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CONTROL VALVE SIZING

NOMENCLATURE

SIZING AND SELECTION OF CONTROL VALVES
0 NORMATIVE REFERENCES

1 PROCESS DATA

2 VALVE SPECIFICATION

3 FLOW COEFFICIENT

Flow coefficient Ky (metric units)
Flow coefficient Cy (imperial units)
Standard test conditions

4 SIZING EQUATIONS

Sizing equations for incompressible fiuids
(turbulent flow)

Sizing equations for compressible fluids
(turbulent flow)

Sizing equations for two-phase flows

Sizing equations for non-turbulent flow

5 PARAMETERS OF SIZING EQUATIONS

Liquid pressure recovery factor F

Coefficient of incipient cavitation xsz and
coefficient of constant cavitation Kc

Piping geometry factor Fe

Combined liquid pressure recovery factor and
piping geometry factor of a control valve with
attached fittings Fre

Liquid critical pressure ratio factor F¢

Expansion factor Y and specific heat ratio factor
Fy

Pressure differential ratio factor xr

Pressure differential ratio factor for a valve with
attached fittings xre

Reynolds number factor Fg

5.10 Valve style modifier Fq
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HOMENCLATURE

Symibaol Description Units (notes)
A flow passage area at the actual vahve stroke mm"
Cy fliow coefficient U.5. gallons/min
d nominal valve size mm
D intemal diameter of piping mm
dy equivalent circular flow passage diameter mm
dn hydraulic diameter of a single flow passage mm
Fa valve style modifier dimensionless
Fe liguid critical pressure ratio factor dimensionkess
FL liguid pressure recovery factor for a control valve without attached fittings | dimensionless

combined liguid pressure recowery factor and piping geometry factor of a

Fie control valve with attached fittings dimensionless
Fe piping geometry factor dimensionkess
Fa Reynolds number factor dimensionless
s specific heat ratio factor=v / 1.4 dimensionless

K and Kez | Bemoulli coefficients for inlet and outlet of a valve with attached reducers | dimensionless
K coefficient of constant cavitation dimensionless
Ko fiow coefficient m'fh

K1 and Kz upstream and downsiream resistance coefficients dimensionless
5 mclecular mass of the flowing fuid kgfkmol
Pc absolute thermodynamic critical pressure bar absolute
Pv absolute vapour pressure of the liquid at inlet temperature bar absolute
3 vena confracta absolute pressure bar absolute
B inlet absolute pressure measured at upstream pressure tap bar absolute
Pz outlet absolute pressure measured at downstream pressure tap bar absolute
Ap pressure differential between upsiream and downsiream pressures bar

maximum allowable pressure differential for control valve sizing purposes

AP for incompressible fluids bar
Pw wetted perimeter of flow passage mm
O mass fiow rate kg'h
Ov violumedric flow rate mfh
T ree’ miaximum mass flow rate in choked condifion kg'h
Qo maximum volumetric fiow rate in choked condition m'h
Rey valve Reynolds number dimensionless
Ta inlet absolute temperature K
u average fluid welocity mi's
specific volume m¥kg
x ratio of pressure differential to inlet absolute pressure dimensionkess
ratio of pressure differential to inlet absolute sure im critical . .
e {ﬂ'ldi‘LiE:l'IE {40 / prler pres dimensionless
iz coefficient of incipient cavitation dimensionless
pressure differential ratio factor in choked flow condition for a valve § )
rr without attached fittings dimensionless
XIF value of ¥r for valee / fitting assembly dimensionkess
L expansion factor dimensionless
£ compressibility factor (ratio of ideal to actual inlet specific mass) dimensionless
¥ specific heat ratio dimensionless
no specific mass of water at 15.5 °C i.e. 209 kg/m® kg'm®
M specific mass of fiuid at pq and Ty kgim?

ratio of specific mass of fluid in upstream condition to specfic mass of
r water at 15.5 °C {1/ po)

v kinematic wiscosity (v=u/p) centistokes = 107 méls
L dynamic viscosity centipaises = 10° Pas

dimensionless
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SIZING AND SELECTION OF CONTROL VALVES

The comect sizing and selection of a control valve must be based on the full knowledge of the process.

0. NORMATIVE REFERENCES 2. VALVE SPECIFICATION
- [EC 80534-2-1, Industrisl process control walves — On the basis of the above data it is possible to finalise
Flow capacity — Sizing under installed conditions the detailed specification of the valve (data sheet), i.e. o
- |[EC 60534-2-3, Industrial process conifrol walves — salect
Flow capacity — Test procedures .
. - walve rating:
- |[EC 80534-7, Indusfrial process confrol valves — ~
Control valve data sheet body and valve type:

. - body size, after having calculated the maximum flow
- |IEC 80534-8-2, Industrial process control walves — ) . . - _—
Nai siderafi — L = of coefficient Cy with the appropriate sizing equations;

- ] - type of frim;
::-Il::’sgenerated by hydrodynamic fliow through control - rmaterials tim of different frm :

- leakage class;

- inherent flow characteristic;
- packing type;

1. PROCESS DATA - ;'pe ;fd size of actuator;

- BCCESSONeSs.
The: following data should at least be known:

a. Type of fluid and its chemical, physical and

thermodynamic characteristics, such as:

- pressure g

- temperature T;

- WEPOUr Pressure pyw;

- thermodynamic critical pressure pg;

- specific mass p;

- kinematic viscosity +or dynamic viscosity

- specific heat at constant pressure Cp, specific heat
at constant volume Cy or specific heat ratio v;

- molecular mass M;

- compressibility factor Z;

- ratio of vapour o its liquid (guality);

- presence of solid particles;

- flammakbility;

- fowicity;

- other.

b. Maximum operating range of flow rate related to
pressure and temperature of fluid at walve inlet and
to differential pressure Ap across the valve.

c. Operating conditions ([normal, maximum, minimum,
start-up, emergency, other).

d. Ratic of pressure differential available across the
valve to total head loss along the process line at
various operating conditions.

e. Operational data, such as:

- maximum differential pressure with closed valve;

- siroking time;

- plug position in case of supply failure;

- maximum allowable leakage of vahe in closed
position;

- fire resistance;

- maximum oubwards leakage;

- moise limitations.

f.  Interface information, such as:

- sizing of downstream safety vahes;

- accessibility of the valve;

- materials and type of piping connections;

- owerall dimensions, including the necessary space
for disassembling and maintenance,

- design pressure and temperature;

- available supplies and their characteristics.
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3. FLOW COEFFICIENT

The flow coefficient is the coefficient used to calculate
the flow rate of a control vabve under given conditions.

31 Flow coefficient Ky (metric units)

The flow coefficient Ky is the standard flow rate which

flows throwgh a valve at a given opening, refermed to the

following conditions:

- 51312:: pressure drop (Apps) across the vabve of 1 bar
(10° Paj;

- flowing fluid is water at a temperature from 5 to 40° C;

- the wolumetric: flow rate gy is expressed in mfh.

The value of Ky can be determined from tests according

to par. 3.3 using the following formula, valid at stamdard

conditions only (refer to par. 3.3):

K, =g, APervy
M

where:

- Apgu is the static pressure drop of 10° Pa [Pa];

- Ap is the siatic pressure drop from upsieam to
downstream [Pa];

- p1 is the specific mass of fiowing fluid [ogim];

- o is the specific mass of water [kg."m:'].

Mote: Simple conversion operations among the different
units give the following relaticnship: Cy= 1.16 K.

Mote: Although the fiow coefficients were defined as

information.

3.2 Flow coefficient Cv (imperial units)

The fiow coefiicient Cy is the standard fiow rate which

flows through a valve at a given opening, refermed to the

- static pressure drop (Apow) across the valve of 1 psi
(6 885 Pa);

- flowing fiuid is water at a temperature from 40 o 100 F
(5 to 40° CJ;

- the volumetric fiow rate gy is expressed in gpm.

The value of Cy can be determined from tests using the

following formula, valid at standard conditions only (refer

to par. 3.3}

.. |AProvi pa
Gy =ay AP

where:

- Apicw is the static presswure drop of 1 psi [psi];

- Ap is the static pressure drop from wpstream fo
downstream [psi];

- i is the specific mass of the flowing fluid [Iha‘ftB];

- g is the specific mass of the water [Ih‘ft!].

3.3 Standard test conditions

The standard conditions referred to in definiions of flow

coefficients Ky, Cy) are the following:

- flowr in turbulent condition;

- mo cavitation and vapornsation phenomena;

- valwe diameter equal to pipe diameter;

- static pressure drop measured between upstream and
downstream pressure taps located as in Figure 1;

- straight pipe lengths upstream and downstream the
valve as per Figure 1;

liquid (wrater) fiow rates, nevertheless they are used for - Newtonian fluid.

control valve sizing both for incompressible and

compressible fluids. Refer to par. 5.8 and 5.9 for more
(* abraight pipe lenghle upsiream

ord dawnalream the walve
] nariingl pipe and valve diamater
L walve dimanaian
P, Py plp2 prasusre taps
200 (*) 100 (*)

Figure 1 — Standard test set up.
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4. SIZING EQUATIONS

Sizing equations allow to calculate a value of the flow coefficient starting from different operating conditions (type of fiuid,
pressure drop, flow rate, type of flow and installation) and making them mutually comparable as well as with the standard

one.

The equations outlined in this chapter are in accordance with the standards IEC 60534-2-1 and |EC 60534-2-3.

4.1 Sizing equations for incompressible fluids
(turbulent flow)

In general actual flow rate g, of a incompressible fluid
through a valve is plotted in Figure 2 versus the square
root of the pressure differential vap under constant
upstream conditions.

The curve can be split into three regions:

- a first normal flow region (not critical), where the flow
rate is exactly proportional to ¥Ap. This not critical flow
condition takes place until pue > pu.

- a second semi-critical flow region, where the flow rate
still rises when the pressure drop is increased, but less
than proportionally to +Ap. In this region the capability
of the valve to convert the pressure drop increase into
flow rate is reduced, due to the fluid vaporisation and
the subsequent cavitation.

- In the third limit flow or saturation region the flow rate
remains constant, in spite of further increments of VAp.

This means that the flow conditions in vena contracta
have reached the maximum evaporation rate (which
depends on the upstream flow conditions) and the mean
velocity is close to the sound velocity, as in a
compressible fluid.

The standard sizing equations ignore the hatched area
of the diagram shown in Figure 2, thus neglecting the
semi-critical flow region. This approximation is justified
by simplicity purposes and by the fact that it is not
practically important to predict the exact flow rate in the
hatched area; on the other hand such an area should be
avoided, when possible, as it always involves vibrations
and noise problems as well as mechanical problems due
to cavitation.

Refer to Figure 4 for sizing equations in normal and limit
flow.

4.2 Sizing equations for compressible fluids
(turbulent flow)

The Figure 3 shows the flow rate diagram of a
compressible fluid flowing through a valve when
changing the downstream pressure under constant
upstream conditions.

The flow rate is no longer proportional to the square root
of the pressure differential YAp as in the case of
incompressible fluids.

This deviation from linearity is due to the variation of fluid
density (expansion) from the valve inlet up to the vena
contracta.

Due to this density reduction the gas is accelerated up to
a higher velocity than the one reached by an equivalent
liquid mass flow. Under the same Ap the mass flow rate
of a compressible fluid must therefore be lower than the
one of an incompressible fluid.

Such an effect is taken into account by means of the
expansion coefficient Y (refer to par. 5.6), whose value
can change between 1 and 0.667.

Refer to Figure 4 for sizing equations in normal and limit
flow.
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IEC equations
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marmal Flow semi-crifical flow _ _‘ limit flow or ‘chakead flow®
noise and vibration 5 flashing ipg=p.)
f i e il
! — p = o -p,] Fflow rate affecfed by covitation
: Vi VE-Ip, -py | I Ff d by tak
-l beginning of cavilatian ¥Ap = Vxgipy-p,)
vhp

Figure 2 — Flow rate diagram of an incompressible fluid flowing through a valve plotted versus downstream pressure
under constant upstream conditions.

Gm Wxn F

limit Flow

Hlil{n Fy

fimif flow

Densily voriation effect

'}

Vena confrocio exponsion effecl

[lCI'IrK_

g Yy

Sound velocity in vena confracto
gt
Ap
Ve =\ B
0 1
Xer

Figure 3 — Flow rate diagram of a compressible fluid fiowing through a valve plotted versus differential pressure under
constant upstream conditions.
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Basic equations (valid for standard test conditions only, par. 3.3)
K, =g, w‘ﬂn water g, c, - %, [o1/ o "= aq,
- e 0.865 | Ap 0.865-JAp
Sizing equations for incompressible fluids ol Sizing equations for compressible fluids el
Critical conditions Crifical condlitions
y2 B
AD = Dy— Pg = APpgy = FLPJ -tﬁ—F,._—-p”'_ x=—p'p1p2}.'i-xr andfor ¥ = 23 = 0.667
Mormal flow (not critical) MNormal flow (not critical)
AP = AD gy x<F -x or3f3=<Y <1
g C = Qm C\-‘: ql"ﬂ
¥ Y BBS Fa-.JAp- g, 273-F. Y - Ju-p-
3_ G’I_1.1E-q.,._ e c, = qy iMT,z
z TR Y4 220-Fp, ¥ | =x
g Limit flow (critical or chocked flow) Limit flow (critical or chocked flow)
AP 2 ADgy x=F, - x andior ¥ = 23 = 0667
C, = Timymax) C, = Fmymax
865 Fie €1~ Fr Py 2pr 18.2-Fp- JF. - Xmp- Py
c,= 16wy | o C,—Jurey M T2
Fie Vo - Fe-py 1414.Fpopy Y Fr-xpp
Hay [ B [oar 3]
Cy [apm] Bz [bar a]
O Grimem [kt Pe [bar a]
B | % Qumeg  [mi .'h]furlnmmmeElHeﬂmds P [bar a
; [Mmfh] fior compressible fluids o [kg/m’] refer to Nomendature
T K] P kgim’]
M [kg'kmeal] pr [
Ap [bar] h [-] refer to par. 5.6
1) For valve withouf reducers: Fe= 1 and Fr=F,
] 2) For valve withouf reducers: Fr = 1 and xe = ¢
g 3 Formula with volumetric flow rate g, [Nnr/h] refers fo normal condifions (1 013, 25 mbar absolute and 273 K).
For use with volumednic flow raie g, [Sm'h] in sfandand conditions (1 (1325 mbar ahsolufe and 288.6 K), replace consiants
2120 and 1414 with 2250 and 1504 respectively.

Figure 4 — Basic and sizing equations both for incompressible and for compressible fluids for turbulent flow regime
[source: |EC 80534-2-1 and IEC 60534-2-3).

ACA 0101 - 02/19 BULLETIN - HANDBOOK FOR CONTROL VALVE SIZING Pag 9 of 23



4.3 Sizing equations for two-phase flows

Mo standand formulas presently exist for the calculation
of two-phase flow rates through orfices or confrol
valves.

The following methoeds are based on Parcol expenence
and on the available literature; conservatively, Parcol
suggest to size the wvalve using both methods and to
assume the higher flow coefficient resulting from
calculations.

431 Ligudigas mixfures af valve infei

In case of valve sizing with liguidigas mixtures without
mass and energy transfer between the phases, two
physical models can be applied.

The first model is applicable for low volume fractions of
the gas phase in vena confracta, typically lower than
50% (for the evaluation of the volume fractions in vena
contracta refer to paragraph 4.3.3).

The method consisis in the independent calculation of
fiow coefficients for the gaseous phase and for the liquid
phase. Required flow coefficient is assumed as the sum:

Cy = Cog+Comy

This madel roughly considers separately the flows of the
two phases through the valve orfice without mutual
energy exchange, assuming that the mean velocties of
the two phases in the wena contracta are considerably
different.

The second model owercomes the above limitation
assuming that the two phases cross the vena confracta
at the same wvelocity. It is usually applicable for high
wolume fractions of the gas phase in vena contracta.
Agccording to formulas im Figure 4, the mass fiow rate of
a gas is proportional to the term:

Om =¥ %3
Defining the actual specific volume of the gas vegas:

W

gl

Veouy = —5
) YZ

the above relation can be rewritten as:

X X
awor-[E-JE
'I.l"g-| b"E.g

In other terms, this means to assume that the mass flow
of a gas with specific volume vy is eguivalent to the
mass flow of a ligquid with specific volume vey under the
same operating conditions.

Assuming:

¥
1
Ve =fg '?*fﬂq'vﬂm

where f; and fig are respectively the gasecus and the
liquid mass fraction of the mixture, and keeping in mind
that when Y reaches the value of 0.657 the fiow is Fmit

(refer to par. 5.6), the sizing equations are:

narmal flow
G, - P - M
a7 a.F. [P IT3F Yap
] v,
limit fow
_ Om Va
G =—m

273-F, \F xmpy

4.3.2 Liguidivapour mixiures at vaive inled

The calculation of the flow rate of a liquid mixed with its
own vapour through a valve is very complex because of
the mass and energy transfer between the two phases.
Mo formulas are presently available to calculate with
sufficient accuracy the flow capacity of a valve in these
conditions.

On the basis of the above considerations, it is common
practice that:

- for low vapour gualify at valve inlet, the most suitable
equation is the one obtained from the sum of the flow
capaciies of the fwo phases (at different flow
welocities):

G = G-'Jrq"' CI".I.'EIFI

- for high vapour guality at valve inlet, the mast suitable
equation is the one obtained from the hypothesis of
equal welocities of the ftwo phases, ie. of the
equivalent specific volume ve, 3s shown im par. 4.3.1.

4.3.3 Evaluafion of volume fracfions in vena confracta

The selection of proper sizing method beteeen those
listed in par. 4.3.1 depends by the ratio between the
volume fractions in wena confracta of gas and liquid,
respeciively uol_ges and G .

The volume fractions are evaluated as follows:

Py
Tt = Im T Vi
o= m g

Fooi_ng = G g Vi

The pressure in wena conftracta pe. can be estimated
from the definiion of the liquid pressure recovery factor
Fu{refer to par. 5.1
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4.4 Sizing equations for non-turbulent flow

Sizing equations of par. 4.1 and 4.2 are applicable in
turbulent fiow conditions, i.e. when the Reynolds number
calculated imside the wvalve is higher than about 10 000
(refer to par. 5.8).

The well-known Reynolds number:

goeu-d
Il

Re=

is the dimensionless ratio between mass forces and
viscous forces. When the first prevails the flow is
turbulent; othenwise it is laminar.

Should the fluid be very viscous or the flow rate very low,
or the valve very small, or a combination of the above
conditions, a laminar type fiow (or transitional flow) takes
place in the valve and the Cy coefficient calculated in
turbulent flow condition must be comected by Fr
coefficient.

Due to that abowe, factor Fg becomes a fundamental
parameter to property size the low fow condrol vafvesz i.e.
the valves having flow coefficients G from approximately
1.0 gpm down to the micro-flows range.

In such walves non-turbulent fiow conditions do
commonly exist with conventional fluids too (air, water,
steam eic.) and standard sizing equations become
unsuitable if proper coefficients are not used.

The equations for non-turbulent flow are derved from
those ouflined in Figure 4 for mon limit flow conditions
and modified with the comection factors Fr and Yr
respectively the Reynolds number factor and the
expansion factor in non-turbulent conditions.

The sizing equations for non-turbulent flow are listed in
Figure 5.

The choked fiow condition was ignored not being
consistent with laminar flow.

Mote the absence of piping factor Fp defined for turbulent
flow. This because the effect of fittings attached to the
valve is probably negligible in laminar flow condition and
it is actually unknown.
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Sizing equations for incompressible fluids Sizing equations for compressible fluids o
_ Om O T
v C\'. = . 5
BES- Fe- JAP- p, BT -Fr-Ya 20 € +p2 oM
6, -1 a [or P R 5
[ Ap 1500-Fe-Ye Y20 €+ P2
;: Expansicn factor g
g Re, <1000 1000 = Re,, < 10000
= ' oy
X Re,—1000 x X x
Yr=,1-—= Y= —X .|1_ — 1__| 1——
E R \|I 2 =700 | 3F & 2)*14] )
5 Reynolds number factor Fr
Er laminar flow Rg, <10 transitional flow 10< Re, < 10000
2
§, o u.sz-a’g]_l ‘ Ra, |
: |n.gzﬂ_m | o4 | 10000}
= - i - o
z Fr = mi Fa = mirg 0028 fmRe,
1.00 ‘
1.00
Trim style constant m
full size trim ! R
s | Gyz |=0016 p 3673
A (c, 42
()
reduced trim C‘.' N p "
( Azjr.u.ms n=14+127{ %ﬂﬁ
Cu [gpmi] P1 [bar a]
a= [kgh] P2 [bar a]
+ % [mi™fh] for incompressible fluids nr 1
- [Nm!'.'h] for compressible fluids Fr [-] refer to par. 5.8
; T 124] R [-] refer to par. 5.2
¥ [ka/kmel] Rey [ refer to par. 5.9
Ap [bar] d [mm]

g0 Formula with voiumedric flow raie g, [Nnr'/h] refers fo normal conaifions [1 013,25 mibar absolude and 273 K).
g For use with volumetnic fiow rate g, [Sm'/hj in sfandsrd conditions (1 (12,25 mbar absoiufe and 288.6 K), replace constant
1500 with 1590.

Figure 5 — Sizing equations both for incompressible and for compressible fluids for non-turbulent flow regime (source:
IEC 80534-2-1).
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5. PARAMETERS OF SIZING EQUATIONS

In addition to the fiow coefficient some other parameters

oCouUr in sizing equations with the purpose to identify the

different fiow types (nomal, semi-critical, critical, limit)

such parameters only depend on the fiow pattemn inside

the valve body. In many cases such parameters are of

primary impartance for the selection of the right valve for

a given service. It is therefore necessary to know the

values of such parameters for the different valve types at

full opening as well as at other stroke percentages.

Such parameters are:

- Fu liguid pressure recowvery factor (for incompressible
fluids);

- ¥z coefficient of incipient cavitation;

- K¢ coefficient of constant cavitation;

- Fe piping geometry factor;

- Frp combined coefficient of FL with Fg;

- F= liquid critical pressure ratio factor;

- ¥ expansion factor (for compressible fluids);

- ¥y pressure differential ratio factor in choked condition;

- ¥recombined coefficient of Fp with xr;

- Fr Reynolds number factor;

- Fgvalve style modifier.

8. 2]

Wiy fach R

e

)

Figure & — Typical FL values versus Cy % and flow
direction for diferent PARCOL vale types.

51 Liquid pressure recovery factor Fp

The recovery factor of a valve only depends on the
shape of the body and the trim It shows the walve
capability to transform the kinetic energy of the fluid in
the wena contracta into pressure energy. It is defined as
follows:

'FL - M- Pz

'J Py — Py
Since the pressure in vena confracta pw« is always lower
tham p. it is always F| < 1. Moreover it is important to
remark that the lower is this coefficient the higher is the
valve capability to ftransform the kinelic energy into
pressure energy (high recovery vahe]
The higher this coefficient is (close to 1) the higher is the
valve atlitude o dissipate energy by friction rather than
in vortices, with consequently lower reconversion of
kinetic energy into pressure energy (low recovery valve).
In praciice, the sizing equations simply refer to the pres-
sure drop (p1 — pz) between valve inlet and outlet and
unitil the pressure pw in vena contracta is higher than the
saturation pressure py of the fluid at valve inlet, then the
influence of the recovery factor is practically negligible
and it does not matter whether the walve dissipates
pressures energy by friction rather than im whirpools.
The Fo coeficient is crucial when approaching to
cavitation, which can be awvoided selecing a lower
recoveny vabee,

a. Determination of Fr

Since it is not easy o measure the pressure in the vena
contracta with the necessary accuracy, the recowvery
factor is determined in criical conditions:

116 Gyme

FL=
Gy Jp1-0.98-p

The abowve formula is valid using water as test fluid.
Critical conditions are reached with a relatively high inlet
pressure and reducing the outlet pres-sure pz until the
flow rate does not increase any longer and this flow rate
is assumed a5 Gumu- FL can be determined measuring
anly the pressure py and Gimas)-

b. Accuracy in determination of Fr

It is relatively easier determining the critical flow rate
Quram for high recovery valves (low Fo) than for low
recovery wvalves (high FL). The accuracy in the
determination of F for values higher than 0.9 is not so
important for the calculation of the flow capacity as o
enable to comectly predict the cavitaion phenomenon for
senvices with high differential pressure.

c. Variation of FL versus valve opening and flow
direction

The recovery factor depends on the profile of velocities
which takes place inside the valve body. Since this last
changes with the wvalhe opening. the FL coefficient
considerably varies along the stroke and, for the szame
reason, is often strongly affected by the flow direction.
The Figure 8 shows the values of the recovery factor
versus the plug stroke for different vahee types and the
two fiow directions.
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Fu=Fia

C,=C
CaFis T
- —
M
CoaF g
— —
) 3
1 ”ll-
o i
— ﬂz
z %
1 (=% 1
L] L F'
FoAT
- = Figure 7 — Comparison
"o betwesn two walves with
------ . equal flow coefficient but
with  different recovery
E " factor, under the same inlet
= Pz fluid condition.
When varying the
Y downstream pressure, at

the same values of Cy, pa
and pz valves with higher
FL can accept higher flow
rates of fluid.

—ingie vinge

Pressure [bar]

Figure 8 — Pressure drop
comparson between
single stage (wenturi
nozzle) and

multistage multipath
(Limiphon™ trifm)

on liquid service

using CFD analysis.
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52 Coefficient of incipient cawvitation xrz and
coefficient of constant cavitation Ky

When in the vena contracta a pressure lower than the
saturation pressure is reached then the liguid
evaporates, forming vapour bubbles.

If, due to pressure recovery, the downsiream pressure
[which only depends on the downstream piping layout) is
higher than the critical pressure in the vena contracta,
then vapour bubbles totally or partially implode, instanthy
collapsing.

This phenomenon is called cavitation and causes well
know damages due to high local pressures generated by
the vapour bubbly implosion. Metal surface damaged by
the cavitation show a typical pitted look with many micro
and macro pits. The higher is the number of impleding
bubbles the higher are damaging speed and magnitude;
these depend on the elasticity of the media where the
implosion takes place (i.e. on the fluid temperature) as
well ad on the hardness of the metal surface (see table
im Figure 8).

Crtical conditions are obviously reached gradually.
Moreover the velocity profile in the vena contracta is mot
completely uniform, hence may be that a part only of the
flow reaches the vaporization pressure. The Fu recovery
factor is determined in  procimity of fully critical
conditions, so it is not suitable to predict an absolute
absence of vaporization.

Usually the beginning of cavitation is identified by the
coefficient of incipient cavitation x=z;

;.:E=ﬁ
P By

where Apy is the value of differential pressure where
transition takes place from non cavitating to cavitating
flow.

The x=r coefficient can be determimed by test using
sound level meters or accelerometers connected fo the
pipe and relating noise and vibration increase with the
beginning of bubble formation.

Some informafion on this regard are given by standard
IEC G0534-8-2 “Laboratory measwement of the noize
generated by a liquid flow through a confrol vaive”, which
the Figure 10 was drawn from.

&
|
Index of resistance o cavitaoon s
stellite gré 20 L
chrome pialing 5] -
17-8 PH HE00 2 @
A5 6504 a
monel 400 0.8 2
qray cast iron 075 2
chvome-molvibdenum alloved sieels (5% chrome] 067 a
‘carbon stesls [WEE) 038
bronze (B16) 0.08 Ap
nickel plating i0.07]
pure aluminium 0006 Py Py

In order to detect the beginning of the constant bubble
formation, ie. the constant cavitation, the coefficient K
is defined as:

Ko— 2P
Py— Py

It identifies where the cavitation begins to appear in a

water flow through the valve with such an intensity that,

umder constant upstream condifions, the flow rate

deviation from the linearity versus | Ap exceeds 2%.

A simple calculation rule uses the formula:

K.=080-F2

Such a simplification is however only acceptable when
the diagram of the actual flow rate versus VAp , umder
constant wpstream conditions, shows a sharp break
point between the linearproportional zone and the
horizontal one.

If, on the contrary, the break point radius is lamger (Le. if
the Ap at which the deviation from the linearity takes
place is different from the Ap at which the limit flow rate
is meached), then the coefficient of proportonality
between K and F? can come down to 085,

Since the coefficient of constant cavitation changes with
the walwe opening, it 5 usually referred to & 75%
opening.

Figure 9 — Cavitation resistance of some metallic
materals refered to stainless steels AIS] 3047316
Values between brackets are listed for gualitstive
comparison onky.

Figure 10 — Determination of the coefficient of incipient
cavitation by means of phonometric analysis (source:
|EC G0534-8-2).
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53 Piping geometry factor Fp

According fo par. 3.3, the flow coefficents of a given
valve type are determined under standard conditions of
installation.

The actual piping geometry will obviously differ from the
standard one.

The coefficient Fr takes imto account the way that a
reducer, an expander, a ¥ or T branch, a bend or a shut-
off valve affect the value of Cy of a control valve.

A calculation can only be camied out for pressure and
wvelocity changes caused by reducers and expanders
directly connected to the valwe. Other effects. such as
the cnes caused by a change in velocity profile at valve
inlet due to reducers or other fittings like a short radius
bend close to the wvalwe, can only be evaluated by
specific tests. Moreowver such perturbations could involve
undesired effects, such as plug instability due to
asymmetrical and unbalancing fluid dynamic forces.
When the fiow coefficient must be determined within
+ 5 % tolerance the Fr coefficient must be determined by
test

When estimated walues are permissible the following
equation may be used:

where:
- Gy is the selected flow coefficient [gpm];
- d is the nominal vakve size [mm];
- IK is defined as LK = K+ K3+ Kgy— Kga, with
= Ky and Kz are resistance coefficient which take into
account head losses due to turbulences and frictions
respectively at valee inlet and outlet (see Figure 11);
= Kgy and Kg are the so called Bemoulli coefficients,
which account for the pressure changes due to
velocity changes due to reducers or expanders,
respectively at valve inlet and ouflet (see Figure 11)
in case of the same miic d'D for reducer and
expander, their sum is nulk;
- D is the internal diameter of the piping [mm].

2
2
Inlet reducer: Ki=05- 1—[1]
oy
Outlet expander Ko =101 [%
In case of the same d\2 2
ratio d/D for reducer K+ Ky =151- [
and expander:
e 4
C
In case of different KE”_‘I_IE)
ratio /D for reducer ) “
and expander: -1 l A
= D)

Figure 11 — Resistance and Bermnoulli coefficients.

5.4 Combined liquid pressure recovery factor and
piping geometry factor of a control valve with
attached fittings Fre

Reducers, expanders, fittings and, generally speaking,
amy installation not according to the standard test
manifold mot only affect the standard coefficient
(changing the actual inket and cutlet pressures), but also
modify the transition point between nomal and choked
flow, so that Apesy s no longer equal to FL2 -(p1- Frpa.
but & becomes:

2

F -

Jprmx—l FL_F] 't"l—FF'.F'r__
r

As for the recovery factor FL. the coefficdent Fue is
detemmnined by test (refer to par. 5.1.a)

_ V1B Gy

Fo=
*c-Jm-09p

The abowe formula is valid using water as test fluid.
When FL is known, it can also be determined by the
following relatonship:

A
2
J“u fo7iz € *L?]

where €K J= K, +Kg = the velocty head loss
coefficient of the fitting upstream the valve, as measured
between the upsiream pressure tap and the coninol
valve body inlet For detail of terns refer fo par. 5.3 and
Figure 11.

Fip=
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55 Liguid critical pressure ratio factor Fr

The coefficient Fz is the ratic bebaeen the apparent
pressure in wvena contracta in choked condiion and the
wapour pressure of the liquid at inlet temperature:

P
Fr=—=
By

When the flow is at limit conditions (saturation) the flow
rate equation must no longer be expressed as a function
of the differential pressure across the valve (Ap = p1—
pzl. but as function of the differential pressure in vena
contracta (Apu = p1— pa).

Starting from the basic equation (refer to par. 4.1}

a-c, [PPz
Pr

And from:

oy -
Pi— P

The following equation is cbtained:

a-hi, [PPe

Expressing the differential pressure in vena confracta pw
as function of the vapour pressure (pw = Fr - pu). the flow
rate can be calculated as:

—-F=-p
q,=F -C,- ’u
P

Supposing that at saturation conditions the fluid is a
homogeneous mixture of liguid and its vapour with the
two phases at the same velocity and in thermodynamic
equilibrium, the following equation may be used:

Fr—0.96-0.28. ’-”_“
P

where pe is the fluid critical themmodynamic pressure.
Refer to Figure 13 for plotted curves of genenc liguid
and for water.

g * FLv'rp-1-F|=-|:l.,

Onox =

f_.;} |
L !
- .

f _-'— "'":"-I:'rrmt

T ""'}"_'S:'-"" """
e bn

Ones =F =y

FLF
-F_p Vig-Fepy

VAp

-

Figure 12 — Effect of reducers on the diagram of q versus “Ap when varying the downstream pressure at constant

UpSiream pressure.
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5.6 Expansion factor Y and specific heat ratio
factor Fy

The expansion factor ¥ allows to use for compressible

fluids the same equation structure wvalid for

incompressible fluids.

It has the same nature of the expansion factor utilized in

the equations of the throtiling type devices (orifices,

nozzles or Venturi) for the measure of the flow rate.

The Y's equation is obtained from the theory on the

basis of the Tfollowing hypothesis (experimentally

confirmed):

1. Y is alinear function of x = Ap/py;

2. Y is function of the geometry (i.e. type) of the valve;

3. Yis afunction of the fluid type, namely the exponent
of the adiabatic transformation y = Cp/Cv.

From the first hypothesis:
Y=1-a-x

therefore:
gm =Y - qf;

A mathematic procedure allows fo calculate the value of
Y which makes maximum the above function (this
means finding the point where the rate dqm/ dx becomes
Zero):

gm+(1-a-x)-x = J;—a'\!x_a

By setting:
dg, 1 3-a-x

= —_ :D
d, 2-Jx 2
i=Ei-£a'-~:"; hence: Jr:L
Jx ' 3-a

AsY =1whenx=0and ¥ =2/ 3 = 0667, when the
flow rate is maximum (ie. x = x7) the equation of Y
becomes the following:

X

thus taking into account also the second hypothesis. In
fact, xr is an experimental value to be determined for
each valve type.

Finally the third hypothesis will be taken into account
with an appropriate comection factor, the specific heat
ratio factor Fy, which is the ratio between the exponent
of the adiabatic transformation for the actual gas and the
one for air:

E =
7714

The final equation becomes:

X

Y=1-——
S‘FHLXT

Therefore the maximum flow rate is reached when:
X= F? X7

{orx= F? - X7p if the valve is supplied with reducers).

Correspondently the expansion factor reaches the
minimum value of 0 667
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Figure 13 — Liquid critical pressure ratio factor Fr (for a generic liquid abowve, for water under).

Figure 14 — Expansion factor ¥. The diagram is valid for a given Fy value.
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57 Pressure differential ratio factor in choked flow
condition xr

The rmecovery factor Fo does not occur in sizing
equations for compressible fluids. lis use is unsuitable
for gas and vapours because of the following physical
phenomenon.

Assume that in a given section of the wvalve, under a
given value of the downstream pressure pg, the sound
velocity is reached. The critical differential ratio:

i
)fsr =l£]
Pt )

is reached as well, being:

¥

2

r+1

X, = F2 1_[§
LY &

If the downstream pressure pz is further reduced, the
fiow rate still increases, as, due to the specific intemal
geometry of the vahlee, the section of the vena confracta
widens transversally (it is not physically confined into
solid walls).

A confined vena contracta can be got for instance in a
Venturi meter to measure fiow rate: for such a geometry,
once the sound welocity is reached for a given value of
pz. the relevant flow rate remains constant, ewven
reducing further pz.

Mevertheless the flow rate does not unlimitedly increase,
but only up to a given value of Ap / py (to be determined
by test), the so called pressure differential ratio factor in
choked flow condition, xr.

Although some relationships bebween xr and FL are
available, reliable values of xr must be obtained only by
tests, as the intermal geometry of body govermns either
the head losses imside the body and the expansion
mode of wena contracta. if wvena contracta is free to
expand the relationship between =y and Fo may be
approximately the following:

wp =0.85.F2

On the confrary, if vena confracta is fully confined by the
inner body walls (\Venturi shape) and the pressure losses
inside the body are negligible, xr tends to be coincident
with e

58 Pressure differential ratio factor in choked flow

condition for a valve with reducers xm

The factor xre is the same factor xr but determined on
valves supplied with reducers or installed differently from
the stamdard set up as required in par. 3.3.

It is determined by tests using the following formula:

Xr 1
=3 E—
Fo" 4, 21 €+ Ke &l
0.00241 da®)

Being the flow coefficient Cy in the above formula is the
calculated one, an iterative calculation has to be used.

Valve type Trim type Flow direchion F X, F,
Globe, single port Contoured plug (linear and equal percentage) mm[l gg g;ﬁ Eg
- 080 0.2 L]
Ghobe, angle Contoured plug (linear and equal percentage) Cpenm 0.30 0.85 100
Butberly, eccentric shait Oifset seat [TT7) Either 0ar 05 057
Globe and angle Multistage, multipath 2 0.a7 0.eiz -
3 Eits n.2a 0883 -
4 n.2a 025 -
5 n.ga 0850 -

Figure 15 — Typical values of ligquid pressure recovery factor FL, pressure differential ratio factor xr and vale style

muodifier Fy at full rated stroke (source: IEC 80534 -2-1).
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59 Reynolds number factor Fr

The Fg factor is defined as the ratio between the flow
coefficient C, for not turbulent flow, amd the
comesponding coefficient calculated for turbulent flow
under the same conditions of installation.

_ G|.r ran- futifant
fr Cv_mmrem

The Fgr factor is determined by tests and can be
calculated with the formulas listed in table of Figure 5.

It is function of the valve Reynolds number Re, which
can be determined by the following relationship:

_0076-Fy-q, | RGO
~ v JR-C, VYooo214.0%

The term wunder root takes into account for the valve inlet
welocity (the so called “welocity of approach”). Except for
wide open ball and butterfly valves, it can be neglected
im the enthalpic balance and taken as umity.

Rey

Since the Cy in Rey equation is the fiow coefficient
calculated by assuming turbulent flow condifions, the
actual value of Cy must be found by an iterative
calculation.

5.10 Valve style modifier Fg

The Fy factor is the valve style modifier and takes into
account for the geometry of tim in the throtiling section.
It can determined by tests or, in first approximation, by
means of its definition:

Fy= an

dy

where:

- dy is the hydraulic diameter of a single flow passage
[

- dp is equivalent circular flow passage diameter [mm].

In defail, the hydraulic diameter is defined as four times
the “hydraulic radius® of the fliow passage at the actual
valve stroke:

4-A
dy=—2
H Pw

while the equivalent circular flow passage diameter is:

g JEA
T

where:

- A is the flow passage area at the actual valve stroke
[mnaj;

- P is the weilted perimeter of flow passage (it is equal
to 1 for circular holes) [mm].

The simpler is the geometry of flow pattemn in the
throtiling section the more reliable s the theoretical
evaluation of Fy factor with the above formulas.

Kmowing the value of the Fqa facior is especially important

in the: following cases:

- micro-flow valves: where it is frequent the presence
of laminar flow, and then the use of the Fr facior. In
these valves, characterised by flute, needle or other
type of plug, it is important to keep in mind that the
theoretical evaluation of Fyg factor is highly dependent
by the annular gap between plug and seat. In these
cases, the theoretical evaluation of Fg factor is reliable
only for flow coefficient Cy higher than 0.1

- low-noise wvalves: the Fy factor defines, in particular
formulations, the flow diameter and then the
predominating frequency of the acoustic spectrum
produced by the valve. s knowledge is then wery
important the estimation of the noise produced by the
vahee during operation.

As an example, the valves with multi-drilled cage trims
have a Fa factor equal to:

=

TN

where My is the number of drilled holes in parallel.

It follows that, higher is the value of Mo, smaller are the
holes at same flow coefficent Gy and lower is the Fy
factor, which means lower generated noise.

For more information abowt noise in controd valves,
refier o Parcol Technical Bulletin “MNoise Manual™.
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Figure 16 — Control valve datasheet (source: |EC 80534-T).
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Parcol test facility for Cv testing with water in accordance with IEC 60534-2-3
(max DN 127 max flow rate 650 m'/h @ 6.5 bar)

-
Flow coefficient tests on
DN 12" 1-2483 series

drilled wings
butterfly control valve

% .. DN 200 PN 40 port. 115mm ?
oy R A AN T S22
oo 4 *
g 8
¢

o + +
o - .t
ot 3 : : -
- +

*
N
OO 3 31 451k ihens Sirnigamis iaini iuad Sia fiass fha
o Attt . t :

O% 10K M MR 0N MR W TTR J0R MW oM

Flow coefficient tests on
DN 8" 1-8943 series
VeGA globe control valve

Flow simulations on different
Parcol control valves using CFD
analysis

From left:
1-4800 series, spead!ycodmlvdws

167005enes,mledimlgmd
desuperheating staions;

1-7000 sevies, tandem plug condrol
valves for high pressure applicabons
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