
NASA TM X-:52729 , 

. #  
F THE COMPRESSlBLE FLOW OF TWO COMPONENT, I 

r 
L 
t TWO-PHASE MIXTURES IN NOZZ LLS AND ORIFICES 

1 
I: 



THE COMPRESSIBLE FLOW OF TWO COMPONENT, TWO-PHASE 

MEiFURES IN NOZZLES AND OR1 FICES 

by Robert E. Henry 

Lewb Research Center 
Clewland, Ohio 

TECRKiCAL PAPER proposed for presentation at 
t 

1970 Bat Tranefer and Fluid Mechanics Wtitute 
U. 8. Naval Postg~a&m.te &hoo1, Monterey, California, &me 30-13, 1970 

NATIONAL AERQNAWTlICB AND SPACE ADIMINIBTRATKIN 



THE COMPRESSIBLE FLOW OF TWO COMPONENT, TWO-WASE 
MIXTURES IN NOZZLES AND ORTFICES . 

Robert E. ~ e n r ~ *  

The critical discharge of two-component, two-phase mixtures 
through convergent nozzles is analytically investigated for in- 
itially dispersed or annular-dispersed flow patterns. The proc- 
esses of interphase heat and momentum transfer are cansidered, 
and based on the experimental results of previous investigators, 
credible assumptions are made for these processes. The result-. 
ing model yields predictions for both the critical pressure 
ratio and flow rate as a function of the staghation conditions. 
The analytical results exhibit good agreement with the published 
air-water nozzle data. 

The model is extended to compressible flows through orifices 
and nozzles and again exhibits good agreement with the available 
two-component data. 

INTRODUCTION 

The compressible flow of two-phase mixtures has receiyed 
considerab2e attention because of its occurrence in such prob- 
lems ds the blowdown of reactor pressure vessels [I], the vent- 
ing of rocket propellant tanks [2], the design of jet pumps [3 ] ,  
and the metering and control of two-phase flow [4]. Generally, 
the practical problem involves the flow of a one-component mix- 
ture, however, much information about such.flows can be obtained 
from observing the behavior of two-component mixtures. For ex- 
ample, several experimental studies have employed air-water mix- ' '* 

I 

turnes to observe the interphase processes of heat and rn~me~~turn 
transfer. This information is extremely difficult to extract 
from one-component flows because of the simultaneously occurring I 

mass transfer process. 

The objective of this investigation i s  to closely examdne I 

the available air-water nozzle data and employ this information f 

5 to construct a compressible flow model which incorporates rea- f 
sonable approximations for the rates and amounts of interphase . ii 
heat and momentum transfer. The result will be a useful guide 4 

In  structuring a mathematical model for one-component, two- h 
i; 

phase comprqssible flowa. 

The steady-state, one-dimerislonal, continuity and momentum 
equations for two-component [ x  = constant) flows can be written 
as 

Liquid Continuity 
.I 
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Gas Cont l n u i t y  

W v  = A u  
€3 g $ g 

' (2 )  

Moment urn 

For the  high v e l o c i t i e s  c h a r a c t e r i s t i c  of c r i t i c a l  flow, the  
f r i c t i o n a l  and hydrosta t ic  head loss quan t i t i e s  can be neglected 
wi th  respect  . to  t he  inertial and pressure gradient  terms. For 
e impl ic i ty .only  i so l a t ed  systems are considered. 

Equation 3 can be approximated by . 

It is assumed that, f o r  f ixed s tagnat ion conditions, ug and ul. 
are of t he  form ~ [ P ( z ) ] .  Hence, . 4 shows 

 h he subscript  t ind ica tes  that a l l  the  enclosed quen t i t i e s  a r e  
evaluated at  the  throat.) The c r i t i c a l  flaw c r i t e r i o n  sta tes  
that f o r  fixed etagnation conditions, the flow r a t e  exh ib i t s  a 
maximum with  respect to the t h roa t  pressure. 

If k is defined by 

U 
? 
! 

x I - a 2  k'= -ES = ( 7 )  
Uz 1 - x  a V z  * 

P 

t h e  critical c r i t e r i o n  can be applied to Eq.. 5 t o  give: / 
1 

For all but t h e  extremely small qualities (x  of order 10 -~) ,  the I 

role of t h e  liquid compressibi l i ty can be neglected, hence, t he  
l l qu id  phase Is considered t o  be lncomp~easible. 

'Phe 'term ( d ~ ~ / d ~ ) ~  represents the  compreseibility of the el 

gaseous. phase and may be expressed aa ( d ~ ~ / d ~ ) ~ / ( d ~ / d ~ ) ~ .  If it 
' i s a s s u m e d  that the gas is perfecbN(~v~ = R T ~ ) .  then, I 

! 



Therefore, t o  descr ibe  the  ~ompres s i ' b i l i t y  a t  t h e  thi::;at; one 
must describe the axial temperature gradient, which i s  inciicatZve 
of t he  interphase heat t r ans f e r  - r a t e .  Smith, e t  al. [5] meas-. 
ured axial temperature p r o f i l e s  of a l i qu id  film i n  t he  
dispersed-annular c r i t i c a l  flow of air-water  mixtures through an 
annular ventur i -  These p r o f i l e s  are shown i n  Fig.;:1. . 

Smith purposely generated a l i qu id  f i l m  on the s t r a i g h t  
wall ( ~ i g .  1) upstream of t h e  convergent region. Photographs 
show tha t  t h i s  wall  f i l m  p e r s i s t s  through t h e  c ~ n v e r g e r ~ t  and 
th roa t  regions and In to  the divergent region.  The sch l i e ren  
photograph of compr~essible gas-part  icle flow:, presented by 
Gilbert ,  e t  a l .  [ 6 ]  a l s o  suggest that t h e  more dense phase i s  
concentrated near the  cen te r l ine  i n  t he  th roa t  v i c i n i t y .  (FOP 
Smith's geometry, t h e  cen te r l ine  would be equivalent t o  t h e  
s t r a igh t  wall .  ) Such p re f e r en t i a l  d i s t r i b u t i o n s  ar4e i n  agree- 
ment with what one would expect f ~ o m  t h e  two-dimensional flow 
f i e l d  i n  t h e  th roa t  v i c i n i t y .  Based on t h e s e  observations, a 
flow pa t t e rn  development l i k e  t h a t  shown i n  Fig. 2 i s  assumed t o  
be typfca l  of convergent nozzle flows, and, thus, Smith's results 
can be considered t o  be representa t ive  of a11 such Plows. This 
flow pa t t e rn  s t r uc tu r e  i s  only proposed f o r  flows i n  which t h e  
i n l e t  pa t t e rn  is annular, annular-dispersed, o r  mitt and not for 
bubbly mixtures l i k e  those observed by Muir and Eichhorn [ ? I .  

Table I compares the measured s tagnat ion t o  t h roa t  temper- 
a t u r e  drops shown i n  Fig. 1 t o  the predic t ions  of the thermal 
equflibrium madel which assumes the gas and l i qu id  temperatures 
are equal at a l l  times. If t h e  gas expansion i s  represented by 
---" ' I  a polyiro$id procesd (fvgnE = constant) ,  t h e  thermal equilibrium 
assumpt i~n  gives 

i 

i 
This i s  the same formulation dnrdved by Tangren, e t  al.[B]. 
Table I also includes measurements reported by Vogrin [91 for 

r 
I t empvature  differences between the two s t a t i o n s  shown i n  Fig. 3. 
5 

i The accompanying radial void f r ac t i on  profales reported in ref- 
: erenee 9 ind ica te  that the  downstream measurement is representa- 
I 
P 

tive of a l lqu id  wall f i l m .  Therefo~e, the measurements are in- 
1 terpretedi i n  the same manner as those of reference 5 *  !Phe data 

given i n  Table I and Figs 1 show the liquid temperature is es- 
i .  
i' sentially constant throughout these rapid expansions. Thus, 
I there is no signtficant timount of heat exchanged with the  gas- 
i eous phase whgch, therefore, expands in an adlabat%c.manner. 

However, the temperature p rof i l es  of Fig. 1 show a large temper- 
. . ature gradient at the throat,  hence, the rate of change i a  quite ? - f 

different from an adiabatic process. If It 1s assumed that, f o r  
L 
\ 

1 

i a giver. phase d i s t r i bu t i on ,  the rate of interphase heat t r a n s f e r  I 
! i s  proportional t o  *the temperature difference between the phasee: 

rC - 



The amount of heat t ransfer red  i n  t h e  expansion i s  the  r a t e  in -  
tegrated over t h e  time necessary f o r  t he  mixture t o  t r a v e l  from 
the stagnation region t o  t he  th roa t .  

Figure 2 shows t h e  one-dimensional pressure  p r o f i l e  for a typ i ca l  
nozzle configuration. I n  t he  convergent port ion,  t he  accelera-  
t i o n  and t he  accompanying s teep pressure gradients  occur between 
the upstream loca t ion  which has a diameter twice t h a t  of t h e  
th roa t  and t h e  throa t  i t s e l f .  The temperature p ro f i l e s ,  which 
a r e  based on the  r e s u l t s  of reference 5, show t h a t  where times 
a re  long (low ve loc i ty ) ,  the  temperature d i f fe rence  i s  small 
and that where t h e  temperature di f ference i s  appreciable,  t h e  
residence time i s  shor t  (high ve loc i ty ) .  Therefore, it  i s  as- 
sumed t h a t  t he  expansion 18 so rapid  that t h e  amount of heat 
t ransfer red  i s  negl ig ib le  ( Q  = 0) .  

Figure 2 a l s o  shows that t he  r a t e  of heat t r a n s f e r  a t  t h e  th roa t  
can be qu i t e  large. If i t  i s  assume5 t h a t  the  gaseous behavior 
i n  the t h roa t  region can be represented by another po ly t rop ic  
process (PV 

8 
nt constant) ,  t h e  exponent nt must r e f l e c t  a 

s i zab le  hea t r a n s f e r  rate and, thus, cannot be equal t o  t he  
isentropic exponent y .  As a compromise between slmpJJcity and . ?  

the real process, it i s  assumed that  n t  i s  equal t o  thri equi- 
l ibr ium exponent (nE) given i n  Eq. 10, which i s  ind ica t ive  of a  
l a rge  rate of tnterphase heat transfer. I( 

0 

V t  ! % k = _ _ g  
dPt " E P ~  

(14) 

The above arguments have es sen t i a l l y  separated the expansion 
i n t o  two par t8  such that one approximation can be made f o r  the 
overall expan ;Pr7  and another f o r  t h e  r a t e  process a t  the  t h roa t .  

To eva2 ~ i e  c r i t i c a l  flow r a t e ,  it i s  necessary t o  de- 
scribe the derr,  i c i v e  d k / d ~ ) ~  which i s  representa t ive  of  t h e  
interphase momentum t r a n s f e r  rate. Using t h e  axial void f r a c t i  

. measurements o f  Vogr3.n and the  approximation given i n  Eq. 13, 
one can ca lcu la te  the  velocity r a t i o  p rof i l es  shown i n  Fig. 3. 
S h o e  t he  velocJty  r v t i o  i s  assumed t o  be of t he  form k [ ~ ( z ) ] ,  

Figure 3 shows d k / d ~ ) ~  is either zero (a minimum) o r  small 
(k nearly constant) while d ~ / d z ) ~  is quite large. A 3  a first 
approximat i on  It i s  assumed %hat 



for nozzle flows operating in the annular, annular-dispersed, 
or mist flow ranges . 

The approximations given in Eqs .  14 and 16 and the incom- 
pressible liquid assumption (dvZ/dl? = 0) enable one to simplify 
Eq. 8 to: 

If the velocity ratio is assumed constant throughout the 
expansion, the two-phase frictionless momentum equation ( ~ q .  4) 
can he written as 

- k[(l - x)vz 4- xv,] 
1 + ~ ( k  - 1) dl? = d($) 

\ t' 

Using the assumption given in Eq. 13, along with Eq. 17, t h i s  
expression can be integrated between the stagnation and throat 
locations to give: 

(I 

" [s + 

(1 - at) 
at +*I 

- 

where 

Equation 19 can be rearranged and expressed more compactly as: 

The constant velocity ratio assumption is obviou~ly not in agree 
ment with the a ~ i a l ~ p r o f i l e s  shown in F i g .  5 .  However, the high 
upstream velocity ratios shown occur in the stagnation region 
where syatem velocities are negligible and the velocity ratio is 
essentially meaningless. The aariumption implies the velocity 
ratio is essenti~.lly constant in the region of high acceleration 
A similar assumption tias been widely used for particulate com- 
p~essible flows [xo]. 



Since t h e  constant  v e l o c i t y  r a t i o  assumption d i c t a t e s  that 

t h e  c r i t i c a l  p ressure  r a t i o  i s  only a func t ion  of e i t h e r  the  
s tagna t ion  o r  t h r o a t  void f r a c t i o n  and t h ~  po ly t rop ic  exponents 
y and n  . ~ i g u r e . 4  compares t h e  proposed model and t h e  ther- 
mal equ i l  f briurn s o l u t i o n  w i t h  the  experimental r e s u l t s  of r e f .  9 
as a funct ion of  s t agna t ion  anc! t h r o a t  void f r a c t i o n s .  It i s  
seen t h a t  t h e r e  i s  l i t t l e  d i f f e rence  between t h e  two so lu t ions ,  
however, of t h e  two models, t h e  one proposed he re in  appears t o  
be more c h a r a c t e r i s t i c  of the  data. 

Unfortunately, the void f r a c t i o n  i s  usua l ly  unknown, and, 
thus, it i s  p r e f e r a b l e  t o  express t h e  c r i t i c a l  p ressure  r a t i o  
a s  a func t ion  of q u a l i t y .  A s  shown by Eq. 19, such an expres- 
s ion  r e q u i r e s  a knowledge of t h e  t h r o a t  v e l o c i t y  r a t i o .  These 
ve loc i ty  r a t i o s  can be ca l cu la t ed  f o r  Vogrin's  ,xperiment by 
using t h e  measured t h r o a t  void f r a c t i o n s  and t h e  a d i a b a t i c  ex- 
pansion assumption discussed above. The values,  as shown i n  
B i g .  5, appear t o  e x h i b i t  some pressure  dependency, however, 
t h e  unce r t a in ty  i s  so l a r g e  t h a t  any attempt t o  disce,  -n such a 
r e l a t i o n s h i p  would be h igh ly  specu la t ive .  Therefore, as a first 
8pproximation, i t  i s  assumed t h a t  t h e  v e l o c i t y  r a t i o  i s  degenden 
upon n e i t h e r  the pres su re  w r  t h e  q u a l i t y  and equal t o  t h e  aver- 
age of the data ahown (kt = 3 . 2 ) .  Equation 20 can be w r i t t e n  as 

where 

and t h e  c r i t i c a l  f low relation i s  given Dp 

0 
i For i v e n  conditions of x, To, and ei ther  the stagl lat ion 
E. or throat presswe, the t ranscendenta l  critical pressure  s?atio i expression can be salved. This so lu t ion  implicitly involves 
f the c r i t i c a l  flow rate, thus, a s o l u t i o n  of Eq. 23 yields values  

I lor the c r i t i c a l  preesure ratio and mass fLow rate. 
t 

I I n  summary a model i s  proposed for the  c r i t i c a l  flow of  a 
txo-component mixture which is initially in an annular, annular- 

f dispersed, or mist flow configuration. The model v a r i e s  Prom 
b 
1 



thcse  existing in the literature because it employs separate . 7 
assumptions for the amounts of heat and momentum transfarred 
in the expansion and the r a t e s  of these interphase processes 
occurring at the throat. The proposed one-dimensional solu- 
tion is dependent on the throat velocity ratio and is somewhat 
limited by the lack of experimental measurements of this 
qwmtity. 

COMPARISON WITH EXPERIMENTAL RESULTS 

It is convenient to nondimensionalize the critical flow 
rate with the prediction of the well documented Homogeneous 
'Thermal Equilibrium Model. This model is presented in ref. 8 
and is based on the following assumptions: 

1. The average velocities of the phases are equal (I{ = 1) 
at all times. 

2. Thermal equilibrium exists between the phases (T = T ~ )  
at all. times. ' .!3 

3. The system entropy is constant. 

The critical pressure ratio and flow rate predictions for this 
model are given by: 

and 

where 

Mviding Eq. 25 by Eq. 27 gives 

'rSlis expressian 
is a convenient 
and experimental 

b a 
is only slightly dependent on pressure and, ~ ~ I A E I  
means with which to compare the proposed model 

data over a wide range of stagnation pressures. 

Tho c r i t i c a l  pressure ratio predictions of Eqs. 23 and 26 
are compared to the experimental results of Vogrin and Smlth in 



, 

Fig. 6 .  �� or a l l  t h e  data and models presented here in ,  t h e  gas- 
8' 

eous phase i s  assumed t o  be a t  100% r e l a t i v e  humidity i n  t h e  
s tagnat ion region and t h e  weight f r a c t i o n  of water vapor remains 
constant  at t h i s  value throughout t h e  expansion.)  Here again it 
i s  seen t h a t  t h e r e  i s  l i t t l e  d i f f e rence  between t h e  Homogeneous 
Thermal Equilibrium Model and t h e  proposed s o l u t i o n  throughout 
the  q u a l i t y  range considered. However, t h e  data i n  t h e  low 
q u a l i t y  region of annular-dispersed flows are gene ra l ly  b e t t e r  
described by t h e  proposed model. The disc repanc ies  a t  t h e  higher  
qua l - i t i es  a r e  due t o  t h e  oversimplif2cat ion of t h e  in terphase  
heat t r a n s f e r  r a t e  at  t h e  t h r o a t .  The p r e d i c t i o n  of Chisholm (111 
i s  a l s o  included t o  i l l u s t r a t e  t h e  s e n s i t i v i t y  of these r e l a t i o n -  
sh ips  t o  t h e  values chosen f o r  the po ly t rop ic  exponents. The 
so lu t ion  presented by Chisholm d i f f e r s  from t h e  proposed model 
i n  two ways. F i r s t ,  t h e  v e l o c i t y  r a t i o  c ~ r r e l a ~ i o n  i s  formed 
from the long constant  a r e a  duct r e s u l t s  of Fauske [12], and 
secondly, t h e  t o t a l  expansion between the s tagna t ion  and t h r o a t  
regions i s  assumed t o  3e  isothermal and t h e  t h r o a t  po ly t rop ic  
exponent (nt) I s  taken t o  be 1 .2 .  These thermodynamic approx- 
imations a r e  e s s e n t i a l l y  the inverse  of those  made i n  t h i s  study. 
The c r i t i c a l  p ressure  r a t i o  r e s u l t s  given i n  Fig.  6 are mainly a 
funct ion of  t h e  values  chosen f o r  t h e  ,po ly t rop ic  exponents, and 
the  a v a i l a b l e  data support t h e  assumptions .proposed he re in  as 
opposed t o  those of  Chisholm. 

Figure 7 compares t h e  normalized flow r a t e  p red ic t ion8  of 
Eq. 29 and those  of Chisholm wi th  the data of Smith and Vagrin. 
For a s tagna t ion  pressure  of 30 ps ia ,  t h e  p red ic t ions  of t h e  two 
models a r e  q u i t e  cloae,  however, t h e  Chisholm model e x h i b i t s  a 
s t rong  presmre dependency which is not c h a r a c t e r i s t i c  of' the  
data. The s l igh t  p ressure  dependency given by Eq. 29 i s  more 
r ep resen ta t ive  of t h e  experimental x e s u l t s . ,  

By considering Figs.  6 and 7 together ,  t h e  r eade r  can d i s -  
cern t h e  mer i t s  of t h e  proposed model. The Homogeneous Thermal 
Equilibrium Model yields a good p red ic t ion  f o r  t h e  critical 
pressure  r a t i o  but it is o f f  by as much as 100% i n  t h e  flow r a t e  
p red ic t ion .  On t h e  o t h e r  hand, Chisholm's approach give8 a good 
es t imate  o f ' t h e  f low rate but an erroneous value  for the pressure 
ratio. Therefore, neither of these  two  s o l u t i o n s  c o r r e c t l y  de- 
scribes t h e  phys ica l  phenomenon. The proposed model yields good 
p red ic t ions  f o r  both t h e  c s i t i c a l  gressnre ~ a t i o  and flow rate 
and, thuius, i s  more characteristic of t h e  actual  behavior. 

The geometries of refs. 5 and 9 where sir ,~llar in that they 
were both s t ra ight  wall converging-diverging nozzles. Smith re- 
por ted  r e s u l t 8  f o r  flows wi th  and without a l i q u i d  wall film up- 
stream of the convergent region. The data without a wall film 
acec izloserbtm t h e  upstream flow configuration of Vogrin ' s 'data 

, and gene ra l ly  e x h i b i t s  b e t t e r  agreement with t h e  results of 
re f .  9 .  It i s  expected t h a t  the t h r o a t  velocity ratio i s  de- 
termined by the  Plow.pat tern  development which i s  dependent on 
t h e  nozzle geometry and the  i n l e t  flow configuration. The 'data 
shown in Figs. 6. and 7 demonstrate t h a t  the inlet flow pattern 
exerts a very small in f luence  on the aystem compressibility. In 
cont ras t ,  the data of  Graham 1131, shown i n  Fig. 8, clearly il- 
lustrate the  influence of nozzle geometry on the c r i t i c a l  f low 



I 
r a t e s .  ( s i n c e  Graham exhausted d i r e c t l y  t o  t h e  atmosphere, only 
runs  wi th  s tagna t ion  pressures  g r e a t e r  than 30 psis a r e  con- 
s idered .  This ensures t h e  r e s u l t s  are c h a r a c t e r i s t i c  of choked 
f low- ) Since each of the geometries repor ted  shows G ~ / G ~ ~ ~  t o  
be e s s e n t i a l l y  independent of' p r e s s ~ ~ e ,  it seems reasonable t o  
conclude t h a t  t h e  d iscrepancies  between Eq. 29 and t h e  data are 
a r e s u l t  of t h e  arlude approximation given i n  Fig. 5. When the 
d r a s t t c  d i f fe rences  between t h e  t e s t  nozzles  a r e  consddered, it 
i s  not su rp r i s ing  t h a t  t h i s  approximation i s  not un ive r sa l ly  
v a l i d .  The model genera l ly  overpred ic t s  t h e  experimental re-  
s u l t s ,  however, i t  does cor rec t ly  descr ibe  the  t r e n d s  with qual- 
ity and pressure .  This g ives  support t.3 t h e  assumptions employed 
t o  represen t  t h e  anoun*b of heat  t r a n s f e r  and the r a t e s  of i n t e r -  
phase heat and mass t r a n s f e r  a t  tkle t h r o a t .  These assumptions 
a r e  f u r t h e r  justified by conparing t h e  model x i t h . t h e  high pres- 
s u r e  a i r -water  d a t a  of Netzer [141 a Obviously, a t  high pres-  
sures, t h e  t h r o a t  v e l o c i t y  r a t i o  w i l l  be smaller because t h e  
dens i ty  d i f f e rence  between t h e  phases I s  decreased. Table I6 
compares the data of r e f .  1 4  with t h e  proposed model f o r  t h r o a t  
v e l o c i t y  r a t i o s  of 1.0, 1.3 ( t h e  approximate value  generated by 
Netzer ' s  numerical a n a l y s i s ) ,  and 3 . 2 .  The model shows b e t t e r  
agreement f o r  smaller  v e l o c i t y  r a t i o s ,  which 2 s  t h e  expected 
t rend,  and y i e l d s  a good p red ic t ion  f o r  t h e  c r i t i c a l  p ressure  
ratio which i s  only s l i g h t l y  dependent on t h e  t h r o a t  v e l o c i t y  
r a t i o .  Therefore, i t  i s  seen t h a t  the proposed so lu t ion  i s  
proper ly  sensitive t o  t h e  t h r o a t  v e l o c i t y  ratio, but,  as d i s -  
cussed above, it i s  l imi t ed  by t h e  l ack  of  t h r o a t  v e l o c i t y  ratio 
data as a func t ion  of s tagna t ion  p x s s u r e  and nozzle geometry. 

For t h e  pressure l e v e l s  shown i n  Pig. 8, flows wi th  qual -  
fties i n  t h e  range 0.005 < x < 0.010 should begin t o  t r a n s i t i o n  
i n t o  bubbly f l a w  p a t t e r n s ,  arld the model is not  intended f o r  this 
type  of flow conf igura t ion.  

EXTENSIONS 3F ANALYTXGAL MODEX 

I n  add i t ion  t o  the experimental r e s u l t s  f o r  convergent 
nozzles,  a t t e n t i o n  has been given t o  the  compressible flow of' 
two-phase, two-component mixtures through . o r i f i c e s  and cy l in -  
drical, nozzles. If the s i n g l e  phase 2ompa'essible behavior i n  
such geometries I s  knmn, the two-phase model developed above 
can be extended t o  t h e s e  conf Lgurations. 

Perry [15] has experimentally demonstrated that the d i s -  
charge c o e f f i c i e n t  f o r  t h e  compreesible f low of a i r  through a 
sharp edged o r i f i c e  i s  approximately 0.84. Jobson [16] has  
a n a l y t i c a l l y  shown t h a t  t h i s  value i s  consistent with the  in-  
compressible c o e f f i c i e n t  of 0.61. It i s  assumed here that t h e  
single phase compressible value i s  app l i cab le  t o  two-phase com- 
pressible flows. The discharge coefficient For flow from a 
s tagna t ion  condi t ion  i s  defined by 



'Phis de f in i t i on  a l t e r s  the  c r i t i c a l  pressure r a t i o  expreoslon 
( ~ q .  23) t o  

This r e l a t ionsh ip  was solved f o r  given conditions of x, To, 
and Po with kt = 5.2 as shown in Fig. 5. m e  resu l t ing  
c r i t i c a l  f low rate predict ion i s  compared t o  t he  sharp ' e i ~ e d  
o r i f i c e  data of Gralrizm [13] i n  Fig. 9 .  The good agreeme be- 
tween the  model and t he  data  i s  readily apparent. Here din, 
as t h e  flow regime becomes a bubbly mixture, t he  propose aodel 
i s  not expected t o  be representa t ive  of t he  data .  

Guzhov and Medvedev :17] have reported da ta  f o r  t he  com- 
p ress ib le  flow ~f air-water  mZxtures through cy l indr ica l  nozzles 
(L/D = 4 and 5 ) .  The experimental discharge coef f i c i en t s  f o r  
s ing le  phase compressible flow through such configurations ap- 
pears t o  vary .from 0.80 t o  0,93 [183. Therefore, as a f i rs t  
approximation, it i s  assumed that t h e  o r i f i c e  coef f ic ien t ,  0.84, 
i s  also appl icable  here.  The experjlneotal data presented i n  
1171 e r e  f o r  th roa t  pressure& ranging from 17 .4  t o  23.2 ps ia .  
For a bas is  of comparison, an average th roa t  pressure of 20 psia 
was chosen for computation. Figures 10 and 11 compare t h e  re- 
sults of Guzhov and Medvedev wi th  t h e  model proposed i n  t h i s  
study. The model describes t h e  da ta  t rends  very well and ex- 
h i b i t s  good agreamant f o r  x > 0.004. quality is in or 
near t h e  region of a t r a n s i t i o n  t o  a bubbly configuration, thug, 
it is  not ~surprl-a-i~--&Mt.-.t~-ma@1 i s  not representa t ive  of the  
data f o r  q u a l i t i e s  l ess  than 0.004-.--- -.--"_- 

----I-.-_-- -- 
s .  . . 

SWMARY AND. CONCLUSIONS 

A model i s  developed f o r  the critical discharge of two- 
component, two-phase dispersed, annular-dispersed, o r  m i s t  flow 
mixtures through convergent nozzles. The basic approach em- 
phasizes t h e  need f o r  separate  approximations t o  represent t h e  
amounc, of in terphase heat and momentum transfer th~oughout  the .- 
expansion and t he  - r a t e ~  of transfer a t  t he  throat. 

The propoaad ao lu t lon  i s  sugei-ior t o  those 'present ly  i n  the  
l i t e rmatu re  because it y i e ld s  accurate predictions for. both t h e  
c r i t i c a l  pressure ratio and t h e  c r i t i c a l  f low rate. However, 
the  general appl ica t ion  of the  model i s  limited by the  lack of 
throat velocSty r a t i o  data as a function of the pressure l eve l  
and nozzle geometry. 

Based on the  r e s u l t s  of s ing le  phase flow, the mo&l can be 
extended t o  the compreseible flow of two-component mixtures 
though o r i f i c e s  and cylindrical nozzles. A comparlson with  t he  
available data shows good agreement with t h e  experimental r e s u l t s  
f o r  euch conf ' igu~a~ions .  



NOMENCLATURE 

A area 
C discharge coef f i c i en t  
c spec i f i c  heat 
FW wall  shear 
f' function 
G f low rat  e/unit area  
h heat t r a n s f e r  coef f ic ien t  

ve loc i ty  ra t io  ug/urL 
polytropic exponent , 

pressure 
heat 
heat per u n i t  time 
unive~sal gas cdnstant 
temperature 
time 
ve loc i ty  
spec i f i c  volume 
f low r a t e  
qua l i ty  W /wl. 
ax i a l  leng e h 
void fraction A ~ / ( A ~  + 
volume fraction 
i sen t ropic  exponent 
c r i t i c a l  pressure r a t i o  
hydrostatic head force  

P densi ty  
T t r ans i t  tlme between stagnation and thsoat 
Subscripts 
c c r i t i c a l  flow 

thermal equilibrium ( T ~  = T ~ )  
gaseous phase 
homogeneous 
l i qu id  phase 
m2xtur i3 ' 
stagnation 
constant pressure 
aurface 
t h r o a t  
const ant volume 
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TABLE 1. - MEXSURED LIQUID TEMPERATURE DROPS IN 
RAPID EXPANSIONS 

Smith, e t  al. 

TABLE 11. - COMPARISON QF ANALYTICAL MODELS WITH !THE 
EXPmIP%,TAL DATA OF NETZER 

Exper~imental Data 
Horn. Ther. Equi. Model 

Prwposed Model 

Chisholm Model 





TEMPLRATURE MEASUREMENTS 

now 

Figure 3. - kkl vcebcity mb and pressure grdiks 
for the c9ub raportsd in Ref. 9. 
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Figun 4. Comparison ol  %he pmksul and thermal equi- 
iibrium crNica1 pressure ratio pvcdietmns with the ex- 
pcriwhtal Ma d Ref. 9. 
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Figure 5. - Throlt velocity ratios interprttcd from the ex- 
perimental results d Ref. 9. . 
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Figure 6. - Comparison of the critical pressure ratio 
predkthns and ttie ewrimentarl results of Rds. 5 and 9. 
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Figure 7. - A cmparison d the critkai tCow grcdictions 
and the eqkerimntJI rtsu&s ad Refs. 5 and 9. 
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dgure 8. - A cmpuism of the critical tiow rate prediction 
and the experirntntal results of Re!. 13. 
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Figure 9. - A com~uison bdween the orifice ctitkal flw 
predictlw8 and tRs experimental results d 11 .  13. 

f'in IRL - A  amprison rif the ccritksl pressure ratio 
pndistkbn and Ahe cylindrical nozzle $rfir sf Ref. 17. 
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murc 1A. - A comparison betwen the critkal llw p e -  
difticwl and the cylindrical nozzle M a  of Ref. 17, 
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