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ABSTRACT 

A zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAme thod f o r  c a l c u l a t b g  quasi -onedimensional ,  
ste ady-s tate, ho-phase d i  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAsperm zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAed dropl et-in-vapo r 
f low has been developed. The technique is 
app l icab le  t o  bo th  subsonic and supersonic s ing le  
component f l o w  i n  Which nmml shock waves may 
O C W ,  and is the  basis f o r  a two-dimensional 
m d e l .  The f l o w  is asmmed t o  be i n v i s c l d  except  
fo r  d r o p l e t  drag. Temperatwe and p r e s s u r e  
equt l ib r ium between p b s e s  is assumed, a l t b u g h  
this is n a t  a requirement o f  t h e  technique. 
Example calculatbns of flow i n  cne-dimensional 
nozz les  w l t h  and w i t b u t  n o r m 1  s m c k s  are glven 
and compared w l t h  exper lmenta l ly  measlrd p r e s m r e  
p r o f i l e s  f o r  both low q u a l i t y  and hlgh q u a l i t y  
two-phase steamhater flow. 

NMENXAAIIIR E 

A zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= Area (h*refem t o  nozz le  t h r c a t )  

C s Drcplet  Drag Coefficient 

D = Drcplet Dianeter 

e = S p e d f i c  I n t e r n a l  EnelHy 

E = E Vector 

h = S p e d f i c  Enthalpy 

E = H Vector 

& = Mass F l w  R a t e  

p = Presswe 

R = Mass F l m  Rate Rat io  

t = Tlme 

U s Veloclty 

B = u Veator 

X = Mass of Vapor/Unit Mass of Mixture 

2 = Distance 

= Vlrnos i ty  

a 5 Surface Tension 

p L Density (mixtwe d e n s i t y  unsubscr ip ted)  

SUbScPiDtS 

v Vapor Phase 

d = Drcplet  Phase 

e = E x i t  

o = I n l e t  

s = I s e n t r c p i c  

t = Tota l  

INTRODUCTION 

A two-phase t u r t d n e  has been proposed as a 
geothermal energy conversion dev ice [ ? I .  Motive 
f l u i d  f o r  t h e  t u r M n e  w i l l  be a very l o w  q u a l i t y  
(vapor mass f r a c t l o n )  two-phase steam-water mlxtwe 
w l t h  l m p w i t i e s .  T h i s  s tudy was i n i t i a t e d  i n  
resporse t o  t h e  need f o r  an a n a l y t i c a l  t e h n l q u e  
for pred ic t ing  t h e  flow t t rough t h e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAmzzle and 
blade passages of such a device. 

Considerable a t t e n t i o n  has been focused on high 
q u a l i t y  two-phase flow phemmena f o r  condenslng 
steam twbine app l ica t ions  (e-g.  see [21, [31, or 
[4]). S a t i s f a d o r y  p r e d i c t l o n  of high q u a l i t y  f l ow  
does not r e q u i r e  the  s o p h l s t i c a t i o n  necessary  f o r  
t h a t  of low q u a l i t y  flow. I n  p a r t i c u l a r ,  c m p l e t e  
coup l l rg  between t h e  two f l u i d  phases I s  not  
requi red f o r  a reasonable apprcptimation I n  h i &  
q u a l i t y  calculatbna because momentum t r a n s f e r  
between phases is not  a s i g n t f i c a n t  f a c t o r .  Thus, 
for high q u a l i t y  flow, a n d l y t i c a l  des ign procedures 
based u p n  slngle phase tur tdne f low rmdels tmve 
been sufflcient. 

By contrast ,  when a two-phase dxture ? m t a l n l n g  
c h a r a c t e r i s t l c a l l y  6 5  l i q u l d  by we3ght b u t  less 
than  Q.?$ l l q u l d  by volume is used f o r  t h e  workin3 
n u l d  , cornrent ional design techniques n o  longer  
c o r r e c t l y  model t h e  physics of t h e  problem. For  
example, t h e  ahoking v e l o c i t y  i n  a two-phase 
mixture is lower t k n  In e i t h e r  phase alme and Its 
value is depeldent upon several fac to rs  inc lud ing  
t h e  l o c a l  r$io of quark i t t ies  of l i q u l d  t o  vapr. 

Because o f  t h e  complexity o f  t h e  phenomena 
involved, two-phase flaw c a l c u l a t b n a  can b e s t  be 
t r e a t e d  numerical ly. The fol lowing apprcaches have 
been developed by o t h e r s  and were omsidered f o r  
t h e  two-phase flow twtdne deslgn. The P S L C e l l  
model [5]  i n c l u d e s  turbulence,  b u t  is nut 
appl icable f o r  flow i n  whlch shocks are present. 
The GILA 161 and PIC [7 ]  methods, though capable of  
hand l t rg  s b c k s ,  are more complex than needed f o r  
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t h h  app l i ca t i on .  The s o l u t i o n  technique o f  E l l i o t  
C81 does no t  a l l o w  c a l c u l a t i o n  f o r  a spec i f i ed  
nuzz le  geometry and cannot  i nc lude  shock phenomena. 
The method of Brates and Burnat 191 is designed fo r  
high q u a l i t y  f l u i d  c m d i t i o n s .  

S ince  mne of  t h e  above techniques were ccnsidered 
s u l t a b l e  f o r  t h e  intended a p p l i c a t i o n ,  a n e w  
approach was developed. Before commit tmnt t o  a 
two-dimensional model [?Ol, a onsdimensional  model 
h a s  been iuplimented i n  o rde r  t o  ve r i f y  the  new 
approach. Because the one-dimensional formulat ion 
i nc ludes  area change, it is r e f e r r e d  t o  as 
"quasi-onedimensional". The asrnrmptlons and the  
ra t iomle  u s d  f o r  developing t h i s  p a r t i c u l a r  model 
w i l l  next  be presented i n  o r d e r  to a c q l a i n t  t h e  
r e a d e r  w i t h  some of t h e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAunique concepts involved. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
1) Design c m s i d e m t i o n s  such as geothermal 
well-heN f l u i d  state p o i n t s  and t h e  d e s i r e  to 
extract rnaximum energy p e r  u n i t  of f l ow  r e q u i r e  
t h a t  t h e  f l u i d  velocities in the turb ine be 
supemonic  relative b o t h  t o  t h e  two- phase chokirg 
v e l o c i t y  ard t o  the vapor sound ve loc i t y .  Such 
h i&  v e l o c i t y ,  canbined w i t h  t h e  very low l i q u i d  
volume f r a c t i o n s  invo lved,  permi t  c m s i d e m t i o n  o f  
t he  two-phase mixture as d r o p l e t s  in a vapor 
continuum. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
2 )  The flow f i e l d  t h o u g h  a t u r b i n e  is t r a n s i e n t  i n  
t lm by d e f i n i t i o n ;  however convent ional  t u r M n e  
design techn iques  u s u a l l y  c o m i d e r  cn ly  s teady 
state s o l u t b n s .  A s t e a d y  state s o l u t b n  is 
d e s i r a b l e ,  both because expedence  i n d i c a t e s  its 
su f f i c i ency  a d ,  b e c a s e  it s i g n i f i c a n t l y  reduces 
t h e  complexity of t h e  c a l c u l a t i o n .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
3) The model is i nv i sc id  except  f o r  drag between 
the vapor and the d rop le ts .  Th i s  ass lmpt ion allows 
c a l c u l a t i o n  of t he  general flow while boundary 
l a y e r  corrections can be made w i th  a two-phase 
boundary l 8 y e r  model which h a s  been developed by 
Crowe [??I .  The i n v i s c i d  vapor assumption is based 
upon I n e r t i a l  foroes of the d r o p l e t s  being 
s u b s t a n t i a l l y  greater t k n  o t h e r  d r o p l e t  forces 
1121 resultilg fran v i s o u s  vapor interaction. 

4) Drop le ts  &e assumed t o  remain s&erical. 
Evaporat ion or cmdensa t ion  i s  assumed t o  occur 
uniformly owr t h e  surface of t h e  drop le ts .  

5) Themodynwic equ i l i b r i um is assumed t o  ex is t  
between U q u l d  ard vamr. Based on thermal 
r e l a x a t i o n  t b s  [ I31 which are small f o r  d r o p l e t s  
o f . t h e  size range of interest ( <  20 microns) 
t hermodynmic equ l l i b r i um appems t h e o r e t i c a l l y  
j u s t W i a b l e .  Experiments, which w l l l  be d iscussed 
l a te r ,  f w t h r  j u s t l f y  this view. For t h e  
equl l ibr ium case, i n te rphase  momentum coupllrg is 
requdred i n  t he  form of d r o p l e t  drag. 

There &e two a d d i t i o n a l  levels of s o p h i s t i c a t i o n  
beyond the equLlibrium ass lmpt ion accounting f o r  
n m -equi l ibr ium p hem me na: 

1) The macro non-equil ibrium view asrnrmes t h a t  
pressu re ,  b u t  not temperature,  equi l ibr ium exists 
between phases. Thus, i ns tead  of remaining o n  t h e  
saturation Unes, a s  in t h e  t h e r m d y n m i c  
equl l ibr lum case, t h e  l i q u i d  s t t e  point  may pass 
in to  t he  compressed l l q u l d  reglon and t h e  vapor 
state point may p a s s  i n t o  tte s u p e r h e t e d  vapor  
region. For very small d r o p l e t s  (<< 1 micron 
d i w e t e r ) ,  t h e  d r o p l e t  l i q u i d  p ressu re  should be 
ccrrected for  surface tens ion.  Momentum and energy 
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couplillg term must b e  used t o  mdel the i n te rphase  
d rag  and heat  transfer. 

2) The micro non-equil ibrium view assumes both 
p ressu re  and temperature are not in e q d l i b d u m  
between p h s e s .  Here, t h e  d e t a i l s  of t h e  presmre 
g rad ien ts  around e ixh d r o p l e t ,  and l oca l  thermal ,  
mass, a d  momentum boundary l a y e r s ,  and d r o p l e t  
shape must be a d e e s s e d .  The micro non-equil ibrium 
view does n o t  lend i t se l f  t o  contlnuum mdeling. 

Since d e v i a t i o n  from e q u i l i b d u m  appeass t o  be 
minor, t h e  a d d i t l o r a l  complexity introduced by 
non-equilibrium m d e l s  is not  j u s t i f i e d  a t  t h i s  
time. Were d e t a i l e d  shock structure of immdiate 
i n t e r e s t ;  the non-equil ibrium effects would a p p e a  
t o  be necessary.  

Having b r i e f l y  d i s u s s e d  the asrnrmptions and 
rationale some a d d i t i o r a l  comments should be made 
concerning the requirement t h a t  t h i s  technique b e  
appl icable t o  two-dimensional flow with shocks. A s  
previously i n d i c a t e d ,  the  flow w l l l  be supersonic 
both i n  t he  nozzle,  and r e l a t i v e  t o  t h e  t u r b i n e  
blades. I n  o M e r  t o  calculate e f f e c t i v e l y  blade 
performance, obl ique shocks occur ing a t  t h e  leading 
edge 'nust be included. The b lade passage i tse l f  
requ i res  a t  least a two-dimensional desc r ip t i on .  
P a r a l l e l  f l o w  should i s s u e  from t h e n o z z l e  exit. 
Th is  r e q u i r e s  tw- dimensional  calculation 
c a p a b i l i t y  since standard two-dimensional nozz le  
des ign techniques do not  apply t o  two-phase flow. 
Off-design performance is an a d d i t i o n a l  
ccnslderation both f o r  t h e  b lades and nozzles. 
Here, both normal and ob l i que  shocks can occur. 

SEZECTION OF GCVERNING EQUATIONS 

With t h e  above assumptions and s i m p l i f i c a t i o n s ,  
at tent ion w i l l  now b e  g iven t o  t h e  s e l e c t i o n  of a 
s u i t a b l e  set of equat ions.  For one-dimensional 
flow, two c o n t i n u i t y  e q l a t l o n s ,  t w o  momentum 
equat ions,  two energy equat ions,  and equat ion of 
s ta te  r e l a t i o n s  f o r  the  s a t u r a t i o n  p roper t i es  of 
t he  l i q u i d  and t h e  vapor are necessary.  The 
con t inu i t y ,  momentum, and e n w g y  equat ions may b e  
formulated i n  a Lagrangian or Eu le r ian  r e f e r e n c e  
frame, or the formulations may b e  mixed f o r  
convenience. It l s  possib le  to use t h e  Eu le r ian  
rep resen ta t i on  fo r  bo th  the  l l q u t d  and the  vapor 
phases as suggested by Harlow 161, i n  which t h e  
averaging of t h e  d ispersed d r o p l e t  f i e l d  is 
reqrdred. Here, source term must be included 
e x p l i c i t l y .  I n  order  to calculate both subsonic 
and supersonic phenomena in the Euler ian fiame, 
both l i q u i d  and vapor phases are sub jec t  t o  
t r anson ic  flow s o l u t i o n  complexity. A s e c m d  
p o s s i b i l i t y  is the use of eq la t i ons  f o r  t h e  vapor 
In Eulerian f o p  anrl fo r  t h e  i nd i v idua l  d r o p l e t  in 
Lagrangian form 151. T h i s  procedure r e p l a c e s  t h e  
p a r t i a l  d i f f e r e n t i a l  equat ions f o r  the averaged 
Eu le r ian  r e p r e s e n t a t i o n  w i th  ord inary d i f f b r e n t i a l  
equat ions f o r  t h e  d r o p l e t  f i e l d  b u t  sti l l  requ l res  
e x p l i c i t  sou rce  terms. A t h i r d  p o s s i b i l i t y ,  which 
was chosen, In t roduces e q m t i o n s  f o r  t he  two-phase 
mixture of vapor and d r o p l e t s  in Eu le r ian  form and 
equat ions f o r  i nd i v idua l  d r o p l e t s  in Lagrangian 
form. E x p l i c i t  In terphase source terms are t h u s  
el iminated. 

GCVERNIffi EQWTIONS A N D  SOLUTION PROCEDURE 

The two-phase mixture equat ions of c o n t i n u i t y ,  
momentum, and energy,  der ived i n  t he  Eu le r ian  
reference fiame, w r i t t e n  in v e d o r i z e d  conserva t i ve  
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0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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r' zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAf o m a r e  g iven by: equations. These two sets of r e l a t i o n s  a r e  g iven 
by: al i  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAaE - 

a t  az - + - + H = ( J  

where : 
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Solve Eulerian Equations With 

EDS Relations Using' MacComck 
Technique to Detennine: 

PS'P. uv. x 

~ 

Solve Lagrangian Droplet 
Momentum and Energy Equations 

Uslng Implicit Trapezoidal M e  
t o  Detennine: 0. Ud 

The equations a r e  introduced i n  this form t o  
f a c i l i t a t e  their s o l u t i o n  using the  time dependent 
MacCormack technique 1141. T h i s  i s  a non-centered 
d i f fe renc ing  scheme requ i r ing  n o  e x p l i c i t  
ar t i f ic ia l  v i m a s i t y .  By us ing time dependence, 
h y p e f i o l i c  equat ions are obtained f o r  both  the 
subsonic and supersonic flow regimes. 

The momentum equat ion  f o r  an Ind iv idual  droplet, 
der ived i n  the  Lagrawian  reference frame is given 
by: 

I CONVERGED? 

Yes 

T h i s  equat ion  r e p r e s e n t s  t h e  t r a j e c t o r y  of  a s i n g l e  
d r o p l e t  f o r  g iven  i n i t i a l  condi t ions.  Because t h e  
s o l u t b n  sought Is f o r  s teady-s ta te ,  t h e  i n i t i a l  
m d i t l o n s  f o r  a l l  d r o p l e t s  of  a given s i z e ,  
beginntng a t  a p a F t i c u l a r  point in space, may be 
asvmed t o  be t h e  same. F u r t k r m r e ,  t h e  
t r a j e c t o r y  of a s i n g l e  d r o p l e t  is t h e  l o c u s  of a l l  
d r o p l e t s  of t h e  same Bit ia l  cond i t ions ,  t t roughout  
problem space. 

Becase the equ l l ib r ium m d e l  was used (though the 
technique cou ld  be modified t o  cons ider  t h e  macro 
non-equil ibrium case) one can e l iminate either the  
c c n t h u i t y  or tb energy equat ion r e l a t e d  t o  t h e  
d r o p l e t  f ie ld .  The use o f  a c r n t i n u i t y  r e l a t i o n  is 
simplest and is given by: 1 r -I= 

END I 

Figure 1 Numerical Solution Scheme 

L .I 

Eqwition of state relations ( s a t u r a t i o n  proper t ies  
as a func t ion  of  p r g i s u r e )  a r e i n t r o d u c e d  i n  two 
groups: t h e  first t o  be used with the mixture 
equat ions,  t he  second t o  be ussd w i t h  t h e  d r o p l e t  

The numerical s o l u t i o n  scheme i s  described i n  
F igure 1 .  A c a l c u l a t i o n a l  g r i d  i s  selected f o r  a 
given duc t  geometry and i n i t ia l  estimates of 



p r e m r e ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAvapor ve loc i t y ,  d r c p l e t  ve loc i t y ,  and 
loca l  mass f r E t i o n  are p r w i d e d .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAn i t e r a t i v e  
procedure which alternates between t he  Euler ian  and 
t he  L a g r a g i a n  systems of equat ions is used t o  
d e t e m i n e  the  f i n a l  s teady  state so lu t ion .  The 
Euler ian  e q m t i o n s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 1 )  are calved w i t h  the 
s a t u r a t i o n  p-oper t ies  (4 )  of the l i qu id  ard vapor  
uslng t h e  MacCormack d i f fe renc ing  scheme. The 
r e s u l t  of thLs po l t l on  o f  the c a l c u l a t i o n  fs t o  
determlne new i t e r a t i o n  va lues  of p ressure ,  mix ture 
dens i t y ,  vapor v e l o c i t y ,  and mass f r E t i o n  f o r  each 
ca lcu la t i ona l  cel l .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAU s i a  t h P  I n f o m a t i o n  the  
L a g r a g i a n  d r o p l e t  momentum equat ion (2), the  
d r o p l e t  c o l t i n u i t y  re la t i onsh tp  ( 3 ) ,  and add i t i ona l  
s a t u r a t i o n  proper t ies  (5) are solved t o  determine 
t h e  new i t e r a t i o n  v a l u e s  of d r o p l e t  diameter and 
ve loc i ty .  For this por t ion  of the procedure, 
i n teg ra t i on  of t h e  momentum equat ion is 
acmmplished u s h g  a n  implicit form of t he  
t rapazo ida l  r u l e ,  determinfng t h e  new i t e r a t i o n  
v a l u e s  o f  d r o p l e t  ve loc i t y  and diameter .  The 
procedure is t h e n  repeated ,  beginndng again w i t h  
t he  s o l u t b n  of the mixtwe equat ions,  until 
ccnvergence is reached. 

A significant ca lcu la t i ona l  s i m p l i f k a t i o n  is 
accomplished, *en s t e a d y - s t a t e  s o l u t b n s  a r e  
desired, by using t h e  L a g r a g l a n  form of the 
d r o p l e t  momentum equat ion (2) .  T h i s  equat ion ,  
represent ing  a s i n g l e  d r o p l e t ,  is solved as though 
s t e a i y  state has been achieved before problem 
comelgence is reached. In one dimension, only one 
t r a j e c t o r y  need be c m s i d e r e d ,  while in 
two-dimensions, mre t r a j e c t o r i e s  must be used C51, 
[IO] ( h m e v e r ,  only enough zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAto allow i n t e r p o l a t i o n  
o f  d rop le t  behavior throughout the flow f i e l d ) .  

The s o l u t b n  p r o e d u r e  was o r i g i n a l l y  designed t o  
inc lude v a r y i g  t h e  r e l a t i v e  frequency o f  Eu le r ian  
and L a g r a q i a n  i t e r a t i o n s .  Having experimented 
w i t h  this op t ion ,  i t  was apparent  tha t  one f o r  one 
was t h e  bes t  ra t io- -both fir problem s t a b l l i t y  ard 
for calculational sped. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

u 

L 

The MacConnack alerdthm operates i n  c m s e r v a t i v e  
va r lab les ,  re tu rn ing  t o  th pr imi t i ve  va r iab les  
twice d u r i g  t h e  t w o  s t e p  d i f fe renc ing  scheme. The 
ccnvers ion fkm cmservative to prlmlt ive 
v a r l a b b s ,  req ld r i ng  a r o o t  f i n d e r  for non-perfect 
gases as in t h e  case of water vapor ,  can  be 
c a l c u l a t i o n a l l y  expensive. The f u l l  A.S.M.E. 
equat ion o f  state 1151 f o r  water was employed, 
u n t i l  i t  was found that o v e r  80 percent  of t h e  
r u n n i g  time was equat ion  of state r e l a t e d .  This 
was renedied by formirg c u b i c  s p l i n e  f i t s  f o r  the 
s a t u r a t i o n  p roper t i es  of interest (4) and ( 5 ) .  
W i t h t h i s  moQf lcat ion,  running times f o r  100 
spacial s tep  problems are t y p i c a l l y  between 
one-half and f i v e  mimtes on a CDC 7600, depending 
upon t h e  adeqracey o f  t he  i n i t i a l l y  spedfled 
con l i t i ons  and whether or  not  nmmal sbcks  ocd\r. 

I f  t h e  pacm mn-equi l ibr ium m & l  were used, t h e  
Lagra lg ian d r o p l e t  energy equat ion  8nd a n  
in terphase energy heat  t r a n s f i r  t e r m  mst  be added. 
The latter is sub jec t  to uncer ta in ty .  I n  g l d l t l o n ,  
the equat ion o f  state would be a funct ion o f  two 
v a r i b l e s  r a t h e r  than only  one. A very fast  
equat ion of state m u t f n e  would be requl red t o  
e f f i c i e n t l y  handle real f l u i d  effects. These 
add i t i ona l  eq la t i ons  coupled w i th  t h e  mre complex 
equat ion o f  state formulat ion would lead t o  a 
c o m i d e r a b l e  i n c r e a s e  i n  problem s o h t l o n  t lme. 

LJ 

BOYNMRY CONDITIONS 

An important c m s i d e r a t i o n  of t he  ca lcu la t i ona l  
technique is t h e  p-oper  s p e d f i c a t i o n  of barndary 
condi t ions.  Four poss ib le  boundary condi t ions must 
be considered. These must include duct  ent rance 
and e x i t  flow cond i t ions ,  each of which m y  be 
either subsonlc or supersonic .  The duct  is 
spedfied t o  have a constant  a r e a  for the first and 
l a s t  spac ia l  s t e p s  in a l l  cases.  

1 )  For subsonic ent rance 1161 condi t ions,  a l l  
pr imi t i ve  va r iab les  are i nva r ian t  wi th  time except 
ve loc i ty .  The vapor  ve loc i t y  ard drop le t  Veloc i ty  
remain u n s p e d f l e d  bu t  retain a constant  r a t i o  
( s l i p ) .  The spacial grad ien t  of a l l  variables is 
specified ze ro  a t  t h e  entrance.  In term o f  t h e  
conservat ive va r iab les ,  the  t h e  de r i va t i ve  of t h e  
U vec tor  and the spacial der i va t i ve  o f  t h e  E v e c t o r  
are set t o  zero. 

2) Supersonic ent rance c m d i t l o n s  requ i re  t h a t  a l l  
gradients are zero  and a l l  va r iab les  are inva r ian t  
i n  t ime. Thus the  time and space gradients of the 
pr imi t i ve  w d / o r  the  canservat ive va r iab les  are 
zero. 

3) For s u p e m i c  flow a t  t h e  exi t  1161, a l l  
va r iab les  are unspeci f ied.  The spacial gradients 
of a l l  pr imi t i ve  va r iab les  (and/or the E vec to r )  
are set t o  zero. 

4) Subsonic flow a t  t h e  exi t  requ i res  that  t h e  
vapor ve loc i t y  [?7]  ( r a t h e r  than the  pressure)  is 
def ined a t .  t h e  e x i t  w h i l e  a l l  other va r iab les  
r m a i n  unspedfled. The spacial gradients of a l l  
p r im i t i ve  va r iab les  (and/or t h e  E vec to r )  are set 
t o  zero. Assumirg that the Rarkine-Hugoniot 
r e l a t i o n s  can be satisfled by tb def ined vapor  
ve loc i t y ,  t h l s  bwndary cond i t ion  causes a normal 
shock t o  occur when i n i t i a l l y  supersonic  flow is 
present  i n  the  duct. 

A c a n m n t  on t he  ca lcu la t l on  of the  s p a d a l  
g rad ien t  of t he  area zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAis i n  order  here f o r  t he  
two-step MacConnadc algorithm. The area grad ien t  
term a p p e a i n g  i n  the  H vec tor  must be evaluated 
u d n g  tk local s~acial grdient of t he  area 
ccnslstent wi th  the forward or backmni 
d i f f e m n c l n g  s tep .  

EXAMPLE CALCULATIONS AND CWPARISONS WITH 
EXPERIMENTAL MEASUREMENTS 

I n  t h i s  s e c t i o n ,  one-dimensional calculational 
results are presented f o r  p ressure  r a t i o ,  v e l o d t y  
r a t i o ,  d r c p l e t  dtameter r a t i o ,  and mass flow rate 
r a t i o  as a f u n e i o n  of d i s tance  a l m g  two 
rep resen ta t i ve  nozzles. The first nozz le  was 
designed f o r  t h e  experimentation w l th  low q u a l i t y  
two-phase seam-water flow 1181 and i ts  area r a t i o  
p r o f l l e  is shown i n  F igure 2a. The secmd nozz le  
was used f o r  high q u a l i t y  f low experimentation; i ts  
p r o f i l e  (F igure 2b) and t h e  experimental r e s u l t s  
repor ted here in are fkan C191. Calalated optimum 
expansions as well as t h o s e  invo lv i rg  n o r m 1  sbcks 
are included f o r  the low qua l i t y  nozzle. 
Calculated optimum expansions are a l s o  presented 
f o r  t h e  high qua l i t y  nozzle. Experimental ly 
determined pressure  wofiles of b&h nozz les  are 
t h e n  compared w i t h  prrd ic ted pressure  profiles 
determined using the  c a l c u l a t l o r a l  t a h n i q u e .  
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Predicted optimum expansions in the low q u a l i t y  
nozzle a e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAshown i n  Figure 3. The d r o p l e t s  bere 
allowed t o  evaporate, b u t  n o t  t o  b e a k  up. It 
s b u l d  be noted that t h e  mass flow rate ra t io  i s  
not the same 89 t h e  local mass f r E t i o n .  The l o c a l  
MSS f r m t i o n  is t he  quan t i t y  X ca lcu la ted  i n  t h e  
mixtwe equat ion.  The mass f low rate ra t io  R i s  
tb samefias t h e  q u a l i t y  def ined by t h e  equa t ion  of 
state. The r e l a t l o n s h l p  between t h e  mass f r g ? t i o n  
and tbe mass f low rate ra t i o  is given by: 

" 
A R =  

x+ ( 1 -x 
V 

The reason f o r  t h e  d i f f e rence ,  i n  t h e  thermodynamic 
equ i l i b r i um case, i s  t h e  d i f f e rence  In v e l o c i t y  
between phases, as i nd i ca ted  I n  t h e  r e l a t l o n s h l p .  

Calculated r e s u l t s  f o r  f low t h o u g h  the low q u a l i t y  
nozzle a l b w i t g  f o r  droplet breakup are a l s o  
presented i n  F igure 3. The i n i t i a l  d r o p l e t  size 
was chosen so t h a t  d r o p l e t  d iameters a t  t h e  exit  of 
t he  nozz le  are apprcuimatdy equal  f o r  b o t h  t h e  
d r o p l e t  breakup and the  d r o p l e t  evaporation-only 
cases. It is not  necessa r i l y  proposed that 
cr i t ical  Weber Number ( a s  used f o r  tbls 
c a l c u l a t i o n )  is a n  adeqlate c r i t e r i o n  of  s i n g l e  
component d r o p l e t  breakup. Rather it was 
int roduced t o  i n d i c a t e  calculatioral s t a b i l i t y  ard 
f o r  comparison w i th  t h e  evaporation-only case. 

F igu re  4 aga in  shows r e s u l t s  o f  the  low q u a l i t y  
nozzle,  but  wl th  a norm1 s b c k  im luded .  The 
o s c i l l a t i o n s  i n  t he  r e g l o n  o f  t h e  shock are t y p l c a l  
of  t h e  MacComack technique w i th  no e x p l i c i t  
ar t i f ic ia l  v i s a s i t y  s p e d f l e d  ard present  no 
d i f f i c u l t y  w i t h  respect t o  i n t e r p r e t a t i o n .  Pure 
vapor shocks occur w i t h i n  me t o  three spacial 
s t e p s  w i th  the  MacCormack a l g o r i t h m  [161, prov id ing 
exce l l en t  s p a c i a l  r e s o l u t i o n .  It is of interest  t o  
n o t e  tha t  t h e  shock width i s  considerably  greater 
i n  t h e  two-phase case t h a n  f o r  pure vapor. I n  p u r e  
vapor, of ccurse, c a l c u l a t i o n s  a c r o s s  a shock do 
not i n d i c a t e  shock s t r u c t u r e  b u t  i n s t e a d  locate t h e  
shock and provide ccrrect f lu id  c rnd i t f ons  on 
e i t h e r  s i d e  o f  t h e  d i s c o n t b u i t y .  Phys i ca l l y ,  t h e  
a d d i t l o m l  s b c k  width is e a s i l y  expla ined by t h e  
presence of t h e  d r o p l e t  phase. The l i q u i d  d rop le ts  
have h igh i n e r t i a  and are coupled t o  tk vapor 
through d r o p l e t  d rag ,  which is dependent upon t h e  
re la t ive v e l o c i t y  between phases. The d rop le ts  
tend t o  pass through t h e  vapor discontinuity ard 
then  exper ience dece le ra t i on  after t he  fact. As a 
r e s u l t  of ttds i n t e r a c t i o n  t h e  vapor phase 
d i soon t inu i t y  becomes more gradual .  Zoning i n  t h e  
c a l c u l a t i o n s  presented was n o t  necessa r i l y  in tended 
t o  be f ine enough t o  model two-phase shock 
s t r u c t u r e .  I n  a i d i t i o n ,  t h e  a p p r o p r i t e n e s s  of the 
equi l ibr ium ass lmpt ion could be quest ioned if t he  
purpose o f  t h e  c a l c u l a t i o n  was d e t a i l e d  shock 
s t r u c t u r e .  Never the less,  these calculations d o  
s b w  significant emugh dev ia t i on  in behavior from 
c a l c u l a t i o n a l l y  determined p l r e  vapor shocks that 
Ind icat ions of shock s t r u c t u r e  do a p p e a  to be 
evident  and c r n s i s t e n t  w i th  p l ys i ca l  reasoning.  

F igures 5 illustrates t he  ca lcu lated r e s u l t s  for 
t h e  h i &  q u a l i t y  nozz le wi th  d r o p l e t s  condemlng a t  
a l o c a t i o n  where the  q u a l i t y  i s  less than zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA95%. The 
physlcs of delayed condensat ion are n o t  inc luded;  
r a t h e r ,  d r c p l e t s  of a spedfled size md v e l o c i t y  
are i n i t i a t e d  a t  a predetermined q m l i t y .  I n  t h i s  
case, t h e  v e l o c i t y  of t h e  d r o p l e t  at Its first 
point  of a p p e a a n c e  is assumed equa l  t o  t h e  vapor 
v e l o c i t y  a t  t h a t  po int .  

To tes t  t h e  a p p l i c a b i l i t y  o f  t he  calculational 
procedure, measuremennts of pressu re  d i s t r i b u t i o n  
through the low q u a l i t y  nozz le  were performed. 
Testitg was performed i n  t h e  two-phase flow test 
f a c i l i t y  descr ibed i n  [20]. S t a t i c  p r e s s u r e  t a p s  
were i n s t a l l e d  a t  26 a p g o x l m a t d y  equal ly  spaced 
a x i a l  locations s p l r a l i r g  between t h e  ent rance and 
the ex i t .  P r e s s w e s  were measured w i t h  
s tr ain -gage-t ype g es sup e tr ansduc em. 

The p r e s s u r e  p r o f i l e  comparlsors between 
calculations and exper iments are presented i n  t h e  
t r a d i t i o m l  nozzle format: p ressu re  ra t io  versus 
area rat io. F igu re  6 shows t h i s  comparison f o r  a n  
i d e a l  expars ion in a low q u a l i t y  nozzle.  The 
agreement is wl t tdn the  experiment accuracy. An 



V 

V zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

. _ _  
Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3a 

1 .o- PO = 2.41 MPa (350 psia) 

L = 0.11 m (0.35 ft) 

Ui th Evaporation 

Xo 0.155 

no 0.8- ---- Droplet Breakup 
\ 

I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 
4J 

n 
(Ue = 6.0. Do = 50 m) 

- Droplet Evaporatlon Only .w- 

2 0.6-0 

e 
a 
n 

n 

Curve f o r  Droplet Evaporation Only 

Overlays Curve f o r  OKJplet Breakup zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAf 0.4,- 

0.2- - 

0 0.2 0.4 0.6 0.8 1 .o 
Axial  Distance - Z/L 

1.2 

Curve f o r  Droplet Evaporation Onlx 

1.0'- 

I 

Po = 2.41 MPa (350 psia) 

L = 0.11 D ( O S  ft) 

Use - 700 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAn/s (2300 fth) 
Droplet Breakup with 
Evaporation (Ue = 6.0. Do 50 m) 
Droplet Evaporation Only 

0 0.2 0.4 4.6 0.8 1 .o 

Axial Distance - 2/L 

Fiqure k 

Po = 2.41 Wa (350 psla) 
Xo = 0.155 
L = 0.11 m (0.35 f t )  

(Ne 
_ _ _ _  Droplet Breakup with Evaporatlon 

6.0. 0, = 50 m) 
- Dpplct Evaporation Only 

0.40 

Curve for Droplet Evaporatlon Only, 

0.35 

0.30 

0.25 

0.20 

0 0.2 0.4 0.6 0.8 1 .o 

I 

1. 1 . Overlays Curve fo r  Droplet Breakup 

i 
Overlays Curve fo r  Droplet Breakup 

Figure 3d 

Po = 2.41 #Pa (350 psia) 

L = 0.11 I (0.35 ft) 

---- Droplet Breakup w l t h  
Evaporrtion (We = 6.0, 
o,-So)lD) - Drbplet Evaporation Only 

Figure 3d 

Po = 2.41 #Pa (350 psia) 

L = 0.11 I (0.35 ft) 

---- Droplet Breakup w l t h  
Evaporrtion (We = 6.0, 
o,-So)lD) - Drbplet Evaporation Only zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

W 
I 
I 

h 
I 

0 0.2 0.2 0.4 0.6 

I 
I 

I 
I 

Axial Oistrnce - Z f l  

Figure 3 Predicted pressure, velocity, droplet 
diameter, and mass flow rate ratio for 
an optimum expansion through the low 
quality nozzle. 
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Figure 4 Predicted pressure, velocity, droplet 
diameter, and mass flow rate ratio for 
an expansion through the low quality 
nozzle including a normal shock wave. 
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Figure 5 Predicted pressure, velocity, droplet 
diameter, and mass flow rate ratio for 
an optimum expansion through the high 
quality nozzle. 



i nves t i ga t i on  of d r o p l e t  diameters and v e l o c i t i e s  
i s  present ly  i n  progress.  I n f e r e l t k l  d r o p l e t  
d iametw estimates based u p n  nozz le  t h r u s t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA[ I 8 1  
atrl u B n  t r a j e c t o r y  curva ture  In t u r t t n e  blade 
passages zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAC211 i n d i c a t e  that  t h e  drop le t  s i z e s  used 
i n  these ca lcu la t i ons  are w e l l  withln the range 
encomtered i n  the  experlments. The exce l len t  
a g r e m e n t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof calculated and experimental r e s u l t s  
S U P P O ~ ~ S  t h e  v a l i d i t y  of the e q d l i b r i u m  
as zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA91 mp t ion. 

W zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
l i  

0 Exverimcntal ktults 
Pa - 2.59 Wa (375 psir)  

10'' 
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xo - 0.15 
A+ - 6.38 x m2 (6.87 x lo4 ft') zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Figure 6 Comparison of predicted and experimental 
pressure profiles for an optimum 
expansion through the low quality 
nozzle. 

In OrQr to i nves t i ga te  flow t t rough t h e  low 
qua l i t y  nozz le  f o r  o f f -des ign exheust c m d i t i o m ,  a 
ball  Valve was munted a t  t h e  eldt  of a t r a n s i t i o n  
d u c t  whbh  was at tached t o  t h e  nozz le  as shown in 
Figure 7. Figure  8 campares t h e  measured and 
calculated p r e s s u r e  d i a t r i b u t l o n  f o r  off-design 
nozz le  back pressure. The experlmental curve 
dev ia tes  f rm  t h e  qmsi-one-dimensional p red ic t ion .  
F o r  the same exit pressure ,  t he  gedicted r e s u l t s  
e x h i b i t  a much more def ined s b c k  than  experimental 
r e s u l t s  wuld I n J i c a t e .  The reason for this is 
postu la ted t o  be t h e  occurence o f  a n  obl ique s b c k  
aM boundary l a y e r  separa t i on  as i l l u s t r a t e d  i n  
F igure 9. T h i s  type  o f  two-dimensional f low f ie3 d 
r e s u l t s  ( r a t h e r  t l a n  t h e  predic ted n w m l  s b c k )  
b e e u s e  t h e  l a v e  divergence angle o f  t h e  n o z z l e  
(sbwn t o  scale in  Figure 9 )  i nva l i da tes  t he  
me-dimensional flow asslmpt ion when separa t ion  is 
p r e s e d .  S imi la r  separa t i on  pbnomena and 
r e s u l t a n t  p r e s s l r e  p r o f i l e s  were observed [22] i n  
n o z z l e s  w l  t h  c m s i d e t a b l y  smaller divergence a n g l e s  
than the  low qua l i t y  two-phase nozzle. The 
comparlson ( s b n  i n  F igure 8) indicates the 
importance o f  accounting f o r  two-dimensional f low 

W 

and frlctiol-al effects. 

Figure 7 Experimental apparatus used for the 
introduction of a shock wave into the 
low qualitv nozzle flow. 

1 10 

Aru Ratio - MA* 

Figure 8 Comparison of predicted one-dimensional 
and experimental pressure profiles for 
an expansion through the low quality 
nozzle including a normal shock wave. 

100 
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Figure 9 Two-dimensional e f fec ts  postulated t o  
occur i n  the off-design expansion 
through the low qua l i t y  nozzle. 

1.0 - 
0.8 P, 280 p a  (40 pSh) 

1.0 

0.9 

0.8 
0 Expcrinental Results 

0.7 

0.6 # 
0.5 

0.4 

0.3 

0.2 

0.1 

" 
Xo = 1.0 (Saturated Vapor) 
A* = 3.87 x loJ r! zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
(htr ftwn tW) 

(4.17 10-3 &t2, 

- Predicted Results 
Po = 280 KPa (40 pria) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAn x, = 0.999 

T \  
1 

(Omplet Condensation 

' 2  
- k$) 

I 

1 

Figure 10 Comparison o f  predicted and 
experimental pressure p r o f i l e s  f o r  
the optimum expansion through the 
low qua l i t y  nozzle (experiniental 
data from C191). 

C0mperiax-s of exper imenta l  am ca lcu la ted  r e s u l t s  
f o r  an o p t h  expansion of t h e  h i &  q u a l i t y  nozz le 

are shown in Figure 10. Though a shock p ressu re  
p r o f i l e  was included i n  C191 f o r  t he  high q u l a i t y  
nozzle,  i t  was not  poss ib le  t o  calculate this f low 
w i t h  t h e  present  computer program because only  
s a t u r a t i o n  p roper t i es  were included. The p r e s s u r e  
increase across the shock was s u f f i c i e n t  t o  d r i v e  
the f l u i d  state intd t he  superheat reg ion ,  
requ i r i ng  the  use of t h e  macro non-equil ibrium 
model. Because the in tended app l i ca t i on  of t h e  
technique is f o r  low q u a l i t y  phenomena, and because 
of t h e  previously demr ibed complexity of t h e  macro 
non-equil ibrium mQ1, further efforts t o  compare 
the present model wi th  N g h  q u a l i t y  shock phemmena 
have not been made. 

coNcLI1sIu?s 

1 )  The assumption o f  e q d l i b r l u m  between phases f o r  
two-phase nozz le  flow wlthout shocks is supported 
by canpar lsom of calcu lated and exper imen€al ly 
determined p ressu re  p ro f f l es .  

2) Comparisons of predicted and exper imental  flows 
wi th  shocks and the r e q d r e m e n t s  f o r  c a l c u l a t i o n  of 
blade and nozz le flow support t h e  need fo r  a 
two-dimensional model. 

3) The s t a b i l i t y  and performance of t h e  
qua si-one-dimens tona l  or) d e l  presented j u s t i f i e s  
extension of t h e  technique f o r  the  two-dlmensional 
flow a n a l y s i s  as intended. 
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