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VLADIMIR KA.ĆER

cphoslovakia*

\ł'et Steam Discharge Coefficient of a Standard Nozzle and Orifice Plate

List of symbols

L976

c - friction coefficient,
F - cross-section [m2],
G - flow rate [kgs-l],

p, P - pres§ure [bar, Nm-2],
-Re - Reynolds number,

u - specific volume [m'kg-'],
x - relative dryness,
a - discharge coefficient,

ą+ - volume concentration coefficient,
e - expansion coefficient,
r - isentropic exponent,
p - coltraction coefficient, viscosity [-,

kgs-lm-1],
p - specific mass [kg m-3].

Subscripts

/ - liquid phase,
F - friction,
g - vapor phase,

'p - 
two-pase fluid,

r - with compressibility,
1 - before the tbrottling device,
2 - behind thi throttling device.

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 problęms of measuring the ff,ow rate
of thę wet stęam by means of throttling devices. The theoretical approach adopted by
authors of the afore-mentioned papers makes their solutions applicable in different lange§
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 ofthe relative dryness.

The wet steam parameters in the secondary system of the nuclear power plants with
pressurized water ręactors may be characteri zed by the pressure p : 0.05 + 50.0 bar and the
relativę dryness ;r>0.8. Let us characteńzę this range of the parameter values by introdu-

* National Research Institute for Machine Design, Bóchovice.
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456 V. Kaćer

cing the volune concentration coefficient ax given by the relation

'- 
o* :Yr_

ąx w4

ur'|-x
UąX

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 ąx calculated under
this assumption are given in Table 1.

Ta ble 1

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

x
l

(1)

0.10.20.80.9 0.5

0.05 bar 1i o.1óóóli

9: i, 2?22r.lu

0.05 bar l,, o.1lsox l, o.ssgsgt 0.999964 | o.wso I o.slsos
0.5 |: 0.999966 | o.1vlszl I o.1wol I o.1lss I o.1llz
5.0 i| 0.99968 | 0.99927 l 0,9971 , 

----ólóSE ----_|-- 
0śi4ś-5.0 i| 0.9996s I o.qslzl l 0,9971 ,----ÓlÓSE-- |-- 0.§i4Ś-*-50.0 0.9964 L 9:???9 _ i 

-_-n.ft86-_- -- l 0.885l I o.1lsl

The high values of coefificient ą'r 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 modęl of
the flow.

Assumptions anil 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 influęnce of thę mixture composition upon the
values of physical parameters charactęrizing 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:

c:acr łzlrr-r;nlp , (2)

(3)o:_!:. *:(!\,.
J I_ p'*,' \D )



Wet Steam Discharge Coefficient of a Standard Nozzle... 457

dK l *E;- l,:;Vl;ń^ffir ])+(ł

Tie homogeneous model does not include the inter-phase ęffects and, therefore, is

l,x;":-_cted to the cases of small pressure differences Pr-P, limited by the inequality

_7 *p:|,plś0.2. The contraction coefficięnt for a nozzle is defined according to [6]

p: p*:I ,

i:,r:r orifice plates - according to Buckingham|7] - we have

p:0.578 + 0 .395 mŻ ,

] r .lnitation: (P, -Pr)lPrśO.2 enables us to assume that

F*: ll ,

_]L ^o-: be easily seen that the assumptions (7) and (8) are followed bY a relation

d=&*,

Expansion coefficient e

T:e equation of statep.uK:coilst describing an isentropic expansion is the basis for

::t]g jeńvation of the equation (5). This equation is not correct, fiom the thermodYnamic

T.:ll*: of view, for the description of the isentropic processes in the wet stęam.

T,ne experience has shown nevertheless that this equation gives numerical values suf-

irlr:ti1, accurate for small values of the pressure differęnces. In order to preserve the same

,:i j[ćill of equations .both for the one-phase fluid and the wet steam, we maY use - with

"u.ń,jent accuracy - the rc values given in [8].

Discharge coefficient a

To derive the discharge coefficient ą we shall assume that the pressure ratio on the thfot-

:_lL-J device Plf P2--+1. Then equation (2) can be simplified to the following form

e :orłĄpr-p)ł p. (10)

The values of the discharge coefficient a given in the Standards [6] arę valid for the stan-

:"rJ pressure corner taps Pr, Pr. In forthcoming investigations the values Of static PieSSUreS

?,..P, appearing in the equation (l0) will be nęęded.For anozzle we assume 16] p:I;
-_;:lerefore p2willcorrespond to the pre§sure in the nozz|ę outlęt cross-section. For thę orifice

Ęlt"

ł I- pim'
(4)

(5)ź*lG):
P1

(6)

(1)

(8)

(9)
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plate we put Pi:P2. Standing upon the data presented in [6] we express P', and, P'rbymeans of the following relations

P|: P t+ Ft(P,- Pr) ,

PL:Pz*Br(Pt-Pr),

§t: Ft(m),

(1la)

(11b)

(Iza)

(13a)

(13bl

f z: §z(m). Gzb)
The values of B, and Ę, for the orifice plate and thę nozńeare plotted in Figs. 1 and.2in an agreement with the data derived fromlo]. rn the course of the forthcoming calculations

:l,""iT"J'*' 
l] t: f ,(m) and B 2: §,(m) for i iozzleare being approximated by the following

/r:0.0

§t: -0,6t(m-0.05)2

f t: -0.367 (m-0,2)

/z:0.005
For the orifice plate there is analogously

fr:0.0
u,,,:__:,,1,;,!T;!?],,,

§z:0,0

or łn<0.05

0.05<n<0.35

0.35>m

for all m

for m<0,2|

0.Z<m<0.5|

. >O.S l
for all m lThe equation (l0) can be rewritten in the following form

^1, 1-G:l+ arłĘ,Jr;p'r.i I+ B1_ pż (l4)

Fig. l. Coefficielt Pl:§r(m) for a lozzf,e
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a,5 06 m 
0,7

Fig, 2. Coefficient fl:§{m) for an orifice plate

If fithe equation (14) for the flow without losses between the cross-section of

@D łnd Qd is expres§ed by means of Bęrnoulli's equation the relation defining the dis-

charge coefficient takes a form

&B: (15)

u+a3

p

ł I- p'*'

and the flow rate can bę consequently expressed by the formula

G:aBF ł2GĘ-prłń.
Comparing the formulae (3), (15) and (14), (16) one receives

o: L o,. where B:, ,:::B Vt +Br-F,

l;r,:(!-,)Ł(*)'

(16)

(I7)

The difference of the pressures lP*:Pł_Pf indicat,es the "pressure drop" in a flow

*irno,r'losses. Frjr a real flow thęre is analogously lP':P'r-Pr, The differcnce lP'_
_,dP*-lPrrepresents thę friction losses between thę cross-sections QD and Qd, From

the equations (10), (16), (15) and (17) the following relation results

(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 /Pp are proportional to the friction coefficient

cp. To ihe turbulent flow of fluid flowing through the cylindrical pipes the following equa-

tion can be applied
Cr:cRe*o"25 (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
crn: cnRen o'",

From the above formulae results

Coro: CroRĘO'" , cg: qp: c . (20)

If one expresses APnrof lPrn using
it with (2l), a following relation

o.25
:(D2. (21)

one receives. after having compared

(22)

(25)

o,25

the equation

?)
14),

ę,
rg

Prp

n(

The discharge coemcient fl/e

Iąy-l I
-/1rż

ll t+o,1-,liptp,
V (n- Pg

becomes then

(23)

For calculating tro one has to detęrmine prr, (n and pte. The specific mass pće of the wet
steam is given by a known relation

1xl-x
-F-.

Prp Pg Pt
(24)

The loss coefficient Ęn can be easily calculated by introducing the known values of pn
and an into (6) and (7) for any value of łz.

The viscosity of the two-phase mixture 1,o is being dęfined by the various relations [9].
In this paper the relation given by McAdams is used

-daątp: Lrp E 
-

1 _ a*lr].
Frp Pg llt

The p,, follows almost exactly the changes of pn.

The values of a* for a nozzle antl an orifice plate

The values af a,, for a standard nozzle and an orifice plate [6] have been calculated,
using theequation (23) and are given in Tables 2 and 3 forpressufesp: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 a,,
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

is plotted in Figs. 3 and 4.

aro:arr(m, x) (26)



Table 2

p [batl

Values of the discharge coefficient d,tp:dźp(m, x,,p) fot a nozzle

0.998

6
6
6

7

o.997 1.080

48
48
49
52

1.028

1.o27

2
2
2
J

0
0
0
2

0.05
0.50
5.00

50.00

1.02

68
68
69
7o

1.o79

-\m

.- 
--'--_- 0.05

1.026 1.078 8ii 5.00
8 4 l 50.00

Table 3

Values of the discharge coefficient arr:aro(m, x,p) for an orifice plate

0.65
]

l p [bar]

9000,6 900
903

zs
280.76 "oi
321

-]

593

54
55o.75 5 7
65

0.05
0.50
5.00

50.00

0r05
0,50
5.00

50.00
- 0.05

0.50
5.00

50.00

o.766

0
0
00.61,4

0.614

2:

2

2
J

4

0.05
0.50
5.00

50.00

o.643 0.688
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120

1,08

1.01

1.02

9

I

ll
ll
ll

ll
(=O95

l(l
-\x= 80

?,

//
l

o.sa|aUoza1 0.6
m

arr:aro(m, x)Fig. 3. Discharge coeflrcient
for a nozzle

058-
m

Fig. 4. Discharge coellicient urr:aroQn..tt
for an orifice

(27)

diffe_

used

a80

a71

d,tP

ą72

1,18

1.16

1.11

C,tp

1.12

0,78

a76

0,70

068

066

a61

a62

0,60

1,10

1,06

1,00

In the course of the numerical calculations of ątpfor jr:const the equation (26) has
been approximated by a polynomial of the 4th degree

Utp: ao ł a 1 m l a, m2 a a, tn3 l aąma.

The values óf coefficients ao+a4 are given in Table 4. Where Table 3 givesrent values aro fot the individual pressure levels, mean aritthmetical value was

l

x =O9l

li

Ą
X =0,t l0

l,

r
l,

|l

/
f

/
7
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Table 4

Values of coefficients ag=aaa,ppaaring in the ęquation (27)fot alozzle and an ori§ce plate

463

0.95
0.90
0.85
0.80

0.95
0.90
0.85
o.80

_ 1.8989
_ 1,9465
_2.oo14
_ 2.0588

1.8991
1.9l76
1,.9362
1,.9547

0.9893
0.9885
0.9878
0.9869

0J%0
0,5982
0.5985
0.5953

o.4979
0.4671
0.3868
o,3272

Orifice plate _0.4243
* 0.3903

-0.2885
_o.2204

:lr calculating the coefficients ao+a^.In the numerical calculations one may even deter-

=,ae the value of an (for given m) from the corresponding Standards for one-phase
j;jd flow [6] and find out the value of ar'r|an (for corresponding x and ru) in Figs. 5
o-d 6.

Comprison of computation methods

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

Table 5

D [mm]

1

2
1000
2000

The results of the calculation, together with the deviations from the parameter mean
,_,Jes ale shown in Table 6.

Table 6

Results of the flow rate calculatiorr. - .lr*.u..ments carried out using an orifice plate
(for the parameter values taken from Tab. 5)

Run
No.

'-:_ James']' Hóft
,-r, Chisholm'j, \{urdock,
--l Kaćer

p [bar]
| 

,",,tonl*']

1000.9 1

Ę

l bar
Gt lkelh] 

i

40 bar
G ikg/h] ] c,lc"Ii

l
2
J

4

5

391.30
378.1 1

388,63
400.54
3 80.82

G,lG"

1.0088
0,9748
1.0019
1.0326
0.9818

3334.38
3ż43.63
3278.12
3357.37
3247.48

1.0128
0.9853
0.995,1
1.0198
0.9864

,G,G":-'
5

Set of parameters for calculations checking the method
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_: ;esimpossible to carry out this comparison for piessures lower than 1 bar because
, ł:,: nethods [3, 4] do not apply to these pressure valuęs and an extrapolation would
r"c __:eded.

Tne value of the maximum relative deviation of the individual methods from the mean
. ,.aluę exceeds sevelal times the value of the basic tolerances fot an values specified
: Ihe corresponding Standards [6] (for the one-phase fluid) and practically meets the
..!-uracy ascribed by some authors [1,2,4] to their methods. With regard to the values
: r,olume concentration coefficient a* given in Table 1 it can be expected that the derived

:-lethod will havę its justification within the range of the parameter values'defined by a dash
,lne in this table, This line limits a zone in which ą*>0.99.

To decide which onę of thę existing methods gives a best picture of the real behaviour
._.l the flow an experimental verification is required.
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Współczynnik wypływu mokrej pary worlnej łIla standardowej dyszy i kryzy

streszczenie

Przedstawiono metody obliczania współczynnika wypływu mokrej pary wodnej dla standardowej
:.szy i kryzy, w zakresie ciśnień 0,05 - 50 bar i dla stopnia suchości x>0,8. Wzory wyprowadzono
. : podstawiejednorodnego modelu przepływu dwufazowego, wychodząc z wartości współczynnika wy-
:l;.rł'u dla płynu jednofazowego. Do obliczania natężenia przepływu wykorzystano zależności formal-
:,,e takie same jak dla przepływu jednofazowego,

Współczynnik kontrakcji objętościowej ma wartość ą*>0,99 w zakresie ciśnień 0,05 - 50 bar
-,: stopnia suchości mokrej pary wodnej x>0,8. Ten fakt przyjęto za podstawę tozważań; zakłada się,
:. li podanych granicach można modelować mokrą parę wodną za pomocą płynujednorodnego o od-
: _.,.riednich właściwościach.

Takie podejście stwarza możliwość wykorzystywania do obliczeń natężenia przepływu mokrej
:":1' wodnej takich samych równań jak dla przepływu dwufazowego. Warunkiem koniecznym przy
' :rrł'aniu wyprowadzonych równań jest istnienie małych spadków ciśnienia w urządzeniu dławiącym,

::,ce IMF z. 70-72

465
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co Żapobiega powstaniu znaczniejszych zmian fazowych, jakie nie mogłyby być objęte modelem jedno-
rodnym.

Wartość współczynnika wypływu dla dyszy lub kryzy, przez którą przLpływa mokra para wodna
określa §ię z waltości a, dla płynu jednofazowego, podanej w stosownych przepisach. Wartość wspóŁ
czynnika strat przepływu koryguje się odpowiednio do własności frzycznych jednorodnego płynu re-
prezentującego parę mokrą. Tak więc dla danych rł i x skorygowana wartość an jest równa

drp: a,p(.m , x) ,

Podano postaci wieiomianów 4-go stopnia a1o:a1o(m) dla.:r:0,95,0,90,0,85,0,80 i wykresy

dtp drp ,_: 
-(x)dg dg

dla standardowej dyszy oraz dla kryzy o ostrych krawędziach.
Na zakończenie porównano, na podstawie przykładu obliczeniowego, przedstawioną metodę z inny-

mi metodami obliczeń.

Koe$QnquenT pacxoAa BoĄxHoro fiapa AJIfl cTaIIAapTIrhIx IIsMeprłTeJIbHbIx

cotreJl I{ ruań6

Pesrove

Paspa6orarłrr MeToALI pacqeTa xos$$rłqueura pacxo.qa Błaxnoro BoAqlroro napa Er,r. cTaHAapTHbt\,
IBMepIłTeJbIłbIx coneJl rł rraŹ6, B AIłaIIa3cHe 4arrrenrłfi 0,05 - 50 6ap u als oTHocIłTeJIbHoż cyxocrt
x>0,8. Mero4 paspa6oTan Iła ocnoBe oAnopognofi łro4errrł AByxóźBHoIo Teveuur, ucxoA, I43 3IłaqeHB,
xo3ÓÓtrqlłeHTa pacxoAa gnx ogno$asrrot xrłgrocrł. B pacverax pacxoAa ucIIoJlb3oBaHlI lpopva;rrrrrłe
3aBucEMocTIł TaKIle xe, KaK Ił AJT, opłło$asrłoro Teqenfir.

Kosóóluuerrr o6revnoro pacxoAa ,IIocTnIaeT 3IiaqeHI4, ą* >0,99 s Alrafia3olre AaBJIeI]ilż 0,05 - 50 6ap
,ąJL oTHocIłTęJIbHoŻ cyxocT[BJIaxHoro flapa x>0,8.3ror !!aKT IIpIłH'T B ocHoBy paccyx,qeHrń. flpe,qno.:a-
raeTcr, qTo B o4peAeJIeHHEIx BbIII]e trpeAeJlax MoxHo BJIaxH!ń lrap MoAeJIIrpoBaTL oAHopoAHofr )łG_]*

KocTb}o, xapaxTeprł3ylorqeźc.g coorsercTBy}olu14Mlł ceo.fi,crgaMy.
Taxoż noAxoA ( AeJry co3AaeT Bo3MoxIIocTb IłcnoJlb3oBanz4g F3Ig pacqeToB pacxo,ąa BIaxHoro Bo-

ArEoro [apa, 3aMepgeMoro IIptr troMoql4 cTal{.qapTl{oro Ił3MepIrTeIBHoro conJla ułlu matt6sl, ypaBHeHri

$opva roroprrx Taxa, xe KaK I-r An.a ,4nyx$arłroro TeqeĘIlr. Heo6xo4rłurnrł ycnoBI,IeM npnMeHeHu, B!ł_
BeAeHHblx,yparrłerrrłŻ aBJlĄeTcfl HaJltrqlre MaJrbrx llepenaAoB AaBJ]eqa, B ApocceJI},HoM ycTpońcTB€-
qTo trpe[rTcTByeT Bo3HIrKEoBerłuro 6o:ree 3HaqItTeJIlHEIx $asorrrx npeBpanlenlłft, KoTopble rrenlsg 6u.r".
6lr saqaclurr x o,qrłopolrłoż MoAeJIIł.

3rraceuze Ko3óóIĄIłeHTa pacxoAa AJfi lr3MeplłTefllHoro collfla IłJIIł ulaż6bl, qepe3 KoTop6le Tev€:
elaxxrtŻ nap, BirBo,nrłrc.a U3 3HaqeH]r, a, łnr o.łHo$asuofi xuprcocr n, onpeAeneHHoil coo: seT crsyroDL\ł
yI{a3aHIłrMu, Brnrłcłgercg Ito3ÓÓuqEeHT IIoTepb TeqeHIfi AJi. ApocceIbIlolo ycTpożcTBa. Ero 3Ea9ć-
Hlre Kopp€KTlrpyerc, B cooTBeTcTBIlIł c $usrłłecrcrłrwł csożcrsaMrr oArropoAHoż xIłAKocTI,I, 3aMeHrIoEj*
r:raxłłrń nap.

I4rar, g.rrx Ił3BecTH},Ix gHa.te}r]łft m E x o,tKoppę(TlłpoBannoe 3Haqenlle d9 paBnreTc,

aro: uro(m , x) .

flpegcraaEeHlr Sopvu MHoroqJleHoB .lerneproź cTeIIeHIł aro:aro(m) lłtg x:0,95,0,90, 0,85. 0.$:
H rpa$rłrn

dip dtp , ,

-:-(x)ąg dg

AJrI cTaHAapTIIoro lł3MeptrTeJlbnoro gonrta rł grrx rrraż6rr c ocTpbIMIł KpoMKaMI,I.
B sar<JtrogeHzlr AaeTc, pacqeTHrrż nprłvep tr Ha ero ocIIoBe cpaBHIlBaeTc, Ilpe.qcTaBlelrnuź vert-:

c cylĄecTBylotrprMlł Ao cl4x IIop MeTo,uaN{Ił.

dia ra: const

,qn, m:const


