a
theoretical, non-choked flow rate which would be calculated if the pressure differential
used was the difference between the valve inlet pressure and the apparent vena contracta
pressure at choked flow conditions. The factor F. may be determined from tests in
accordance with IEC 60534-2-3. Typical values of F versus percent of rated flow coefficient
are shown in Figure D.3.

F_ p is the combined liquid pressure recovery factor and piping geometry factor for a control
valve with attached fittings. It is obtained in the same manner as F|.

To meet a deviation of +5 % for F_ p, F p shall be determined by testing. When estimated
values are permissible, Equation (21) shall be used:

FL
E? cY
1+ () —
\/ Nz( gl{dzj

Here 2¢ is the velocity head loss coefficient, {1 + (g4, of the fitting attached upstream of the
valve as measured between the upstream pressure tap and the control valve body inlet.

Fp= (21)
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8.4 Estimated pressure differential ratio factor with attached fittings, x;p

xT is the pressure differential ratio factor of a control valve installed without reducers or other
fittings. If the inlet pressure p4 is held constant and the outlet pressure py is progressively
lowered, the mass flow rate through a valve will increase to a maximum limit, a condition
referred to as choked flow. Further reductions in p, will produce no further increase in flow
rate.

This limit is reached when the pressure differential x reaches a value of F, xt. The limiting
value of x is defined as the critical differential pressure ratio. The value of x used in any of the
sizing equations and in the relationship for Y (Equation (12)) shall be held to this limit even
though the actual pressure differential ratio is greater. Thus, the numerical value of Y may
range from 0,667, when x = F, xT, to 1,0 for very low differential pressures.

The values of xT may be established by air test. The test procedure for this determination is
covered in IEC 60534-2-3.

NOTE 1 Representative values of x; for several types of control valves with full size trim and at full rated
openings are given in Table D.1. Caution should be exercised in the use of this information. When precise values
are required, they should be obtained by test.

If a control valve is installed with attached fittings, the value of xt will be affected.

x7p is the pressure differential ratio factor of a control valve with attached fittings at choked
flow. To meet a deviation of +5 % for x1p, the valve and attached fittings shall be tested as a
unit. When estimated values are permissible, the Equation (22) shall be used:

(22)

NOTE 2 Values for N5 are given in Table 1 below.

In the above relationship, xT is the pressure differential ratio factor for a control valve installed
without reducers or other fittings. ¢ is the sum of the inlet velocity head loss coefficients
(&4 + ¢g1) of the reducer or other fitting attached to the inlet face of the valve.

If the inlet fitting is a short-length, commercially available reducer, the value of {; may be
estimated using Equation (18).

9 Reynolds Number, Re,,

The incompressible and compressible flow models presented in the preceding clauses are for
fully developed turbulent flow. When non-turbulent flow conditions are established through a
control valve because of a low pressure differential, a high viscosity, a very small flow
coefficient, or a combination thereof, a different flow model is required.

The valve Reynolds Number, Rey, is employed to determine whether the flow is fully
turbulent. Tests show that flow is fully turbulent when the valve Re,, = 10 000. The valve
Reynolds Number is given by Equation (23):

vrol(Fc )
Re :4_dQ(L_+1J (23)

Y vJcF, \ Nyat

NOTE 1 The flow rate in Equation (23) is in actual volumetric flow rate units for both incomp&gssible and

compressible flows. OcumentS
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NOTE 2 The kinematic viscosity, v, should be evaluated at flow conditions.

When Re, < 10 000, the equations presented in Annex A should be used.

The valve Reynolds Number is a function of the flow rate and the valve flow coefficient.
Therefore, when solving the flow equations for either of these two variables it is necessary to
employ a solution technique that ensures that all instances of each variable are accounted
for.

NOTE 3 The dependency of the Reynolds Number on the flow rate and valve flow coefficient necessitates an
iterative solution.

The valve style modifier Fy converts the geometry of the orifice(s) to an equivalent circular
single flow passage. See Table D.2 for typical values and Annex A for details. To meet
a deviation of = 5 % for Fy, the Fy factor shall be determined by test in accordance with
IEC 60534-2-3.

NOTE 4 Equations involving Fp are not applicable.

Table 1 — Numerical constants N

Flow coefficient C Formulae unit
Constant K, C, w Q pxAp P T d, D v
N, 1x 101 8,65 x 10-2 - m3/h kPa kg/m3 - - -
1 8,65 x 10-1 - m3/h bar kg/m3 - - -
N, 1,60 x 10-3 2,14 x 10-3 - - - - - mm -
N, 7,07 x 10-2 7,60 x 10-2 - m3/h - - - - m2/s
Nsg 1,80 x 10-3 2,41 x 10-3 - - - - - mm -
Ng 3,16 2,73 kg/h - kPa kg/m3 - - -
3,16 x 101 2,73 x 101 kg/h - bar kg/m3 - - -
Ng 1,10 9,48 x 10-1 kg/h - kPa - K - -
1,10 x 102 9,48 x 101 kg/h - bar - K - -
Ng 2,46 x 101 2,12 x 101 - m3/h kPa - K - -
(ts=0°C) 2,46 x 103 2,12 x 103 - m3/h bar - K - -
Ng 2,60 x 101 2,25 x 101 - m3/h kPa - K - -
(ts=15°C) 2,60 x 103 2,25 x 103 - m3/h bar - K - -
N7 1,05 x 10-3 1,21 x 10-3 - - - - - mm -
Nig 8,65 x 10-1 1,00 - - - - - mm -
Niyg 2,5 2,3 - - - - - mm -
N,y 1,73 x 101 1,50 x 107 - m3/h kPa - K - -
(t;=0°C) 1,73 x 103 1,50 x 103 - m3/h bar - K - -
Ny, 1,84 x 101 1,59 x 101 - m3/h kPa - K - -
(ts=15°C) 1,84 x 103 1,59 x 103 - m3/h bar - K - -
N, 7,75x 107" | 6,70 x 107" kg/h - kPa - K - -
7,75 x 10" 6,70 x 10' kg/h - bar - K - -
Ny, 1,40 x 102 1,27 x 102 - - - - - mm -
NOTE Use of the numerical constants provided in this table together with the practical metric units specified in the
table will yield flow coefficients in the units in which they are defined.
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Annex A
(normative)

Sizing equations for non-turbulent flow

A.1  General

This Annex presents the sizing equations as currently understood for control valves flowing
incompressible and compressible fluids under non-turbulent conditions. Whereas this
technology is, in general, less understood than fully developed turbulent flow, and further is
strongly dependent on valve geometry, this technology may be augmented by individual valve
manufacturers with technology specific to individual valve designs.

A.2 Symbols

The following variables are unique to this annex. All others have been defined in the main
body of this standard.

Symbol Description Unit
Crated Flow coefficient at rated travel various
Fr Reynolds number factor Dimensionless
n Intermediate variable Dimensionless

A.3 Discerning a non-turbulent flow condition

As stated in Clause 9 of the main body of this standard, the valve Reynolds Number, Re,, is
employed to determine whether fully developed turbulent flow exists. The valve Reynolds
Number is given by Equation (23) and repeated here for convenience:

v FolF2er )
Re =4—dQ[L—+1J (A1)

Yy e, | Nyd®

NOTE 1 The flow rate in Equation (A.1) is in actual volumetric flow rate units for both incompressible and
compressible flows.

NOTE 2 The kinematic viscosity, v, should be evaluated at (P; + P,)/2 for compressible flows.

NOTE 3 The dependency of the Reynolds Number on the flow rate and valve flow coefficient necessitates an
iterative solution.

Flow is considered fully turbulent when Re, =2 10 000. When Re, < 10 000, the equations
presented in this annex should be used.

A.4 Technology scope

The sizing equations for non-turbulent flow are subject to the following restrictions:

1) The methods given herein are exclusively for a Newtonian rheology. Non-Newtonian
fluids can exhibit significant change in viscosity as a function of shear rate, which is

proportional to flow rate. Documents
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2) The methods given herein are for non-vaporizing fluids.

3) ¢

- <0,047
N18

Further, the effect of close-coupled reducers or other flow-disturbing fittings on non-turbulent
flow is unknown. While there is no information on the laminar or transitional flow behaviour of
control valves installed between pipe reducers, the user of such valves is advised to utilize
the appropriate equations for line-sized valves in the calculation of the Fg factor. This should
result in conservative flow coefficients, since additional turbulence created by reducers and
expanders will further delay the onset of laminar flow. Therefore, it will tend to increase the
respective FR factor for a given valve Reynolds number.

A.5 Sizing equations for incompressible fluids

The fundamental flow model for incompressible fluids in the non-turbulent flow regime is given
as:

Q=CN\Fp [ (A.2)

This model establishes the relationship between flow rate, flow coefficient, fluid properties,
and pertinent service conditions for control valves handling incompressible fluids. Equation
(A.2) may be used to compute the required flow coefficient, the flow rate or applied pressure
differential given any two of the three quantities.

A.6 Sizing equations for compressible fluids

The fundamental flow model for compressible fluids in the non-turbulent flow regime is given
as:

W =CNy,Fy¥ M (A.3)
1

This model establishes the relationship between flow rates, flow coefficients, fluid properties
and pertinent service conditions for control valves handling compressible fluids.

An alternate form of Equation (A.3) is presented to accommodate conventional available data
formats:

0, = CNy, Y Ap(ﬁ% (A.4)
1

NOTE See Annex D for values of M.

where

— Xoiooo
Rey—1000 | oming _ (1—f] + (1—fj if 10 000 > Re, > 1000
9 000 3 * xchoked 2 2

(1 —gj if Re, <1000

(A.5)
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Equation (A.4) expresses the flow rate in standard volumetric units. Equations (A.3) or (A.4)
may be used to compute the required flow coefficient, the flow rate or applied pressure
differential given any two of the three quantities.

A.7 Equations for Reynolds Number factor, Fp
The Reynolds Number factor, Fg, is evaluated from the following equations:

If flow is laminar (Re, < 10),

0,026
n Re,
Fp=Min| 1% (A.6)
1,00
NOTE The “Min” function returns the smallest value of the expressions contained in the argument.

If flow is transitional (Re, > 10)

. 033F,” o Re,
%81 10,000

Fr =Min %Wa Re, (A.7)
L
1,00

The value of the constant, n, is determined on the basis of trim style.

For “full size” trim Crated ) >0,016) |,

n=—=>=— (A.8a)

For “reduced trim” (C’”’”/z <0’016)j’
c %
n=1+N32(Azj (A.8b)
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Annex B
(normative)

Sizing equations for fluid flow through multistage control valves

B.1 General

This annex presents equations for predicting the flow of a compressible fluid through
multistage control valves. The basic flow equations are identical to the equations presented in
the main body of this document with the exception of the following differences:

a) the equation for the calculation of expansion factor Y (Equation B.3);
b) the inclusion of stage interaction factor k and reheat factor r ;

c) the addition of tables for multistage valves for values of F, and x; (Table D.2)

This technology is applicable to designs of multistage multipath control valves, multistage
single path control valves and continuous resistance trim control valves. Refer to Clause B.3
for definitions and descriptions of each control valve type.

The test data used to validate the method for multistage single and multipath with one to five
stages were obtained from sizing tests carried out in accordance with IEC 60534-2-3 using air
as the test medium at pressures varying from 5 x 105 Pa to 13,5 x 105 Pa and at
temperatures of approximately 300 K. Some data were obtained under plant conditions using
steam at pressures varying from 12 x 10° Pa to 110 x 10° Pa and temperatures from 460 K to
750 K. The method is applicable to any number of stages but has only been validated up to
five stages.

The test data used to validate the method for continuous resistance trim with 4 to 30 turns
was obtained from sizing tests carried out in accordance with IEC 60534-2-3 using air as the
test medium at pressures varying from 5 x 10% Pa and temperatures of approximately 300 K.
Some data was obtained under plant conditions using steam at pressures varying from 24 x
10° Pa and temperatures from 500 K to 720 K. This method may be used for any number of
turns, but has only been validated up to 30.

If valve specific coefficients (such as K, or C, F , and xg) cannot be determined by
appropriate test procedures in IEC 60534-2-3, values supplied by the manufacturer should
then be used.

The conventional single stage equations presented in the main body of this document may be
used for multistage valves when:

a) the valve designs fall outside the scope of the configurations presented herein, and/or,

b) the single stage equations can be shown to be applicable to the design configuration
under consideration.
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B.2 Symbols

The following variables are unique to this annex. All others have been defined in the main
body of this standard.

Symbol Description Unit
Ant The total hole area of adjacent upstream stage at rated travel mm?
Ao The area of the outlet of a single flow path including the total area of mm?

related multiple paths

A The area of the inlet of a single flow path mm?
Ds The outside diameter of adjacent upstream stage mm
k Stage interaction factor Dimensionless
/ Travel mm
n The number of turns (or stages) in a single flow path. In cases of a flow Dimensionless

path dividing into multiple paths only one of the paths is included

r Reheat factor Dimensionless

B.3 Terms and definitions

For the purposes of this annex, the terms and definitions given in IEC 60534-1, those given in
this standard as well as the following, apply.

B.3.1 Multistage control valves

Globe control valve where the trim has several stages which are separated by a gap (see
Figures B.1 and B.2). The geometrical contour of the apertures in all stages should be similar.
The ratio of the second stage flow coefficient C to the first stage flow coefficient C should not
exceed 1,80. The ratio of the flow coefficient C of the other stages to their previous stage
should not exceed 1,55 and should be uniform within a tolerance of +9 %. Normally, for
incompressible fluids the flow coefficients of the stages are approximately equal, a slightly
smaller flow coefficient C being allocated to a particular stage only if it is required to take a
higher pressure drop.

B.3.2 Gap

Distance between adjacent stages

B.3.3 Multistage multipath control valves
Globe control valve where the trim has multiple flow passages having several stages which
are separated by a gap (see Figure B.1). To ensure the validity of the prediction equations of

this annex, the gap should conform to the values calculated from the following equation with a
tolerance of +15 % and —10 % (see Figures B.1 and B.2).

gap = Ay Gj{%} (B.1)

where

minimum gap limit = 4 mm;

maximum gap limit = 44 mm.

Documents

Document Sharing Hub

Full document details: IEC 60534-2-12011


http://www.avadocuments.com/doc/iec-60534-2-1-2011
http://www.avadocuments.com/doc/iec-60534-2-1-2011

60534-2-1 © IEC:2011 - 23 -

i R L
ili i H N
E60 O—O“fﬁ‘
HiE 0900 T
A0 O T O OhER
HHET O - Q2O A
10O L0 7 0L
HHE D A Gap
F 9 .
o

A

NOTE This is one example of a multistage trim.

IEC 510/11

Figure B.1 — Multistage multipath trim

B.3.4 Multistage single path control valves

Globe control valve where the trim has one flow passage having several stages which are
separated by a gap (see Figure B.2). The gap should be within the following minimum and
maximum limits:

minimum gap = 0,60 times the seat diameter of the previous stage;
maximum gap = 1,10 times the seat diameter of the previous stage.
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NOTE This is one example of a multistage trim.

IEC 511/11

Figure B.2 — Multistage single path trim

B.3.5 Continuous resistance trim control valves

Globe valve where the trim consists of a multistage non-interconnecting multipath throttling
restriction of the continuous resistance type, generally referred to as labyrinth valves (see
Figures B.3 and B.4). The flow paths should be geometrically similar and should not
interconnect but may at some point divide into multiple paths. For incompressible fluids, the
cross sectional area of each flow path may be constant but in the case of very high pressure
reduction, the area of each flow path may increase to ensure a low exit velocity. For
compressible fluids, the area should increase in the direction of flow. The increase should be
within these limits:

Ag x (1,120 < Ag < Aq x (1,23) (B.2)

The relationship of the number of turns in each flow path to the length of each flow path
should be within the maximum and minimum limits calculated from the following equations:

Inax = N x 10,50

Inin = N x 7,00 (minimum flow path can not be less than 25 mm)
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where

I is the length of each flow path — in cases of divided multiple paths, only one is included in
/, (units mm).

IEC 512/11

Figure B.3 — Disk from a continuous resistance trim
The complete trim consists of a number of these disks stacked together.

IEC 513/11

Figure B.4 — Sectional view of continuous resistance trim
with multiple flow passages having vertical undulations

B.4 Expansion factor, Y
The expansion factor term and function is described in 7.4. For multistage valves, the

following expression should be used to evaluate the expansion factor to account for the
effects of reheat between stages.
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[ xjﬂl
1-|1-k—
ve 1—( ﬁJ ©.3)

Where, exponents are defined as follows:

Control Valve Trim Style
Recovered Stage Continuous Resistance
0,333
B, = 0.5 E
n
LO 2<n<7
B, = 1,0
0,5 8<n
1 |n
Bs= n—1 — =1
2\2

The value of x in Equation (B.3) should not exceed Fyxy and the maximum value of this term
in this Equation, (B.3) is 0,963. Further, the value of x; in Equation (B.3) is not modified by

Fy.

B.5 Stage interaction factor, k

This factor which is included in the equation for Y, Equation (B.3) introduces the coefficient
required to convert the valve pressure drop ratio x into the vena contracta pressure drop ratio
and it also includes a correction factor for the difference between the pressure recovery
between stages and at the exit of the final stage. There is a specific value of k for different
numbers of stages. The values are listed in Tables B.1 and B.2.

B.6 Reheat factor, r

The first part of the equation for Y, Equation (B.2) is based on complete reheat of the fluid
between each stage. (Complete restoration of enthalpy following the heat drop during the
expansion). This in practice does not happen. There is only partial reheat between stages so
the fluid does not expand to the theoretical specific volume. As the number of stages
increases above 4 this partial reheat effect is gradually reversed due to increased friction
reheat generated by the increased number of stages. The second part of the equation for Y,
Equation (B.2) recognizes these effects and changes the theoretical Y calculation by an
appropriate amount. The factor r enables this correction to be calculated from the valve
pressure drop ratio. There is a specific value of r for different numbers of stages. The values
are listed in Tables B.1. and B.2
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Table B.1 — Values of the stage interaction factors, k, and the reheat factors,

r for multistage single and multipath control valve trim

Number of stages k r
1 0,404 0
2 0,673 0,215
3 0,825 0,316
4 0,885 0,335
5 0,915 0,310

Table B.2 — Values of the stage interaction factors, k, and the
reheat factors, r for continuous resistance control valve trim

Full document details: IEC 60534-2-12011

Number of turns k r
: 566 Note 0,068
4 08 Note 0130
6 0,600 0,153
7 0,624 0,156
8 0,652 0,152
10 0,700 0,147
12 0,722 0,122
14 0,740 0,106
16 0,752 0,095
18 0,769 0,091
20 0,780 0,087
22 0,795 0,083
24 0,800 0,078
26 0,812 0,073
28 0,820 0,067
30 0,830 0,062
34 0,852 0,049
38 0,880 0,040
42 0,905 0,032
46 0,927 0,024
50 0,950 0,019

NOTE For turns from 2 to 4, if x is equal to or less than
0,35, the tabulated values for k should be multiplied by 1,30.
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Annex C
(informative)

Piping factor computational considerations

C.1 Solution

The equations for estimating the piping geometry factors are a function of the flow coefficient,
C. The most accurate estimate of the factors will be obtained when the throttling flow
coefficient is used in these equations. However, this leads to a system of equations that are
difficult or impossible to solve algebraically and an iterative method of solution is preferred.
Algebraic solutions can be obtained if the rated flow coefficient (see IEC 60534-1:2005) is
used in the equations, however, this will yield an over-estimation of the degree of correction.

Conditions may be encountered that lead to mathematical singularities or failure to converge
to a solution. This situation usually indicates that the combined resistance of the control valve
and attached fittings is too great to pass the required flow rate. A larger valve diameter should
be selected in such circumstances.

A candidate solution schema is presented in the following clauses that may be adapted to
each of the flow equations previously presented.

C.2 Iterative solution schema

C.21 General

The following numerical solution is based on the notion of finding the root of a function
utilizing a simple iterative bisection method. This method has the advantage of being straight
forward, robust and providing a predictable degree of accuracy. Other techniques are viable,
but provisions should be implemented to ensure real solution, etc.

The bisection concept centers on establishing an initial interval that contains the root to the
function. This interval is repetitively bisected until the interval containing the root is
sufficiently small to effectively evaluate the root. The overarching logic associated with this
schema is shown in Figures C.1 through C.2 and described in the following subclauses.

C.2.2 Step 1 — Define flow function

All of the flow equations presented in the main body of this document can be rewritten in the
following functional form with the flow coefficient, C, as the independent variable:

F(C) = [flow rate] — [defining flow equation] (C.1)

For example, Equation (1), the incompressible flow equation, may be rewritten in the following
functional form:

F(C)=Q-CN,Fp (C.2)

It should be noted that certain terms in the functional expression are dependent on the flow
coefficient, C. For the example shown, these terms include the piping correction term, Fp, and
the sizing pressure differential, 4pg;,j, .
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The flow coefficient associated with a given set of service conditions is determined by finding
the root of the function, i.e., the value of C such that

F(C)=0 (C.3)

Cc.23 Step 2 — Set lower flow interval limit

The initial lower limit of the solution interval is set to zero. Appropriate associated values of
the subordinate coefficients, F; and x, should be determined for the control valve under
consideration (e.g., values associate with low travels). The respective piping correction factor
terms, Fp, F;p, and x;p, should be evaluated using the values of C, F;, and x;. The flow
function should be evaluated on the basis of current values of independent variables.

C.2.4 Step 3 — Set upper interval limit

Setting the initial upper limit of the solution interval must take certain matters into
consideration. First, the upper limit should be set to a sufficiently large value to ensure that
the interval contains a root. An arbitrarily large value of

Cupper = 0,075d° Ny (C.4)

is suggested. This actually corresponds to a value outside the scope of the standard, but
should be sufficiently large to capture meaningful real roots.

The second issue concerns large values of the flow coefficient, C. Very large values of the
flow coefficient in combination with large downstream expansions can potentially result in
mathematical singularities associated with Equation (15). To prevent this from occurring, the
expression under the radical in Equation (15) can be used to set an upper bound:

[N
2
Cupper =0,99d —i (C.5)

The upper limit should be set to the smaller of these two values.

Again, F|_and xg values associated with C,,,. should be determined and the values of Fp,
FLp, Xyp computed. The flow function is fhen evaluated using the current values of the
independent variables.

Cc.2.5 Step 4 — Check that interval bounds a solution

The solution function, F(C), is monotonic over the defined interval. Therefore, the function
value at the interval boundaries will be of opposite sign if a root exists within the interval. If
the function is of same sign, then the interval does not contain a real solution. This indicates
that the selected flow coefficient range does not have sufficient capacity to pass the flow. A
larger valve size should be selected and the process repeated.

If the function is of opposite sign, a solution exists within the interval. Proceed to the next
step to progress the convergence of the interval to the solution.

C.2.6 Step 5 — Revise interval

The mid-point of the interval should be computed and all parameters that are dependent on
the flow coefficient (F|, X7, Fp, X7p, F pp) evaluated. This divides the initial interval into two
sub-intervals, one of which contains the root of the function. To determine which interval
contains the root, compare the sign of the flow function at the mid-point to the upper limit. If
they are of the same sign, the lower sub-interval contains the root. The upper limi (o)
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redefined to the current mid point. If the functional values are of opposite sign, the upper
interval contains the root. The lower limit should be redefined to the current mid-point.

c.2.7 Step 6 — Check for convergence

The root is evaluated and iteration may be discontinued when the upper and lower limits of
the interval containing the root are suitably close to each other, i.e., when

C <e (C.6)

Upper - CLuwer

A suggested value for the convergence tolerance, ¢, is 0,00001.

When the process has suitably converged, the final value should be set to the mid-point of the
interval:

C + Clower
C= Upper : Lower (C7)

C.3 Non-iterative solution schema

If the value C is known and the flow rate W or Q has to be calculated, Equation (17) can be
used directly.

If the value C has to be calculated from W or Q, Equation (17) cannot be used directly. To
avoid iteration, the following calculation procedure is necessary.

For incompressible flow (see Clause 6) or compressible flow (see Clause 7), the following
equations from Table C.1 and C.2 are to be used with C calculated from Equation (1)
(incompressible non-choked flow under turbulent conditions without attached fittings) or
Equations (6), (7) or (8) (compressible non-choked flow under turbulent conditions without
attached fittings). The piping geometry factor Fp and the Reynolds number factor Fg have the
value 1. Also the actual pressure drop ratio x and the actual differential pressure Ap g, a
should be used in this case. For compressible flow the expansion factor, Y, has the minimum
value of 2/3.
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Table C.1 — Incompressible flow

Non-choked flow (xF’actual < xchhoked) Choked flow (XF,actuaI > xF’choked)
XE choked is to be calculated from Equation (4) with F, and F , under non-choked flow
conditions (see this table)
- Ap .§1+§Bl(Cj2
2 —-F N 2
e 1—Z§(£j Fp= p! Flpvz 2 \d :
N, (a2 A ¢
2 \d P R _r+am | &
pi—Frepy N2| F;? d?
F
Fip= L 2
2 A + C
1+§1+§BI(CJFL FLP:FL.\/I_ _Fp. .C:IN;BI(?)
N, d* ) Fp? br—LfFepy 2

Table C.2 — Compressible flow

Non-choked flow (x <X

actual

Choked flow (X, a1 = Xchoked)

choked)

Xchokeq IS t0 be calculated from Equation (11) with F; and x;, under non-choked flow

conditions (see this table)

1—20 Ap 0Y2041+§Bl[£]2
F = 1_&[3)2 Fp= 4 Fyep Ny \d? :
p
Na \d? e e 2P .yz.l[zg(mqm)(cj
4 F,ep Ns| xr L
Xrp = Xr . Ap , C+ln(C 2
2 Si+tém( C xrp=xre| 1+ eV’ e (_2
Frvxre =y o\ Fy e py Ns \d
N d
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Figure C.1 — Determination of the upper limit of the flow coefficient
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Figure C.2 — Determination of the final flow coefficient by the iterative method
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