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NOMENCLATURE
Symbol Description Units (notes)
A flow passage area at the aclual valve stroke mm®
C. flow coefficient U.S. gallons/min
d nominal valve size mm
D internal diameter of piping mm
da equivalent circular flow passage diameter mm
i hydraulic diameter of a single flow passage mm
Fa valve style modifier dimensionless
Fr liquid critical pressure ratio factor dimensionless
FL liquid pressure recovery factor for a control valve without attached fittings | dimensionless
combined liquid pressure recove ctor ipin ometry factor of . :
Fip cantrol valug w‘?ﬂf :::medel‘iolﬁnqg N L e dimensionless
Fe piping gecmetry factor dimensionless
Fr Reynolds number factor dimensionless
F., specific heat ratic factor= v/ 1.4 dimensionless
Kas and Kgz | Bernoulli coefficients for inlet and outlet of a valve with attached reducers | dimensionless
Ke coefficient of constant cavitation dimeansionless
Ky flow coefficient mfh
Kiand Kz | upstream and downstream resistance coefficients dimensionless
M molecular mass of the flowing fluid kg/kmal
Pe absolute thermodynamic critical pressure bar absolute
P absolute vapour pressure of the liguid at inlet temperature bar absolute
Py vena contracta absolute pressure bar absolute
P inlet absolule pressure measured at upstream pressure tap bar absolute
Pz outlet absolute pressure measured al downstream pressure lap bar absolute
Ap pressure differential between upstream and downstream pressures bar
A maximum allowable pressure differential for control valve sizing purposes b
for incompressible fluids
Pu wetted perimeter of flow passage mm
Qm mass flow rate k%i'h
Qv volumetric flow rate m°/h
e maximum mass flow rate in choked condition kgjh
Gufrma) maximum volumetric flow rate in choked condition m°/h
Re, valve Reynolds number dimensionless
T4 inlet absolute temperature K
L average fluid velocity m/s
W specific volume m*kg
* ratio of pressure differential to inlet absolute pressure dimensionless
Yer ratio of pressure differential to inlet absolute pressure in critical F————
conditions (AR / pi)e
XFz coefficient of incipient cavitation dimensionless
ressure differential ratio factor in choked flow condition for a valve : :
il Withoul atached filings EAnAIETInes
e value of xr for valve / fitting assembly dimensionless
¥ expansion factor dimensionless
4 compressibility factor (ratio of ideal to actual inlet specific mass) dimensionless
¥ specific heat ratio dimensionless
o specific mass of water at 15.5 °C i.e. 999 kg/m® kg/m?
L} specific mass of fluid at pyand Ty kg/m?
o ralio of specific mass of fluid in upstream condition to specific mass of diiensioriess:
water at 15.5 “C (p1/ po)
¥ kinematic viscosity (v=pn/p) cenlistokes = 10° m/s
1] dynamic viscosity cenlipoises = 10 Pa's
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SIZING AND SELECTION OF CONTROL VALVES

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

0. NORMATIVE REFERENCES 2. VALVE SPECIFICATION

- IEC 60534-2-1, Industrial process contral valves 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. to

- |[EC 60534-2-3, Industrial process control valves — select:
Flow capacity = Test procedures S A ratina
- IEC 60534-7, Induslrial process control valves - - body and Ea;l-.re type:

Control valve data sheet 3 n .
- IEC 60534-8-2, Industrial process contral valves — - body size, after having calculated the maximum flow

Moise considerations = Laboratory measurement of coefficient C with the appropriate sizing equations;

. : - type of trim;
noise generated by hydrodynamic flow through control materials trim of different trim parts:

valves - leakage class;
- inherent flow characteristic;
- packing type;
1. PROCESS DATA - type and size of actuator;
- accessories.

The following data should at least be known:

a. Type of fluid and its chemical, physical and

thermodynamic characteristics, such as:

- pressure p,

- temperature T,

- VEPOoUr pressure p,,

- thermadynamic critical pressure pe;

- specifiic mass p;

- kinematic viscosity .+ or dynamic viscosity p;

- specific heat at constant pressure C,, specific heat
at constant velume C., or specific heat ratio v;

- molecular mass M;

- compressibility factor Z;

- ratio of vapour to its liquid {quality);

- presence of solid particles;

- flammability;

- toxicity;

- other.

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

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

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

e, Operational data, such as:

- maximum differential pressure with closed valve;

- stroking time;

- plug position in case of supply failure;

- maximum allowable leakage of valve in closed
position;

- fire resistance;

- maximum ocutwards leakage;

- noise limitations.

f.  Interface information, such as:

- sizing of downstream safety valves,

- accessibility of the valve;

- materials and type of piping connections;

- overall 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 valve under given conditions.

3.1 Flow coefficient K, (metric units)

The flow coefficient K, is the standard flow rate which

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

following conditions:;

- static pressure drop (Apxy) across the valve of 1 bar
(10° Pa);

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

- the volumetric flow rate q. is expressed in mi/h.

The value of K, can be determined from tests according

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

conditions only {refer to par. 3.3):

ARy pey )

sz'Q'v' &p

!
Po

where:

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

- Ap is the static pressure drop from upstream fto
downstream [Fa);

- p1 is the specific mass of flowing fluid [kg/m];

- o i5 the specific mass of water [P:gfm’].

Note: Simple conversion operations among the different
units give the following relationship: C, = 1,16 K.

Note: Although the flow coefficients were defined as
liquid {water) flow rates, nevertheless they are used for
control  wvalve sizing both for incompressible and
compressible fluids. Refer to par. 5.6 and 5.9 for more
information.

3.2 Flow coefficient Cv (imperial units)

The flow coefficient C, is the standard flow rate which

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

following conditions:

- static pressure drop (Apcy) across the valve of 1 psi
(B 895 Pa);

- flowing fluid is water at a temperature from 40 to 100 F
(5to 40° C);

- the volumetric flow rate q, is expressed in gpm.

The value of C, can be determined from tests using the

following formula, valid at standard conditions only (refer

to par. 3.3):

cp- =4, - -ﬂprn::-.r) ]
AP o
where:
- APicy is the static pressure drop of 1 psi [psi];
- Ap is the static pressure drop from upstream lo
downstream [psi];
- pris the specific mass of the flowing fluid [Ib/ft’];
- po is the specific mass of the water [Ib/ft’).

3.3 Standard test conditions

The standard conditions referred torincdefiniions of flow

coefficients (K., C.) are the following:

= flow in turbulent condition;

- no cavitation and vaporisation phenomena;

- valve 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;

- Mewtonian fluid.

(") straight pipe lenghts upstream
and downstream the wolve
D nomingl pipe ond wolve diometer
L valve dimension
p.lJ-‘ p,’J-‘ pl.p2 presusra taps
;
20D (*) L 10D (*)

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 fluid,
pressure drop, flow rate, type of flow and installation) and making therm mutually comparable as well as with the standard

ane.,

The equations outlined in this chapter are in accordance with the standards IEC 60534-2-1 and |IEC 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 YAp. This not critical flow
condition takes place until pc = py.

- a second semi-critical flow region, where the flow rate
slill 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 iz 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 JAp.

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

The standard sizing,eguations ignere 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 noize problems as well as mechanical problems due
to cavitation.

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

4.2 Sizing egquations for compressible fluids
(turbulent flow)

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

The flow rate is no lenger proportional to the square root
of the pressure differential “Ap as in the case of
incompressible fluids.,

This deviation from linearity is due to the variation of fluid
densily (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
liguid 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 ¥ (refer to par. 5.6), whose value
&an change between 1 and 0.667.

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

PSM Valve
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Qm
! Jﬂﬂ‘]‘lﬂx = L Jﬂ1'FF'p\|
IEC normal flow IEC limit flow
approximation of
IEC eguations ’
2% < ,
rormal flow ! semi-critical flow ; limit flow or ‘choked flow®
I - noise and vibration o . flashing {pe=p,)
:—- vhp = \-'E.;tp,-p...]l flow rate affected by cavitation
-—-— beginning of cavitation VAp = ~.»"x.=;:|:|1—p.,#
vhp
Ll

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

Qm VX Ry
limit Flow
NXm Fy
Densily vorigtion effect _- limit Flow u|
¥ena confracta expansion effect
g Vx
qxYVx
Sound velocity in vena confracta
VX =\ B

0 ' 1

Xer

Figure 3 — Flow rate diagram of a compressible fluid flowing through a valve plotied versus differential pressure under
constant upstream conditions.
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Basic equations (valid for standard test conditions only, par. 3.3)

[P/ Py ¥ g, c - 9 [P/p" 4,
Ap Jap 0865 | 4p 0.865-/Ap

K, =4,

Sizing equations for incompressible fluids Sizing equations for compressible fluids ¥
Critical conditions Critical conaifions
2 -_—
AP =Py Py > AP, :[%] (py—F=-p,) x:p‘,Tp?zF, .x; andlor Y = 2/3 = 0.667
B i
Normal flow (not critical) Normal flow (not critical)
AP < AP x<F,-xp or2/3<¥ <1
2 _ I _ A
? ' 865-Fa-\JAD-p, Y 21.8-Fa Y- fx-ppy
]
€ G w0y L0 c, - Q M-Ti-Z
E FP ﬂp 212G'Fp'p1_'Y X
3
£
= Limit flow (critical or chocked flow) Limit flow (critical or chocked flow)
APE AP 4y X=F, Xz andlor Y =2f3=0.667
G = Qmﬂm:q_ _ Q)
= - =
865-Fip - Jlp - F- b, o 13-2'FP'J’:?'*"JP'P1'H
c _116-Qvirey Pr c - umny  IM-T,-2
’ Fie P —Fe-p, " 1414.-Fo-p, \ Froxpe
Ky [mh] P [bar a]
C. [apmm] pz [bar a)
Gem. Gropmay  [KQIN] Pe [bar a)
@ | Qv Quima  [M°Mh] for incompressible fluids Py [bar a
g [Nm*/h] for compressible fluids Po [kg/m’] refer to Nomenclature
T K] e (kg/m®]
M [kg/kmal] P -]
Ap [bar] Y [-] refer to par. 5.6

1) Fov valve withou! reducers: Fe=1Tand Fie=F
2) Far valve without reducers; Fa= 1 and X = Xr

Notes

3) Formula with volumetric fiow rate g, [Nm/h] refers to normal conditions (1 013,25 mbar absolute and 273 K).
For use with volumelric flow rate g, [Sm'hj in standard conditions (1 013.25 mbar absolute and 288.6 K), replace constants
2120 and 1414 with 2250 and 1501 respectively.

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

Mo standard formulas presently exist for the calculation
of two-phase flow rates through orifices or control
valves,

The following methods are based on PSM experience
and on the available literature; conservatively, PSM
suggest to size the valve using both methods and to
assume the higher flow coefficient resulting from
calculations,

4.3.7 Liguiddgas mixtures at valve inlef

In case of valve sizing with liquid/gas 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 contracta, typically lower than
50% (for the evaluation of the volume fractions in vena
contracta refer to paragraph 4.3.3).

The method consists in the independent calculation of
flow coefficients for the gaseocus phase and for the liquid
phase, Required flow coefficient is assumed as the sum:

Gl" = cr.g +Gv1.\q’

This medel roughly considers separately the flows of the
two phases through the valve orifice without mutual
energy exchange, assuming that the mean velocities of
the two phases in the vena contracta are considerably
different.

The second model overcomes the above limilation
assuming that the two phases cross the vena contracta
at the same velocity. It is usually applicable for high
volume fractions of the gas phase in vena contracta.
According to formulas in Figure 4, the mass flow rate of
a gas is proportional to the term:

G =Y X124
Defining the actual specific volume of the gas veg as:

v
Yo
Vag = v

the above relation can be rewritten as:

[x |'x
qm *Y - |— =
" Vgi Vag

In other terms, this means to assume that the mass flow
of a gas with specific velume vy, is equivalent to the
mass flow of a liquid with specific volume v, under the
same operating conditions.

Assuming:

Var
Ve =1y Ev:) + g Viign

where f; and fi; are respectively the gasecus and the
liquid mass fraction of the mixture, and keeping in mind
that when Y reaches the value of 0.667 the flow is limit

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

normal flow

q g v,
b= . %P “273-F, Voo

27.3.F,- ’—‘ P
L
lirmit flow
= O . Ve

& 273.F, \F - %p Py

4.3.2 Liguidfiapour mixtures at valve inlat

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 quality at valve inlet, the most suitable
equation is the one obtained from the sum of the flow
capacities of the two phases (at different flow
velocities):

Clr = cv.ir'q + cu.\-ap

- for high vapour gualify at valve inlet, the most suitable
equation is the one obtained from the hypothesis of
equal velocities of the two phases, ie. of the
equivalent specific volume v,, as shown in par. 4.3.1.

4.3.3 Evaluation of volume fractions in vena contracta

The selection of proper sizing method between those
listed in par. 4.3.1 depends by the ratio between the
volume fractions in vena contracta of gas and liguid,
respectively g gas 8nd Qi ig-

The volume fractions are evaluated as follows:

qm,_p =qm'fp‘1"1:-q-|'£|‘
P

Qoot_tig = G *Fiq * Viign
The pressure in vena contracta p.. can be eslimated

from the definition of the liquid pressure recovery factor
F. (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 flow conditions, ., when the Reynolds number
calculated inside the valve is higher than about 10 000
(refer to par. 5.9).

The well-known Reynolds number:

Re =249
I

is the dimensionless ratic between mass forces and
viscous forces, When the first prevails the flow is
turbulent; otherwise it is laminar.

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

Due to that above, factor Fr becomes a fundamental
parameter to properly size the low flow confrol valves i.e.
the valves having flow coefficients C, from approximately
1.0 gpm down to the micro-flows range.

In such wvalves non-turbulent flow conditions do
commonly exist with conventional fluids too (air, water,
steam etc,) and standard sizing egquations become
unsuitable if proper coefficients are not used.

The equations for non-turbulent flow are derived from
those outlined in Figure 4 for non limit flow conditions
and modified with the comection factors Fr and Yg,
respectively the Reynolds number factor and the
expansion factor in nen-turbulent conditions.

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

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

Note the absence of piping factor F, defined for turbulent
flow. This because the effect of fitlings attached to the
valve is probably negligible in laminar flow condition and
it is actually unknown.

PSM Valve
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Sizing equations for incompressible fluids

Sizing equations for compressible fluids "

_ G
865-Fq 20 p;

13

= qm L
E?'FR'VR

W

(P + p2)-M

J T
AP

c -116-9, |p c qy ) M-T,
’ Fr Ap " 1500-Fr-Ys VAp-(py+p2)
Expansion factor Yg
Re, <1000 1000 < Re, < 10000
Y, =J1-E _ R0y % X X
" 2 " 9000 3-F, - xr 2 2

Reynolds number factor Fr

laminar flow Re, <10

transitional flow 10 = Re, <10000

Non-turbulent flow regime (laminar and transitional flow)

_“ 0.33.F/% -Ing{ Re, J
0.2L2Eidm nt 10000
E. = mi Fe =min
24 R U.gzﬁ_m
1.00 :
| 1.00 ]
Trim style constant n
full size trim 467.3

[C%EJED.ME
[C%:,J-:D.mﬁ

reduced trim

(Vi)
n=1+12}'-[‘:%2]ﬁ

Gy [gpm] =7 [bar a)
Qm [I-t%fh] pa [bar a)
Qv [m”/h] for incompressible fluids r -]
% [Nm*h] for compressible fluids Fr [-] refer to par. 5.9
=N (K] Yr [-] refer to par. 5.9
M [kafkmal] Rev [-] refer to par. 5.9
Lp [bar] d [mm]
0 | 1) Formula with valumetric flow rate g, [Nm'/h] refers to normal conditions (1 013.25 mbar absolute and 273 K).
% For use with valumelric flow rate g, [Sm’hj in standard conditions (1 013.25 mbar absolute and 288.6 K), replace constant
= 1500 with 1580.

Figure 5 — Sizing equations both for incompressible and for compressible fluids for non-turbulent flow regime (source:
IEC 60534-2-1).
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5. PARAMETERS OF SIZING EQUATIONS

In addition to the flow coefficient some other parameters

occur in sizing eguations with the purpose o identify the

different flow types (normal, semi-critical, critical, limit);

such parameters only depend on the flow pattern inside

the valve body. In many cases such parameters are of

primary importance 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;

= F ligquid pressure recovery factor (for incompressible
fluids);

- ¥z coefficient of incipient cavitation;

- K, coefficient of constant cavitation;

= Fp piping geometry factor;

- Fup combined coefficient of Fy with Feg;

- Fr liguid eritical pressure ratio factor;

- Y expansion factor (for compressible fluids);

- ¥r pressure differential ratio factor in choked condition;

- xre combined coefficient of Fe with xg;

- Fr Reynolds number factor;

- Fy valve style modifier.

1
e
‘--...__‘___;-:-_.___
055 ,, | = —
5 i 24
o
&
oA — — )
4 /
o84 % 3
S / _—
: |
oS
. ’,/'
o 4 :1 ,.-"’ \‘“\._“
& 1 = double secl Y-porl =810
7 - grge geal - How (o cpen 4921 -‘H‘"-..,_
0£S 3- wrgle geal - Agw 19 closg 1-dé e
N i - wrgle g0l Cogr - flow o ooan 4943
2 5= BCCEMATG d5c 24T
&= dautle sect - parcbalic =810 | % of raied C¥
08 ; ; ; ¥ ; Y t
LY 1) Erel

Figure & — Typical F. values versus C, % and flow
direction for different PSM valve types.

5.1 Liguid pressure recovery factor Fp

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

F - { Pi—Ps

Py =Py
Since the pressure in vena contracta p.. is always lower
than pe, it is always F. = 1. Moreover it is important to
remark that the lower is this coefficient the higher is the
valve capability to transform the kinetic energy into
pressure energy (high recovery valve),
The higher this coefficient is (close to 1) the higher is the
valve attitude to dissipate energy by friction rather than
in vortices, with consequently lower reconversion of
kinetic energy into pressure energy (low recovery valve),
In practice, the sizing equations simply refer to the pres-
sure drop (pr — pz) between valve inlet and oullet and
until the pressure p.. in vena contracta is higher than the
saturation pressure p, of the fluid at valve inlet, then the
influence of the recovery factor is practically negligible
and it does not matter whether the valve dissipates
pressures energy by friction rather than in whirlpools.
The F_ coefficient is crucial when approaching to
cavitation, which can be avoided selecting a lower
recovery valve,

a. Determination of F,

Since il is not easy to measure the pressure in the vena
contracta with the necessary accuracy, the recovery
factor is determined in critical conditions:

1.16- Gy jrax

E =
’ C, 'Jﬁ_n-gﬁ'-ﬂv

The above 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 as Qumax. Fu can be determined measuring
only the pressure py and Qujmas).

b. Accuracy in determination of Fy

It is relatively easier determining the critical flow rate
Quimax) fOr high recovery valves (low F.) than for low
recovery valves (high Fo). 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 to
enable to correctly predict the cavitation phenomenon for
services with high differential pressure.

c. Variation of F. 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 wvalve opening, the F_ coefficient
considerably varies along the stroke and, for the same
reason, is often strongly affected by the flow direction.
The Figure & shows the values of the recovery factor
versus the plug stroke for different valve types and the
two flow directions.

PSM Valve
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FiLy»Fia
C 1_":‘.1_?
I:'\.l'I-I:L'I ‘
—- —r-
S
Coafia
- -
3
H
%
g B,
e =,
(=1 ]
’ i Pz
] %
= o Figure 7 - Comparison
b between two valves with
':‘ equal flow coefficient but
= with  different  recovery
g . factor, under the same inlet
< Pz fluid condition,
When varying the
Py downstream pressure, at

the same values of C,, py
and ps, valves with higher
Fi. can_accept_higher flow
rates of fluid.

Figure 8 = Pressure drop
comparison between
single stage (venturi
nozzle) and

multistage mullipath
(Limiphon™ trim)

on liguid service

using CFD analysis.
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5.2 Coefficient of incipient cavitation xgz and
coefficient of constant cavitation K.

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

If, due to pressure recovery, the downstream 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, instantly
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
in Figure 9).

Critical conditions are obviously reached gradually,
Moreover the velocity profile in the vena contracta is not
completely uniform, hence may be that a part only of the
flow reaches the vaporization pressure. The Fi recovery
factor is determined in proximity 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 xfz:

Xrz =

Py =Py

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

The xez coefficient can be determined by test using
sound level meters or accelerometers connected to the
pipe and relating noise and vibration increase with the
beginning of bubble farmation,

Some information on this regard are given by standard
IEC 60534-8-2 “Laborafory measurement of the noise
generated by a liguid flow through a conirol valve”, which
the Figure 10 was drawn from.

Index of resistance to cavitation

stellite gr.6 20
chrome plating (5)
17-4 PH Ha300 2
AlS| 316304 1
monel 400 (0.8
gray cast inon 0.75
chrome-molybdenum alloyed steels (5% chrome) 0.67
carbon steels (WCE) 0.38
bronze (B16) 0.08
nigkel plating 10.07)
pure alurinium 0.006

Figure 9 - Cavilation resistance of some metallic
materials referred o slainless steels AlSI 304/316.
Values between brackets are listed for qualitalive
camparison anly.

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

Ap
K. =
& =

It identifies where the cavitation begins to appear in a
water flow through the valve with such an intensity that,
under constant upstream conditions, the flow rate
deviation from the linearity versus JAp exceeds 2%.

A simple calculation rule uses the formula:

Ke =0.80-FF

Such a simplification is however only acceptable when
the diagram of the actual flow rate versus JAp , under
constant upstream conditions, shows a sharp break
point between the linear/proportional zone and the
horizontal one.

If, on the contrary, the break point radius is larger (i.e. if
the Ap at which the deviation from the linearity takes
place is different from the Ap at which the limit flow rate
is reached), then the coefficient of proportionality
between K. and F.7 can come down to 0.65.

Since the coefficient of constant cavitation changes with
the valve opening, it is usually referred to a 75%

opening.

Sound pressure level (dB)

Ap

¥
1 = Ps-Py

Figure 10 — Determination of the coefficient of incipient
cavitation by means of phonometric analysis (source:

IEC 60534-8-2),
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5.2 Piping geometry factor Fy

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

The actual piping gecmetry will obviously differ from the
standard ane.

The coefficient Fp takes into account the way that a
reducer, an expander, a or T branch, a bend or a shut-
off valve affect the value of C, of a contral valve,

A caleulation can only be carried oul for pressure and
velocity changes caused by reducers and expanders
directly connected to the valve., Other effects, such as
the ones caused by a change in velocity profile at valve
inlet due to reducers or other fittings like a short radius
bend close to the valve, can only be evaluated by
specific tests. Moreover such perturbations could invalve
undesired effects, such as plug instability due to
asymmetrical and unkalancing fluid dynamic forces.
When the flow coefficient must be determined within
+ 5 % tolerance the Fp coefficient must be determined by
test.

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

1

=
2
K =
1+ -
0.00214 | g2
where:

- Cy is the selected flow coefficient [gpm];
- d is the nominal valve size [mm];

- ZKlis defined as BK = K, + K, +Kg; - Kgz, with:

= K4 and Ko are resistance coefficient which take into
account head losses due to turbulences and friclions
respectively at valve inlet and outlet (see Figure 11);

= Kgy and Kgz are the so called Bernoulli coefficients,
which account for the pressure changes due to
velocity changes due to reducers or expanders,
respectively at valve inlet and outlet (see Figure 11);
in case of the same ratioc d/D for reducer and
expander, their sum is null;

- D is the internal diameter of the piping [mm].

- 2 2
Inlet reducer: K;=05- 1_[1]
D,
- 2 2
d
Outlet expander: Ky =1.0-|1 _[E] ]
In case of the same d 272
ratio d/D for reducer Ki+K, =15 1—[—]
and expander: D
4

In case of different
ratio dfD for reducer
and expander;

Figure 11 — Resistance and Bernoulli coefficients.

5.4 Combined liquid pressure recovery factor and
piping geometry factor of a control valve with
3ﬂﬂch0ﬂ ﬁttings FLP

Reducers, expanders, fittings and, generally speaking,
any installation not according to the standard test
manifald not only affect the standard coefficient
(changing the actual inlet and cutlet pressures), but also
modify the transition point between normal and choked
flow, so that Appay is no longer equal to Fi 2 A(pi - Frepy,
bt it becomes:

2
F
f«pm=[f] &r-Fe-p)
[

As for the recovery factor Fo, the coefficient Fop is
determined by test (refer to par. 5.1.a)

1.16 - Gy prexLr

:Cwm—ﬂ-%-m

The above formula is valid using water as test fluid.
When F_ is known, it can also be determined by the
following relationship:

FLP

F
Fir = 2 : C. ¢
_A s [C
J“a.r:mzm (zA) (nrzj

where (ZK), =K, + Kg; is the wvelocity head loss
coefficient of the fitting upstream the valve, as measured
between the upstream pressure tap and the control
valve body inlet. For detail of terms refer to par. 5.3 and
Figure 11.
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5.5 Liguid critical pressure ratio factor Fe

The coefficient Fr is the ratio between the apparent
pressure in vena confracta in choked condition and the
vapour pressure of the liquid at inlet temperature;

Puc
Py

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 = py —
pz), but as function of the differential pressure in vena
confracta (Apwe = P1— Pue).

Starting from the basic equation (refer to par. 4.1):

q:c.u
v VJ 2

And from:

FL = p‘l. -IDE
P~ Pec

A

| —————————

fil Pmax

The following equation is obtained:

g, =F -C, - ‘m
£

Expressing the differential pressure in vena confracta p..

as function of the vapour pressure (p.. = Fr - p), the flow
rate can be calculated as:

4 =F,-C,. [P=FeP
¥ ¥ p.:

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

B,

F- =0.96-0.28.

Pe

where po is the fluid critical thermodynamic pressure.
Refer to Figure 13 for plotted curves of generic liquid
and for water,

= FLvpy-Fr-py

Amax=Fy C,,

Amox=F) pC,

T asniniiiatinh

—— _Fp ——
E_-'— I'E'-me.l.:_p p1“FF‘Dv

VAp

-

Figure 12 — Effect of reducers on the diagram of g versus vAp when varying the downsiream pressure at constant

upsiream pressure,
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5.6 Expansion factor ¥ 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 throttling type devices (orifices,

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

The %'s equafion is obtained from the theory on the

basis of the following hypothesis (experimentally

confirmed):

1. ¥ is a linear function of x = Ap/py;

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

3. Yis a function of the fluid type, namely the exponent
of the adiabatic transformation y = cu/c.

From the first hypothesis:
¥=1-a-x

therefore:
Gn+Y- Jx

A mathematic procedure allows to calculate the value of
¥ which makes maximum the above function (this
means finding the point where the rate dg. / dx becomes
zZero):

qm+(1—a-x)-ﬂ=ﬁ—a-~u'rx_3

By setting:

d9, 1 3.a-Jx 0

d, 2.Jx 2

1 1
——=3-a-x hence: X=—
.j’; ence 3.9

y=1--1.a=2

Le.: 3.a 3

AsY=1whenx=0and ¥ =2 /3 = 0.667, when the
flow rate is maximum (i.e. x = xr) the equation of ¥
becomes the following:

X
3%y

Y =1-

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 correction factor, the specific heat
ratic factor Fy, which is the ratio between the exponent
of the adiabatic transformation for the actual gas and the
one for air:

¥
F —
14

The final equation becomes:

X
4 I L
3:-F, X
Therefore the maximum flow rate is reached when:
x=F -xr

{or X = Fy - X1p if the valve is supplied with reducers).

Correspondently the expansion factor reaches the
minimum value of 0,667,

16
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1
Fe 0.96
0 F.=096-028. |2
! P
\""--..____
08 ~ ——
h‘-‘--‘-‘"-—_
0 _-ﬂ‘--...____‘___‘__-"-__
' - 0.68
0.6
0 04 02 03 04 05 08 o7 08 0.9 1
=04
Pc
1 P
Fe 0.96 Fp =096-028. |——
095 F 27212
0.9 \
085 N
0.6 ~—
- P = Vapour pressure
075 T — E
(5]
0.7 H"""""--..._—__":_ =1 o8 pe= critical pressure
0,65 | :
0.6 ! pvand pe in absolute bar
o S50 100 150 200 P, 250

Figure 13 — Liquid critical pressure ratio factor Fe (for a generic liquid above, for water under),

0.8

0.7 <

0667

0.6

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

The recovery factor F_ does not ocour in sizing
equations for compressible fluids, Its use is unsuitable
for gas and vapours because of the following physical
phenomenaon.

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

A2
P g

is reached as well, being:

i
2 ]r-1

X =F2- 1—[
y+1

If the downstream pressure pg is further reduced, the
flow rate still increases, as, due to the specific internal
geometry of the valve, the section of the vena contracta
widens transversally (it is not physically confined into
salid walls).

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

Mevertheless the flow rate does not unlimitedly increase,
but anly up to a given value of ApJ/ p: (to be determined
by test), the so called pressure differential ratic factor in
choked flow condition, xr.

Although some relationships between xr and F_ are
available, reliable values of xr must be oblained only by
tests, as the internal geometry of body governs either
the head losses inside the body and the expansion
mode of vena contracta. If vena contracta is free to
expand the relationship between xr and F. may be
approximately the following:

xr =0.85-F?

On the contrary, if vena contracta 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 Xer.

5.8 Pressure differential ratio factor in choked flow
condition for a valve with reducers %

The factor xpp is the same factor %7 but determined on
valves supplied with reducers or installed differently from
the standard set up as required in par. 3.3.

It is determined by tests using the following formula:

X 1
Xrp = —5 - z
Fo 1+xr'{K1+KB1}_ G_v]
0.00241 a*

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

Valve type Trim type Flow direction Fi ®r Fa
Globe, single port Contoured plug {linear and equal percentage) glz':: ggg gg ?gg
Globe, angle Contoured plug (linear and equal percentage) glﬁ':: g:g gg ?gg
Butterfly, eccentric shaft Offset seat (707) Either 0.67 0.35 0.57
Globe and angle Multistage, multipath 2 0.87 0.812 -
3 : 0.99 0.888 -
4 =i 099 0925 -
5 0.99 0.950 -

Figure 15 — Typical values of liquid pressure recovery factor F. pressure differential ratio factor x7 and valve style

modifier F4 at full rated stroke (source: IEC 60534-2-1).
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5.9 Reynolds number factor Fr

The Fgr factor is defined as the ratio between the flow
coefficient C, for not turbulent flow, and the
corresponding coefficient calculated for turbulent flow
under the same conditions of installation.

_ Cy_non-turuient
Fr = ———————

C _tumutent

The Fg factor is determined by tests and can be
caleulated 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:

2 2
REV=D.UT6-FD~QV_4 F--C, .
v-JF, -C, 'Ju.00214 .0*
The term under root takes into account for the valve inlet
velocity (the so called “velocity of approach”). Except for

wide open ball and butterfly valves, it can be neglected
in the enthalpic balance and taken as unity,

Since the C, in Re, equation is the flow coefficient
calculated by assuming turbulent flow conditions, the
actual walue of C, must be found by an iteralive
calculation,

5.10 Valve style modifier Fqy

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

where:

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

- d, is equivalent circular flow passage diameter [mm],

In detail, the hydraulic diameter is defined as four times
the “hydraulic radius” of the flow passage at the actual
valve stroke.

_4-A
P

W

dy

while the equivalent circular flow passage diameter is:

o= [EA
.

where:

- A is the flow passage area at the actual valve stroke
(mm°;

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

The simpler is the geometry of flow pattern in the
throttling section the more reliable is the theoretical
evaluation of Fy factor with the above formulas.

Knowing the value of the Fy factor 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 Fg factor. In
these valves, characterised by flule, needle or other
type of plug, it is imporiant to keep in mind that the
theoretical evaluation of Fy factor is highly dependent
by the annular gap between plug and seat. In these
cases, the theoretical evaluation of Fy factor is reliable
anly for flow coefficient Cy higher than 0.1.

- low-noise valves the Fy factor defines, in particular
formulations, the flow diameter and then the
predominating frequency of the acoustic spectrum
produced by the valve. Its knowledge is then very
important the estimation of the noise produced by the
valve during operation.

As an example, the valves with multi-drilled cage trims
have a F4 factor equal to:

Fme

N

where M, is the number of drilled holes in parallel.

It follows that, higher is the value of N, smaller are the
holes at same flow coefficient Cy and lower is the Fg
factor, which means lower generated noise,

For more information about noise in control valves,
refer to PSM Technical Bulletin *Moise Manual".
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CONTROL VALVE DATA SHEET Top No.
Sarial Ho.
11234 5 1]2 ]3] 4 5
Al % TERMS & DEFINITIONS & @ g TERMS 3 DEFINITIONS
1 Loeation 67 MFR | Modal
2 Servies 58 Preumatie [ disghragm [ pisten [J
3 Hoz. area class | IP Code 59 Style [ sprg. return [ double act, [
4 Ambient temp. min. ma. &0 Size aff aren cm?
5 Allewable ssund prassure leval dB(A) B1 Travallangle
] E Upstr. pipe HPSI0N SCH t{mm} B2 § Supply press. min. max, barg
7 = | Downstr. pipa NPS/DN SCH t{rm} &3 =2 | Banch range barg |
] E Pipe class Material Bid E Stroking lime  min  max 1] fraquency  /min
|9 E Pipe insulation [ thermal [ acousiic | &5 < | Air conneclion
10 2 Design: Prass, parg  Temp. max min  *C &6 Other astuatar [ aleet. [ hydeaulic [ manual
1M © | Pipes connection upstr, downstr, BT Act, force/lorgue min max unil
12 E [ Precess nuid B8 manual override [Jro [ maechanic O hydraulic
13 § Upstream cond. [ liquid [J vapour [J gas [ 2phase L] limit stops g closed g % travel g opan
14 w | Special fluid proparties: o MFR | Madal
15 o Min, | Merm. | Max. | Unit T Input signal [ preum. [ electric araleg [ digital
16 g Flaw rate T2 - Valve open ol Valve closed at
17 g Inlet press. =1 T3 !
18 W[ Qutiet press. =2 T4 o | Styls O single act. [ doubls act,
19 E Temperature  T1 TS E Characteristic [ linear [ eq% [ mecified
20 '-n_: Inlet density p1 or M TE E Alr conneclien Electr.connection
21 g ‘Vopour pressure Py bk Accessories O bypass O gauges
22 v | Critical prassura Pc e Frotection mode
23 E Vistasity [ | 74 Digital comm. [J HART [JFF_[J Profibus O]
e O | Specific heat ratie ¥ 1 E0 MFR Megal
25 £ Comp.fact, Z1 1 g1 § Switeh type [ mech. [ proximiy [ ...
28 Gas/vmpour mass fract. - i | % T g [ Switchingipes. [1 closed [ %travel  [] epen
=T Shutoff press,. P L Lnit B3 E Switch acting Ij_-\'.a, O W&
25 Air supply min’, max. Unit B i [iProtection ffide
29 Power fall pasiton  |LJ open [ clased | L] hald ES & | Assemaly [ external [ built-in
a0 Signa! foil pasitien  [liopan O closed g hold EB MFR = |-Mu|:ll
e Calc. O Ky Gy | = 87| 19 Vavetype [12 way '[l3rzway [16@way
iz E_ vaive [ OF, 1 BB E El.‘ljhl.n-rg.: cantrol valve [] oper [ ciosed [ hold
i3 G | Relstive travel Y% B8 o digital oparatad
Lo Pradicted LpA dB{A] B0 g Air conneclion | Fort size
35 MFR Madal B1 Wi Electrical data W Hz W
38 Body lypa O straight angle O T-way B2 § Pratactian made
7 Flaw direction [JFTO OFte O manuf,std. B3 _
38 Pressure raling Ba O air set MFR. | Model
39 Nominal size gL [0 with filtar [ with gauge
40 gnd conn. U] fige. [l figless. [J weldeda [Jinrd. 86 [ 1P converter MFR. | Model
41 - Conneclion spec, Br w Input Signal Qutput Signa
42 o | End tonnections  upstr. dewneir. BE E O 2ssstar MFR. | Moadel
43 E Bonnet style [ stancard [ extension [ bellews w9 E | O Pos. teedback [J electr. [ preum. [ cigital
4 g 100 o O Leckup ralays MFR. | Model
45 i Sody/oonnet mat, 101 D &ir trip valve MFR. | Model
46 g Trim Type 102 Air tubing | Man,
47 @ | Characleristle [ linear [Jes. percent [ ... ... 103 Ajr fitlings _ | Mat
48 8| Clasure memser mat. stefm mal. 104 Tas! cartificatels) O enen. and mach. teat
49 E‘ Guide{coge) mat. saat mat, 105 E NCE Examination O surface [ valume
&0 Rated & [JKv v | 1nk_rangeability 1 106 Accaptance Std. /Criteria
51 Seat syle [ meallic [ =o%t seated 107 [ £ | Parts to be tested O vedyibennat
52 Trim coating/lreatment 108 % O boitsinues [ trim
53 Breakmway farcellergque max. allowed 108 3
& Leakage specification IEC 635834-4 Class: 110 a’
&5 Packing O adjustabie [ seif adj. Mar. 111 g Dig. Communicalion:
58 Steam jacxet: [ no [ yes: PN Mol 112 Soltware drivers:
Remarks:
Praject Cwig. ref. Mo,
Plant Mt, reg. No.
Rav. Dats Hams Dats Nams | P.O. Ma. Itamn Mo, | Gty

Figure 16 — Control valve datasheet (source: |IEC 60534-7).
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PSM test facility for Cv testing with water in accordance with |IEC 60534-2-3
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Flow simulations on different
PSM control valves using CFD
analysis

Friov heft:

1-4800 series, specially control valves
for urea senvice;

1-5700 senes, pressure reducing and
desuperheating stations:

1-7000 series, tandem plug control
valves for high pressure applications
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