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VLADIMIR KACER

Czechoslovakia*

Wet Steam Discharge Coefficient of a Standard Nozzle and Orifice Plate

List of symbols

¢ — friction coefficient, Subscripts

F — cross-section [m?], R

G — flow rate [kgs™1'], i h(_lul,d phase,

p., P — pressure [bar, Nm~2], F — friction,

Re — Reynolds number, e HAPOL phasef

v — specific volume [m3kg~1], e~ tvx.fo-pase ﬁuld’, =

x — relative dryness, x — with compresmblll.ty, :

& — discharee corficient. 1 — bef9re the» throtth.ng devxlce,
a* — volume concentration coefficient, 2 — behind the throttling device.
& — expansion coefficient,

k — isentropic exponent,

u — contraction coefficient, viscosity [—,

kgs 'm~1],
p — specific mass [kg m~3].

The development of the nuclear plants has been followed by an extensive application
of the wet steam as a working medium. The demand for the wet steam flow rate measure-
ments has increased accordingly.

A direct use of the data included in the Standards [6] for measuring the flow rate is
impossible. The papers [1+ 5] deal mainly with the problems of measuring the flow rate
of the wet steam by means of throttling devices. The theoretical approach adopted by
authors of the afore-mentioned papers makes their solutions applicable in different ranges
of the values of x and p.

Experimental verification of the above methods has been performed mostly under
considerably high pressures and for low values of the relative dryness.

The wet steam parameters in the secondary system of the nuclear power plants with
pressurized water reactors may be characterized by the pressure p=0.05+50.0 bar and the
relative dryness x>0.8. Let us characterize this range of the parameter values by introdu-

’
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cing the volume concentration coefficient o* given by the relation

ot w0
e (1

o w

With the standard arrangement and for the usual diameters and droplets concentra-
tions we can assume that the velocity of the both phases equals when the wet steam flows
through the installation of the recommended design. The values of a* calculated under
this assumption are given in Table 1.

Table 1

Volume concentration coefficient o* calculated for the identical velocities of the both phases as a function
of the pressure p and the relative dryness x

OC*
-
N[ 0.9 0.8 0.5 0.2 0.1
0.05 bar ] 0.999996 0.999991 0.999964 0.99986 0.99968
0.5 |§ 0.999966 0.999923 0.99969 0.9988 0.9972
5.0 [ 0.99968 0.99927 0.9971 0.9885 0.9745
50.0 li 0994 0.9920 | 09686 0.8851 0.7739

The high values of coefficient o* indicate the possibility of using a homogeneous model
for solving the flow in the throttling devices.

It is necessary, however, to accept an exigence that the pressure drop in the throttling
device should be small so as to prevent considerable phase changes in the throttling
device. These changes can not be considered in the frame of the homogeneous model of
the flow.

Assumptions and basic equations

In a homogeneous model it is assumed that the two-phase mixture can be regarded
as a continuum with physical properties ascribed by its composition. The forthcoming
investigations will therefore concern the influence of the mixture composition upon the
values of physical parameters characterizing the flow of the mixture through the throttling
device. We maintain formally the basic equations given in [6] for calculating the flow rate
measured: by the throttling device. So we need to measure only the same parameters as
for flow rate measurements of one-phase fluid.

The basic equations have the following form:

G=ueFV2(P,—P,)/p, %)

a7 an
e e p—t e 3
am e (D> G)
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The homogeneous model does not include the inter-phase effects and, therefore, is

wer-icted to the cases of small pressure differences P, —P, limited by the inequality
» —P.)/P,<0.2. The contraction coefficient for a nozzle is defined according to [6]

1

== (6)
%ur an orifice plates — according to Buckingham [7] — we have
1£=0.578+0.395 m>. D
The lLimitation: (P;—P,)/P;<0.2 enables us to assume that
M =M. : (3)
w2n be easily seen that the assumptions (7) and (8) are followed by a relation
=0 » Q)

Expansion coefficient ¢

The equation of state p-v*=const describing an isentropic expansion is the basis for
i derivation of the equation (5). This equation is not correct, from the thermodynamic
swumt of view, for the description of the isentropic processes in the wet steam.

The experience has shown nevertheless that this equation gives numerical values suf-
Sently accurate for small values of the pressure differences. In order to preserve the same

wssem of equations both for the one-phase fluid and the wet steam, we may use — with
wScient accuracy — the x values given in [8].

Discharge coefficient o

To derive the discharge coefficient & we shall assume that the pressure ratio on the throt-
imz device P;/P,—1. Then equation (2) can be simplified to the following form

G=aF\2(P,—P)Vp. (10)

The values of the discharge coefficient « given in the Standards [6] are valid for the stan-
Zard pressure corner taps Py, P, . In forthcoming investigations the values of static pressures
#__ P, appearing in the equation (10) will be needed. For a nozzle we assume [6] p=1;
sserefore P}, will correspond to the pressure in the nozzle outlet cross-section. For the orifice
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plate we put P,=P,. Standing upon the data presented in [6] we express P} and P, by

means of the following relations
P11=P1+51(P1—P2),

P§=P2+32(P1_P2),
where ¥

Bi=By(m),
.32=52(m)-

(11a)
(11b)

(12a)
(12b)

The values of 8, and B, for the orifice plate and the nozzle are plotted in Figs. 1 and 2
in an agreement with the data derived from [6]. In the course of the forthcoming calculations
the functions f, = #,(m) and B2=B,(m) for a nozzle are being approximated by the following

relations
£1=0.0 or m<0.05

By=—0.61(m—0.05)> 0.05<m<0.35

| (13a)
B1=-0.367(m—0.2) 0.35>m
B,=0.005 for all m ]
For the orifice plate there is analogously
£1=0.0 for m<0.2
S e 2
Bi=—0.615(m—0.2) 0.2<m<0.5 ’ (13b)
By1=—0.3715(m —0.35) m>0.5
=00 for all m 3
The equation (10) can be rewritten in the following form
il PR s
Vi+p,—p,
g o 02 03 04 05 ps g
00" ~1— t v 1 1 { f ;

//+
*
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Fig. 1. Coefficient B1=P1(m) for a nozzle
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Fig. 2. Coefficient B;=p:i(m) for an orifice plate

If Ethe equation (14) for the flow without losses between the cross-section of
@D and @d is expressed by means of Bernoulli’s equation the relation defining the dis-
charge coefficient takes a form

= _“ - (15)
and the flow rate can be consequently expressed by the formula
G=az FN2(PT—PHVp,y- (16)
Comparing the formulae (3), (15) and (14), (16) one receives
a=—agz, where B= ————_1__ . 17
B Vit Bi—B2

The difference of the pressures 4P*=P} — P} indicates the “pressure drop” in a flow
without losses. For a real flow there is analogously 4P’'=P;—P;. The difference 4P’ —
— AP*= AP, represents the friction losses between the cross-sections D and @d. From
the equations (10), (16), (15) and (17) the following relation results

. il L LG\
APF=<?-1> i;(ﬁ) . (18)

The equation (18) applies clearly both to the flow of one-phase fluid and to the flow
of two-phase fluid. The friction losses 4Py are proportional to the friction coefficient
cp. To the turbulent flow of fluid flowing through the cylindrical pipes the following equa-
tion can be applied

cg=cRe™ %*°, 19)

In the assumed range of the pressures and the relative dryness values (Tab. 1) the volume
concentration coefficient has a high value and therefore the following assumptions are
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justified
- -0.25 = -0.25 g Sa el
¢py=c,Re, 2 G taRe, . e —e —¢. (20)

From the above formulae results

APFtp: <R_eg—>0.25 =<& @)0.25 . gpz‘ S (21)
APFy Retp ptp ﬂg

If one expresses 4Pp,,/4Pp, using the equation (14), one receives, after having compared
it with (21), a following relation

Lo e s (22)

Up="Cip— - (23)

For calculating {,, one has to determine p,,, { g and g,,. The specific mass p,, of the wet
steam is given by a known relation

1 x 1-—x
— gl (24)

ptp pg pf

The loss coeflicient {, can be easily calculated by introducing the known values of U,
and a, into (6) and (7) for any value of m.
The viscosity of the two-phase mixture 4, is being defined by the various relations [9].
In this paper the relation given by McAdams is used
e (25)
Mp Hg Uy

The u,, follows almostkexactly the changes of y,.

/

The values of «,, for a nozzle and an orifice plate

The values of «,, for a standard nozzle and an orifice plate [6] have been calculated
using the equation (23) and are given in Tables 2 and 3 for pressures p =0.05, 0.5, 5.0, 50.0 bar
and the relative dryness x=0.95, 0.90, 0.85, 0.80. As could be expected the values of Osp
are practically independent of the pressure p i.e. on Re numbers. The deviations from this
regularity are overlapped by the basic tolerance value given in the Standards referring
to the measurements of one-phase fluid.

The relation :

Uy =0ty (., X) (26)

is plotted in Figs. 3 and 4.



Values of the discharge coefficient «,,=o,,(m, x, p) for a nozzle

Table 2
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Values of the discharge coefficient o,,=0o,,(m, x, p) for an orifice plate

Table 3
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Fig. 3. Discharge coefficient ep =t (1M, X) Fig. 4. Discharge coefficient Op =0t p(m, X)
for a nozzle for an orifice

In the course of the numerical calculations of a,, for x=const the equation (26) has
been approximated by a polynomial of the 4th degree

Yp=ao+a; m+a,m*+aym® +a, m*. 27

The values of coefficients ao+ay are given in Table 4. Where Table 3 gives diffe-
rent values o,, for the individual pressure levels, mean aritthmetical value was used
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Table 4

Values of coefficients ao~as appearing in the equation (27) for a nozzle and an orifice plate

‘ X Qo ai 1 as ’ as as

t

i Nozzle 0.95 0.9893 —0.1051 1.0502 —1.8989 1.8991
i 0.90 0.9885 —0.1102 1.0800 —1.9465 1.9176
] 0.85 : 0.9878 =0 17] 1.1170 —2.0014 1.9362
] 0.80 0.9869 —0.1247 1.1566 —2.0588 1.9547
Orifice plate 0.95 0.5960 0.0185 0.4394 —0.4243 0.4979
? 0.90 0.5982 0.0215 0.4188 —0.3903 0.4671
0.85 0.5985 0.0291 -0.3677 —0.2885 0.3868
0.80 0.5953 0.0334 0.3357 —0.2204 0.3272

for calculating the coefficients @, +a,. In the numerical calculations one may even deter-
mine the value of a, (for given m) from the corresponding Standards for one-phase
Zuid flow [6] and find out the value of a,,/a, (for corresponding x and m) in Figs. 5
and 6.

Comparison of computation methods

The above described method has been compared with the already mentioned data
zathered in [1+5]. The comparison was done by calculating the flow rate measured by
orifice plate for the parameter values given in Table 5.

Table 5
Set of parameters for calculations checking the method
};un x p [bar] AP, ,[kp/m?] D [mm] m
0.
: 0.9 . b 100 0.2
2 40 2000

The results of the calculation, together with the deviations from the parameter mean
alues are shown in Table 6.

-

Table 6

Results of the flow rate calculations — measurements carried out using an orifice plate
(for the parameter values taken from Tab. 5)

Run 1 2
No. 1 bar 40 bar
' i G, [kg/b] i G;/G; G [kg/h] l G,/Gs
3] James [ 1 391.30 1.0088 3334.38 1.0128
4] Hoft 2 B8 |1 0.9748 3243.63 0.9853
5] Chisholm 3 388.63 1.0019 3278.12 0.9957
6] Murdock, 4 400.54 1.0326 3897.31 1.0198
[7] Kacer ’ 5 380.82 0.9818 3247.48 0.9864
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Fig. 8 Correction coeflicient  oyy/og= 0 ,/0,(x, m) for a nozzle Fig. 6. Correction coefficient o, /o, = op/0(x, m) for an orifice plate
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It was impossible to carry out this comparison for pressures lower than 1 bar because
wume methods [3, 4] do not apply to these pressure values and an extrapolation would
be meeded.

The value of the maximum relative deviation of the individual methods from the mean
-, value exceeds several times the value of the basic tolerances for a, values specified
o the corresponding Standards [6] (for the one-phase fluid) and practically meets the
zccuracy ascribed by some authors [1, 2, 4] to their methods. With regard to the values
2f volume concentration coefficient o* given in Table 1 it can be expected that the derived
method will have its justification within the range of the parameter values'defined by a dash
line in this table. This line limits a zone in which a*>0.99.

To decide which one of the existing methods gives a best picture of the real behaviour
of the flow an experimental verification is required.
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Wspolezynnik wyplywu mokrej pary wodnej dla standardowej dyszy i kryzy
Streszczenie

Przedstawiono metody obliczania wspoélczynnika wypltywu mokrej pary wodnej dla standardowej
dyszy i kryzy, w zakresie cisnienn 0,05 — 50 bar i dla stopnia sucho$ci x>0,8. Wzory wyprowadzono
na podstawie jednorodnego modelu przeplywu dwufazowego, wychodzac z warto$ci wspolczynnika wy-
piywu dla ptynu jednofazowego. Do obliczania natezenia przeplywu wykorzystano zalezno$ci formal-
nie takie same jak dla przeptywu jednofazowego.

Wspolczynnik kontrakcji objetosciowej ma warto$é o* >0,99 w zakresie ciSniei 0,05 — 50 bar
Zla stopnia suchosci mokrej pary wodnej x> 0,8. Ten fakt przyjeto za podstawe rozwazan; zaktada sig,
2= w podanych granicach mozna modelowaé¢ mokra pare wodna za pomoca ptynu jednorodnego o od-
powiednich wilasciwosciach.

Takie podejScie stwarza mozliwo$¢ wykorzystywania do obliczen natezenia przeplywu mokrej
nary wodnej takich samych rownan jak dla przeptywu dwufazowego. Warunkiem koniecznym przy
‘osowaniu wyprowadzonych rownan jest istnienie matych spadkow ci$nienia w urzadzeniu diawiacym,

Prace IMP z. 70 - 72
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co zapobiega powstaniu znaczniejszych zmian fazowych, jakie nie mogtyby by¢ objete modelem jedno-
rodnym. :

Wartos¢ wspolczynnika wyptywu dla dyszy lub kryzy, przez ktoéra przéplywa mokra para wodna
okresla si¢ z wartosci o, dla ptynu jednofazowego, podanej w stosownych przepisach. Warto$é wspot-
czynnika strat przeptywu koryguje sie¢ odpowiednio do wiasnosci fizycznych jednorodnego plynu re-
prezentujacego pare mokra. Tak wiec dla danych m i x skorygowana warto$¢ o, jest rowna

Otep= ep (1, X).
Podano postaci wielomianow 4-go stopnia o, =a,,(m) dla x=0,95, 0,90, 0,85, 0,80 i wykresy

o o
e —ti(x) dia m= const
Og Og
dla standardowej dyszy oraz dla kryzy o ostrych krawedziach.
Na zakonczenie porownano, na podstawie przykladu obliczeniowego, przedstawiona metode z inny-
mi metodami obliczen.

KoaddnmenTt pacxoa BOASHOro napa Jjis CTAHIAPTHHIX H3MEPUTEIBHBIX
comneJ u Inaiio

Pesrome

PazpaboTanbl METOABI pacyeTa Ko3(h(UIAEHTA PAcX0[a BIAXKHOTO BOISHOTO Napa JJisA CTAHAAPTHBE
M3MEPHUTEIBHBIX CONENl M Waib, B nuanascHe papnenuit 0,05-50 6ap W [0 OTHOCHTENBHOM CyXOCTH
x>0,8. MeTon pa3paboTaH Ha OCHOBE OJHODPOAHOM MOAETH ABYX(Ha3HOTO TE€YEHHMS, HCXO/s U3 3HAYCHES
xo3ddumenTa pacxona A OOHOGMA3HOM XUOKOCTH. B pacueTax pacxoja MCHOIBL30BAHEI (OPMAbHEE
3aBUCAMOCTY TaKue Xe, KaK ¥ sl ONHOGMA3HOTO TEYEHUS.

KoshduimenT 0656MHOTO pacxona HOCTHTAET 3HAUeHus o >0,99 B auanazone napienuii 0,05 - 50 6ap
JiJ1s1 OTHOCHUTENIEHOM CyXOCTH BJIaKHOTO napa x >0,8. 9T0T haxT npuHAT B OCHOBY paccyxaenmit. ITpennonz-
raercs, YTO B ONPENENEHHBIX BBIIIE IpEaenax MOXKHO BJIAXKHBIA Hap MOMACIUPOBATL OJHOPONHOM XHE-
KOCTBIO, XapaKTEPHU3YIOLIEHCS COOTBETCTBYIOMUMHE CBOMCTBAMH. :

Taxo#t ToAXOHd K ey CO3JaeT BO3MOXKHOCTb MCIOJIb30BAHMS Ul PACUETOB PACXOAa BIAKHOTO Bo-
JISHOTO Napa, 3aMEPAEMOTO IP¥ NOMOIIY CTAHOAPTHOTO U3MEPUTEILHOTO COIIIA MM INai0bl, YpaBHEH:E.
thopMa KOTOPBIX Takas xke Kak M A IByxdha3Horo Teuennsi. HeoOXOOUMBIM yCIOBHEM NIPMMEHEHHS Bii-
BEIICHHBIX- YDABHEHMH fBJISETCS HAJIWMYHE MAJIBIX [EPENafoB NaBJE€HHS B OPOCCENBHOM YCTPOMCTEE.
4TO MPENSATCTBYET BO3HUKHOBEHUIO O0Jiee 3HAUNTENBHBIX (Ja30BBIX NPEBPAIEHHUN, KOTOPBIE HENb3s Obine
OBl 329HMCIUTH K OOHOPOIHON MOIEIIH.

3nauenme KoahdUIIENTa pacxoa IS M3MEPUTEIHHOTO COMNA MM 4GB, Yepe3 KOTODHIE Teser
BIIa)KHBIA AP, BEIBOIMTCS U3 3HAYCHMUS &y 1JIs1 OJHO(DABHOM KUAKOCTH, ONPENETECHHOM COOTBETCTBYIOIIHME
yka3aHusMEA. Beraucisercs Ko3hGUIEEHT moTeph TEYCHUS i APOCCENBHOTO yCTpoiicTa., Ero 3masme-
HUE€ KOPPEKTHPYETCS B COOTBETCTBHH C DU3UUECKUMU CBOMCTBAMHU ONHOPOINHOM JKHIKOCTH, 3aMEHAIOMIER
BIAXHBIA Hap.

Wrax, ns H3BECTHBIX 3HAYEHUM M W X OTKOPPEKTUPOBAHHOE 3HAYECHHE 0, PABHSAETCS

; : 0p=0sp(m, X).

TIpencrasnensl GOopMBl MHOTOUICHOB YETBEPTOM CTENEHM 0 ,= 0,(m) mus x=0,95, 0,90, 0,85, 0.5
¥ rpaduxn
Oyl Uy
—=—-(x) nns m=const
%g Og
JUIs CTAHAAPTHOTO M3MEPHATENBHOTO COIUIA W IS Iai0Obl C OCTPHIMU KPOMKAMIM.
B 3axmroueHmH [aeTCA PACYCTHBIM NPEMED W Ha €0 OCHOBE CPABHMBAETCS NPENCTABICHHBIN METOX
C CyIIECTBYIOMIUMH [O CHX HOP METONAMH.



