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A MODEL TO CALCULATE MASS FLOW RATE AND OTHER QUANTITIES 
OF TWO-PHASE FLOW IN A PIPE WITH A DENSITOMETER, 

A DRAG DISK, AND A TURBINE METER 

* 
Izuo Aya 

ABSTRACT 

The proposed model w a s  developed a t  ORNL t o  c a l c u l a t e  mass 
f low rate and o t h e r  q u a n t i t i e s  of two-phase f low i n  a p i p e  when 
t h e  f low is d i spe r sed  wi th  s l i p  between t h e  phases .  The calcu-  
l a t i o n a l  model is based on assumptions concerning t h e  cha rac t e r -  
i s t i c s  of a t u r b i n e  meter and a d rag  d i s k .  The model should be 
v a l i d a t e d  wi th  exper imenta l  d a t a  be fo re  being used i n  blowdown 
a n a l y s i s .  

t h e  r a t i o  of r ead ings  from each f low regime f o r  each dev ice  
d iscussed  he re  is c a l c u l a t e d  f o r  a given mass f low rate and 
steam quality.  

rate of a steam-water m i x t u r e  (based on t h e  measurements of a 
d rag  d i s k  and a g a m a  dens i tometer  i n  which t h e  f low is  
assumed t o  be homogeneous even i f  t h e r e  Is some slip between 
phases) is very  c l o s e  to t h e  real f low rate i n  the  case of 
d i spe r sed  f low a t  a low q t r a l i t y .  However, i t  is shown t h a t  
t h e  measurement w i t h  a t u r b i n e  meter and a dens i tometer  over- 
estimates t h e  f l o w  rate at  law and middle  q u a l i t i e s  and under- 
estimates i t  a t  h igh  q u a l i t y .  

and Popper used t o  measure t h e  void f r a c t i o n  wi th  one and two 
t u r b i n e  meters r e s p e c t i v e l y .  

The comparison w i t h  Rouhani 's  exper imenta l  d a t a  of a 
t u r b i n e  meter i n  v e r t i c a l  upflow i n  a s t r a i g h t  tube shows 
t h a t  t h e r e  are no s i g n i f i c a n t  d i f f e r e n c e s  among t h e  models 
for t h e  e s t ima t ion  of void f r a c t i o n .  These Sour models 
y i e l d  average e r r o r s  between -1.4 and 3.8%. However, t h e r e  
are large d i f f e r e n c e s  i n  t h e  c a l c u l a t i o n  of m a s s  f l o w  rate. 
At a steam q u a l i t y  below 5% and a s l i p  r a t i o  below 4 * 5 ,  
Rouhani 's  method p r e d i c t s  f low rate  t h e  b e s t .  
model and Popper9s  model ove res t ima te  less t han  l1%, and t h e  
proposed model underestimates by 5 t o  11X. As the steam 
q u a l i t y  i n c r e a s e s  a t  a c o n s t a n t  s l i p  r a t i o ,  all models are 
prone t o  overes t imate .  A t  20% quality t h e  ove res t ima tes  reach  
8% i n  t h e  proposed model, 15% i n  Rouhani 's  model, 38% i n  
homogeneous model, and 57% i n  Popper 's  model. 

I n  o rde r  t o  compare d i spe r sed  f low and homogeneous f low,  

The s e n s i t i v i t y  a n a l y s i s  shows t h a t  t h e  c a l c u l a t e d  f low 

The model i s  also compared wi th  t h e  methods of Rouhani 

The homogeneous 

* 
Assigned t o  Oak Ridge Nat iona l  Laboratory from Nuclear Ship 

Div is ion ,  Ship Research I n s t i t u t e ,  Tok.yo, Japan. 
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1. INTRODUCTION 

Many experiments designed t o  improve t h e  understanding o f  t h e  

t r a n s i e n t  behavior  of a PWR 01: a BWR core. dur ing  siiaultaneous loss-of- 

pressure and loss-a€-coolant a c c i d e n t s  have been done and are planned 

i n  t h e  U. S. and o t h e r  c o u n t r i e s .  In  conducting such experiments ,  i t :  

is necessary  to measure mass f low rate and steam q u a l i t y  i n  the break 

p ipe  and i n  t h e  i n t a c t  p ipes  of the primary loop ,  The measurements of 

mass f l o w  ra te  and q u a l i t y  are  used i n  a s s e s s i n g  t h e  mass and en tha lpy  

ba lances  of t h e  loop. These measurements provide  very  important  i n f o r -  

mation, such as t h e  water level i n  the pressure  v e s s e l ,  which large ly  

c o n t r o l s  t h e  thermal  c o n d i t i o n  of f u e l  rods  or e lec t r ic  h e a t e r s .  

It  seems p o s s i b l e  t o  determine t h e  mass f l m w  ra te  from t h e  p r e s s u r e  
1 v e s s e l  during blowdom by measuring t h e  v a r i a t f o a  of the vessel weight.  

The up-and-down mation of t h e  vessel  c o n t e n t s  produces ver t i ca l  f o r c e s  

which are superimposed on t h e  vessel weight .  To determine t h e  mass f low 

rate, it  i s  necessary t o  smooth t h e  t e s t  curve;  hence,  short- term 

(<l-sec) mass f low rates cannot be  determined by measuring t h e  course  

of v e s s e l  weight w i t h  t i m e .  An o r i f i c e  p l a t e ,  *-’ a v e n t u r i m e t e r ,  o r  
a may a l s o  be used. To determine mass f low ra te  and q u a l i t y  

wi th  t h e s e  methods dur ing  a f a s t  t r a tus t en t ,  c o r r e l a t i o n s  e s t a b l i s h e d  f o r  

s t e a d y - s t a t e  two-phase f l o w  might be i n v a l i d  or  t h e i r  accuracy decreased.  

Another p o s s i b l e  d i f f i c u l t y  i n  u s i n g  these d e v i c e s  t s  t h a t  the f l u i d  used 

t o  t r a n s f e r  t h e  d i f f e r e n t i a l  pressure to a measuring d e v i c e  might n o t  b e  

a b l e  t o  keep up w i t h  t h e  fast d e p r e s s u r i z a t i o n  and might  b o i l .  

2 

En g e n e r a l ,  f o r  t h e  i n d i r e c t  detssrnhnation o f  inass flow r a t e  and 

q u a l i t y ,  t h r e e  Independent measured v a r i a b l e s  are needed i n  additjon t o  

p r e s s u r e  and temperature.  Thorn noted t h a t  a t  each s e l e c t e d  pressure, 

the  s l i p  r a t i o  of steam-water two-phase f l o w  may be taken as almost 

constant and independent of quality ( P i g .  1). i f  t h i s  c o r r e l a t i o n  is 

v a l i d  i n  t h e  case  of blowdown, t h e  number of independent v a r i a b l e s  i s  

reduced t o  two. S i n c e  t h e  e r r o r  shown i n  F ig .  4 of Ref. 7 is  around clQ% 

in t h e  p r e s s u r e  range from 115 t o  2000 p s i a ,  a l l  three independent 

measurements may be needed. 

7 
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I n  t h e  PWR Blowdown Heat Trans fe r  Sepa ra t e -Ef fec t s  Program a t  ORNL, 

t h r e e  measured v a r i a b l e s  - t h e  apparent  d e n s i t y  from a g a m a  dens i tome te r ,  

a flow v e l o c i t y  from a t u r b i n e  meter, and t h e  momentum f l u x  from a d rag  

d i s k  - a r e  used i n  t h e  de t e rmina t ion  of t h e  f low rate and the  steam 

q u a l i t y .  

from t h e  t h r e e  independent measured v a r i a b l e s .  However, i t  might be 

r a t h e r  d i f f i c u l t  and troublesome t o  e s t a b l i s h  t h e  c o r r e l a t i o n  o r  t h e  

a n a l y t i c a l  r e l a t f o n s h i p  between known and unknown v a r i a b l e s ,  as i t  could 

change f o r  each  d i f f e r e n t  f low regime. Th i s  corresponds t o  t h e  ANC r e p o r t ,  

which states t h a t  t h e  deficiency of drag-disk-turbine flowmeters f o r  

two-phase flow may be due i n  p a r t  t o  l a r k  of knowledge about t h e  flow 

regimes,  Moreover, t h e  boundar ies  between regimes are r a t h e r  vague and 

d i f f e r e n t  f o r  each  r e s e a r c h e r .  9-11 Recent ly ,  Tong suggested t h a t  t h e  

d i f f i c u l t y  might be  reduced if d i spe r sed  flow could be  produced and main- 

t a i n e d  a r t i f i c i a l l y  a t  measuring p o i n t s  i n  a. p ipe  du r ing  blowdown wi thout  

i n c u r r i n g  g r e a t  p r e s s u r e  changes. Consequently,  O W L  decided t o  i n v e s t i g a t e  

s c r e e n s  f o r  d i s p e r s i n g  t h e  flow. The r e s u l t s  of t h e s e  s t u d i e s  w i l l  be  

presented  elsewhere.  

In p r i n c i p l e ,  it is p o s s i b l e  t o  de te rmine  t h e  unknown v a r i a b l e s  

8 

* 

Figure  2 shows t h e  arrangement of t h e  dens i tome te r ,  d rag  d i s k ,  and 

t u r b i n e  meter i n  a n  instrumented s p o o l  piece of t h e  0REd”L Thermal-Hydraulic 

T e s t  F a c i l i t y  (THTF). The o r i e n t a t i o n  of a n  instrumented s p o o l  p i e c e  is  

h o r i z o n t a l  o r  v e r t i c a l .  Turb ine  meters and d r a g  d i s k s  to be used i n  t h e  

THTF are b i d i r e c t i o n a l ,  s i n c e  t h e  flow d i r e c t i o n  could change du r ing  

blowdown. Some means f o r  d i s p e r s i n g  t h e  flow w i l l  be i n s t a l l e d  a t  each 

end of t h e  s p o o l  p i ece .  

The model presented  h e r e  p e r m i t s  one t o  deduce t h e  mass flow ra te ,  

q u a l i t y ,  and s l i p  r a t i o  of d i s p e r s e d  two-phase flow by u s i n g  a dens i tome te r ,  

a d r a g  d i s k ,  and a t u r b i n e  meter. The proposed model i s  based an the 

fo l lowing  major assumptions concerning t h e  c h a r a c t e r i s t i c s  of a t u r b i n e  

meter and a d rag  d i s k .  

1. The r ead ing  of a t u r b i n e  meter i s  determined by a momentum 

ba lance  on t u r b i n e  b l a d e s  due t o  v e l o c i t y  d i f f e r e n c e s  of t h e  two phases 

and t h e  t u r b i n e  b lade .  

$4 
L. S. Tong, Deputy D i r e c t o r ,  Reactor S a f e t y  Research Div i s ion ,  

Nuclear Regulatory Commission. 
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2 .  Mass f l u x e s  e x e r t i n g  f o r c e s  on t u r b i n e  b l ades  are arp (Vg - Vt) 
and (1 - a )  of  (Vt - V ) f o r  t h e  gas and l i q u i d  phases r e s p e c t i v e l y ,  f 

3 .  Cont r ibu t ions  of gas  and l i q u i d  phases t o  momentum f l u x  d e t e c t e d  

by a d rag  d i s k  are a C p V2 and C (1 - a> p i  V f '  r e s p e c t i v e l y .  g df  

2. ANALYSIS 

Rela t ionsh ips  among q u a n t i t i e s  t h a t  appear i n  t h e  d i spe r sed  regime 

of two-phase f l o w  i n  a p ipe  are der ived  t h e o r e t i c a l l y  i n  t h i s  s e c t i o n  by 

us ing  some assumptions of t h e  hydrodynamic c h a r a c t e r i s t i c s  of a t u r b i n e  

meter and a d rag  d i s k .  In  t h i s  r e p o r t ,  homogeneous two-phase f low is  

de f ined  as a f l o w  i n  which the two phases are uniformly d i s t r i b u t e d  a t  

any c r o s s  s e c t i a n  i n  t h e  p ipe  wi th  no s l i p  between phases.  Dispersed 

flow is  de f ined  as a f l o w  i n  which t h e  two phases are uniformly d i s t r i b u t e d  

a t  any c r o s s  s e c t i o n  i n  t h e  p ipe  but  s l i p  occurs  between phases.  Before 

s t a r t i n g  t h e  a n a l y s i s ,  i t  might be convenient t o  d e f i n e  t h e  void  f r a c t i o n  

and t h e  q u a l i t y  of two-phase flow. The void f r a c t i o n  i s  de f ined  by 

A 

A '  
a = - g  

where A is  t h e  c r o s s  s e c t i o n  of t h e  p i p e  and A is  t h e  p a r t  of t h e  c r o s s  

s e c t i o n  occupied by t h e  gas phase. The q u a l i t y  is expressed by 
g 

m 
x =  _I&_ 

rn + m  ' 
g f  

where m and m are t h e  mass f l o w  rates of gas  and Liquid r e s p e c t i v e l y .  g f 

2 . 1  Densitometer 

A g a m a  dens i tometer  should show t h e  c o r r e c t  apparent  d e n s i t y  of 

d i spe r sed  (or homogeneous) flow i n  a p i p e  du r ing  blowdown i f  i t  can keep 

pace wi th  t h e  f a s t  d e n s i t y  change. The time c o n s t a n t  of 16 nlsec f o r  

dens i tome te r s  used i n  t h e  THTF seem8 t o  be s m a l l  enough for a c c u r a t e  

measurement of t h e  apparent  dens i ty  du r ing  b%owdown, The apparent  d e n s i t y  
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is  de f ined  by 

where p and p are t h e  d e n s i t i e s  of gas  and l i q u i d  phase6 r e s p e c t i v e l y .  g f 

2 .2  Drag Disk 

Although t h e  two-dimensional v e l o c i t y  p r o f i l e  of d i spe r sed  two-phase 

flow might d i f f e r  from t h a t  of single-phase flow,12 t h e  gas and l i q u i d  

v e l o c i t i e s  a c t i n g  on t h e  drag  d i s k  t a r g e t  can  be  assumed t o  be  almost  t h e  

same as t h e  mean gas  and l i q u i d  v e l o c i t i e s  e x e r t i n g  f o r c e s  an t h e  b l ades  

of a t u r b i n e  meter wi th in  t h e  Reynolds number range  where t h e  f low is 

f t u r b u l e n t .  Therefore ,  t h e  same symbols (V f o r  t h e  gas v e l o c i t y  and V 

f o r  t h e  l i q u i d  v e l o c i t y )  w i l l  b e  used hencefor th  f o r  bo th  d rag  d i s k  and 

t u r b i n e  meter. 
The momentum flux d e t e c t e d  by a d rag  d isk13 fox d i spe r sed  f low c a n  

be  expressed as 

a d  Cdf are, r e s p e c t i v e l y ,  t h e  d rag  c o e f f i c i e n t s  of a d rag  d i s k  
dg 

where C 

f o r  t h e  gas  and t h e  l i q u i d  phases .  

of a d r a g  d i s k ,  

Using t h e  r a t i o  of drag  c o e f f i c i e n t s  - 
= c / c  Eq. (4) may b e  r e w r i t t e n  as ‘d df dg’ 

where S i s  t h e  s l i p  r a t i o  (V /V ) and f is t h e  d e n s i t y  r a t i o  ( p f / p  >. The 
d rag  c o e f f i c i e n t s  C and Cdf should be taken  from c a l i b r a t i o n a l  tests f o r  
t h e  d rag  d i s k .  From Eqs. (3)  and ( 5 ) ’  t h e  void f r a c t i o n  and the  s l i p  
r a t i o  are r e a d i l y  converted t o  

g f  I3 
dg 
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and 

(7) 

By u s i n g  Eqs. ( 6 )  and (7)  and t h e  fol lowing g e n e r a l  r e l a t i o n s h i p  of t h e  

s l i p  r a t i o ,  t h e  void f r a c t i o n ,  and t h e  q u a l i t y ,  

t h e  q u a l i t y  is  expressed as 

P f  Pa - P 

Pg P f  Pa 
- 1 + -- 1 

- x  
X 

The mass f l u x  G and t h e  mass flow ra te  W can then  be  w r i t t e n  as 

G = a p V -+ (1- a) pf Vf ( 1 0 4  
g g  

and 

where ai is t h e  i n n e r  diameter  of t h e  p ipe .  

2 . 3  Turbine Meter 

A t u r b i n e  b l a d e  r o t a t e s  wi th  angular  v e l o c i t y  to. The t u r n i n g  speed 

of a p o i n t  on t h e  t u r b i n e  b l a d e  i s  g iven  by 

vr = rw , (12) 

where r is t h e  d i s t a n c e  from t h e  axis  of r o t a t i o n .  
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Assume t h a t  t h e  f r i c t i o n a l  f o r c e s  e x e r t i n g  on t u r b i n e  b l ades  are 
n e g l i g i b l e  when compared t o  t h e  f o r c e s  due t o  momentum changes of f l u i d s .  

The tu rn ing  speed V 

of a t u r b i n e  meter def ined  by 

is  then  equ iva len t  for f l u i d s  t o  t h e  imaginary v e l o c i t y  r 

vt = Vr/tan 4 , (13 )  

where 4 is  t h e  t w i s t i n g  ang le  of a b l a d e  (see Fig.  3 ) .  
as cons tan t  over a t u r b i n e  b l ade  and corresponds wi th  t h e  f l u i d  v e l o c i t y  

d e t e c t e d  by a t u r b i n e  meter, s i n c e  t h e  t w i s t i n g  a n g l e  is u s u a l l y  chasen 

so  t h a t  

V can  b e  regarded t 

t an  cp/r = cons tan t  . ( 1 4 4  

When t h i s  is  t r u e ,  

v , = w  . ( 1 4 ~  

The gas phase v e l o c i t y  is u s u a l l y  g r e a t e r  than  o r  equa l  t o  t h e  Piquid 

v e l o c i t y  i n  d i spe r sed  f low,  Therefore ,  t h e  reading  of a t u r b i n e  meter 
should b e  some v a l u e  between the  gas  v e l o c i t y  and t h e  l i q u i d  v e l o c i t y .  

A momentum ba lance  about  t h e  t u r b i n e  b lade  segment g ives  
- 

Q. Pg (Vg - vt>2 s i n 2  Q = c t f  p (1 - a)(v t  - v f ) 2  s i n 2  4 (15) 

where 

l i q u i d  and gas  phases  (C / C  ). C should a l s o  be t aken  from calibra- 

t i o n a l  tests f o r  t h e  t u r b i n e  meter; C might b e  nea r  u n i t y  f o r  b i d i r e e -  

t i o n a l  t u r b i n e  meters, such as those  t o  be used i n  t h e  THTF. Equation 

(15) may be  reduced t o  

is t h e  r a t i o  of drag c o e f f i c i e n t s  of a t u r b i n e  b l ade  for the - 
I 

t f  t g  t 

t 

Vf 1 4 -  J-"; Y 
-P 

vt s + E '  t 

This  may then  be  combined w i t h  Eqs. (6) and (7), e l i m i n a t i n g  S ,  t o  y i e l d  
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T h P s  then reduces  t o  

and 

It is obvious from Eq. (18) that t h e  l i q u i d  v e l o c i t y  is expressed 

wi th  t h r e e  measured v a r i a b l e s  - t h e  apparent  d e n s i t y  p 

t h e  momentum f l u x  I from a drag  d i s k ,  and t h e  v e l o c i t y  V from a t u r b i n e  

meter - a n d  w i t h  t h e  phase d e n s i t i e s  determined by t h e  p r e s s u r e  and t h e  

temperature a t  t h e  measuring p o i n t ,  

lated by E q .  (18) i n t o  Eqs .  (7) ,  ( 9 ) ,  and ( l o b )  g ives  the s l i p  r a t i o ,  t h e  

q u a l i t y ,  and t h e  mass f l u x  based an measured v a r i a b l e s  only .  

from a dens i tome te r ,  a 

d t 

S u b s t i t u t i n g  t h e  v a l u e  of Vf ca lcu-  

3 .  COMPARISON OF PROPOSED MODEL WITH HOMOGENEOUS FLOW 
AND OTHER MODELS 

3 . 1  Comparison w i t h  Homogeneous Flow 

To compare t h e  r ead ings  of t he  t h r e e  measuring dev ices  i n  d i spe r sed  

f low wi th  t h e  r ead ings  i n  homogeneous f l o w ,  c a l c u l a t i o n s  axe made f o r  each 

flow regime wi th  e q u i v a l e n t  phase mass f l u x e s .  'in homogeneous flow, the 
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mass ba lance  equa t ions  are w r i t t e n  as 

a Pg vg = a0 Pg vo 

(1 - 4 PfVf  = (1 - a0) P f  vo 

(gas phase) 

(19) 
( l i q u i d  phase) 

where a and V are t h e  void f r a c t i o n  and t h e  v e l o c i t y  of homogeneous flow. 0 0 
The r ead ings  of t h e  t h r e e  dev ices  i n  homogeneous flow for appa ren t  d e n s i t y ,  

momentum flux, and t u r b i n e  meter v e l o c i t y ,  r e s p e c t i v e l y ,  are 

= c v2 la, P g  + Ed (1 - as> P , l  9 Id0  dg 0 

v to  = % 
Using s m e  r e l a t i o n s h i p s  deduced i n  Sect.  2 and Eqs. (19) through (221 ,  

t h e  reading  r a t i o  of each dev ice  becomes, 

13. s (I - x)/x f b- (1 - x)/x 
1 + (1 - x)/x f + s (1 - x)/x 9 

0 

and 
- s -4- J C t f  (1 - 

1 + / C t f  (1 - a)/a 

1 + J c t s  (1 - x) /x  

+ (1 I a ) / c 1  

s + (1 - a)/a - 5  - Vt 

V t O  

- 
+ Jcts  - x)'x f / S  + (1 - x)/x 

f + (1 - x>/x  I 

3 



1 0  

The r a t i o  of t h e  void  f r a c t i o n  is a l s o  der ived  i n  t h e  same way: 

Some c a l c u l a t e d  r e s u l t s  of Eqs. (23a) through (26b) are shown i n  
F igs .  4 through 16 wi th  s l i p  and d e n s i t y  r a t i o s  as parameters.  For a - 
d r a g  d i s k  and a t u r b i n e  meter, C and c are taken as uni.ty f a r  l a c k  of d t 
o t h e r  information.  This  i s  e q u i v a l e n t  t o  t h e  assumptian t h a t  t h e  gas  

and t h e  l i q u i d  v e l o c i t i e s  exert forces  i n  t h e  same manner on t h e  t a r g e t  

of a drag d i s k  and on t u r b i n e  b lades .  1 4  

The e f fec ts  of pararrw-tex-s c and i n  Eqs. (24.a) through (25b) are a t 
shown in Figs .  17 through 2 4 .  

3 . 2  Comparison w i t h  Homogeneous Model (INEL Method) 

For two-phase f l a w  measurement i n  a pipe dur ing  blowdown, t h e  same 

combination of a gama dens i tometer ,  a d r a g  d i s k ,  and a t u r b i n e  meter has 

also been used a t  t h e  Idaho Nat iona l  Engineering Laboratory ( I N E L ) .  By 

assuming t h e  flow i s  hornogene~us, '~  even though there may b e  some s l i p  

between t w o  phases ,  two d i f f e r e n t  mass f l u x e s  ( i . e , *  t h e  mass f l u x  C 

determined by t h e  r e a d i n g s  of a densi tometer  and a d r a g  d i s k  and t h e  

mass f l u x  G determined by the reading  of a dens i tometer  and a t u r b i n e  

meter) were c~mputed and compared w j t h  each o t h e r .  

fluxes were considered v a l i d  when they agreed wi th  each o t h e r .  

s t i l l  some chance, however, t h a t  the mass fluxes are i n c o r r e c t ,  s ince  
both might overes t imate  o r  underest imate .  

d 

t 
The computed mass 

There is  

The INEL method i s  compared wi th  t h e  proposed model as follows, 

G and G are expressed as 
d t 

and 
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where V 

measurement of a drag  d i s k  i n  d i spe r sed  flow wi th  s l i p  w i th  t h e  homoge- 

neous f low assumption. The r e l a t i o n s h i p  between V and I i s  expressed by 

is t h e  apparent  v e l o c i t y  based on t r e a t i n g  the  momentum flux d 

d d 

[see Eq. (5) ] e When cd = 1, Eq. ( 2 7 )  corresponds to t h e  express ion  

I n  a manner s f m i l a r  t o  t h a t  used i n  t h e  prev ious  s e c t i o n ,  t h e  r a t i o s  

of mass f l u x e s  from t h e  INEL method (G o r  G 1 and t h e  proposed model (G) 

a r e  
d t 

+ Cdf (1 - a ) / n  

f Edf (1 - a ) / a  

Gd 1 f f (1 - a)/g -.-= 
G s 4- € (1 - a > / u  

and 

Equations (29b) and (3Bb) i n d i c a t e  t h a t  G / G  and Gt/G are independent d 
of t h e  d e n s i t y  r a t i o  f when t h e  q u a l i t y  x i s  chosen as a v a r i a b l e .  

c a l c u l a t e d  results are shown i n  F igs .  25 through 28, i n  which i? and e 
are assumed equa l  to 1. 
u n i t y  and a m i n i m u m  less than  u n i t y .  Comparing Figs. 25 and 2 7 ,  ii i s  

seen t h a t  t h e  maximum v a l u e  of G /G is larger than t h e  maximum va lue  of 

G / G  a t  any g iven  s l i p  r a t i o .  The parameter combination i n  F igs .  25 and 

27 are chosen i n  accordance wi th  t h e  r e l a t i o n s h i p  between s l i p  r a t i o  and 

pressure f o r  steam-water two-phase f low proposed by Thorn ( P i g .  1). Curves 

Some 

d i 
The curves  of G / G  have a maximum g r e a t e r  than  

t 

t 

d 
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C i n  t h e s e  f i g u r e s  i n d i c a t e  t h e  expected r e d u c t i o n  i n  e r r o r  i f ,  by some 

means, t h e  s l i p  r a t i o  i s  decreased from 5 to 2 .  

From Fig.  25, i t  can be  s a i d  t h a t  i n  d ispersed  f low t h e  mass f l u x  

determined by a dens i tometer  and a drag  d i s k  is  very c l o s e  t o  t h e  real  
mass f l u x  a t  low and middle void  f r a c t i o n s .  Therefore ,  we can assume 

t h a t  Gd r e p r e s e n t s  t h e  mass f l u x  a t  a void  f r a c t i o n  less than  70 ta 80% 
i n  d ispersed  flow. However, t h e  q u a l i t y  of t h e  d ispersed  f low i s  q u i t e  

d i f f e r e n t  from t h a t  der ived  through t h e  homogeneity assumption. For 

example, i f  t h e  s l i p  r a t i o  i s  2 ,  corresponding t o  a pressure  of about 

500 p s i a  f a r  steam-water two-phase f low according t o  Thorn, t h e  r ea l  

q u a l i t y  is  twice t h a t  obtained u s i n g  t h e  homogeneity assumption. T h i s  

d i f f e r e n c e  has  a g r e a t  i n f l u e n c e  on t h e  assessment of the entha lpy  

ba lance  o f  t h e  system dur ing  blowdown. Consequently,  t h e  q u a l i t y  o r  the 
s l i p  r a t i o  should be  measured or  c a l c u l a t e d  by other means, - 

The e f f e c t s  of parameters c and Ct i n  Eqs. (29a) through (30b) are d 
i n d i c a t e d  i n  F igs .  29 through 34. 

3.3 - Comparison w i t h  Popper 's  Model 

Popper l4 'I7 proposed t o  measure t h e  void f r a c t i o n  of two-phase 

f low i n  a p i p e  w i t h  two t u r b i n e  meters* One i s  i n s t a l l e d  upstream, where 

t h e  f low is s i n g l e  ( l i q u i d )  phase and measures t h e  local l i q u i d  v e l o c i t y  

V f f  and t h e  o t h e r  is i n s t a l l e d  i n  two-phase flow. 

equat ions  eva lua ted  a t  the two measuring l o c a t i o n s ,  the void  f r a c t i o n  o€ 

two-phase Flow a t  t h e  second measuring p o i n t  i s  deduced as 

From the c o n t i n u i t y  

i n  which t h e  d i f f e r e n c e  of l i q u i d  d e n s l t i e s  at  the  two l a c a t i o n s  i s  

ignored.  Popper then  assumed t h a t  t h e  reading  o f  t h e  t u r b i n e  meter i n  

two-phase flow r e p r e s e n t s  t h e  loca l  l i q u i d  v e l o c i t y  when t h e  d e n s i t y  of 

t h e  gas  phase i s  much less than  t h a t  of t h e  l i q u i d  phase. Therefore ,  

t h e  void f r a c t i o n  c a l c u l a t e d  by Popper 's  model may be w r i t t e n  as 

V b  - v,, (1. - X I  
IL a = : L  

Vt CP 
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Assuming t h e  r e l a t i o n s h i p  between V and Vt  is expressed by Eq. (161, f 
t h e  r e l a t i v e  d i f f e r e n c e  between t h e  proposed model and Popper's model 

becomes 

s - l  a - - a  
1 - C l  - a- 

CP 

s + J C t f  (1 - a)/a a Cl 

Equation (16)  is  r e w r i t t e n  as 

(33) 

Figures  35 and 36 show some c a l c u l a t e d  results of Eq. (34a) ,  and Fig .  37 

r e p r e s e n t s  Eq. ( 3 4 b ) ,  which is independent of t h e  d e n s i t y  r a t i o .  I n  t h e s e  

graphs  C t  is  assumed equal. t o  1. 
- 

Figure  38 shows the c a l c u l a t e d  r e s u l t s  of Eq. (33) f o r  steam-water 
I 

two-phase flow wi th  C t  a g a i n  taken  as I. The combination of s l i p  and 

d e n s i t y  r a t i o s  used in t h i s  f i g u r e  are chosen from Fig. 1. F igure  38 
shows t h a t  t h e  r e l a t i v e  d i f f e r e n c e  cu rves  a,  b, and e are ve ry  c l o s e  to 

each o t h e r  a c r o s s  t h e  r a t h e r  wide d e n s i t y  r a t i o  range Erom 500 to 12 

( equ iva len t  p r e s s u r e  range: 

d i f f e r e n c e  curves approach curve d (no d i f f e r e n c e )  as t h e  s l i p  r a t i o  

approaches 1. It i s  i n t e r e s t i n g  t o  n o t e  t h a t  r e l a t i v e  d i f f e r e n c e s  become 

very  l a r g e  i n  s p i t e  of small a b s a l u t e  d i f f e r e n c e s  i n  void  f r a c t i o n  and 

small e r r o r s  i n  measuring t h e  l i q u i d  v e l o c i t y  (P igs .  35 t o  37) when t h e  

void f r a c t i o n  approaches ze ro .  Conversely,  r e l a t i v e  and a b s o l u t e  

d i f f e r e n c e s  become ve ry  small i n  s p i t e  of probable  l a r g e  e r r o r 3  in 

measuring l i q u i d  v e l o c i t y  (Figs.  35 t o  37)  when t h e  void  f r a c t i o n  approaches 

u n i t y .  The re fo re ,  i t  may be errEpneous to s a y  t h a t  a t  h igh  void f r a c t i o n  

t h e  t u r b i n e  meter measures t h e  l i q u i d  v e l o c i t y  when the void Pr.ac-tion 

c a l c u l a t e d  by Popper's method cor responds  ts t h e  void  f r a c t i o n  determined 

wi th  a gamma dens i tome te r .  

60 t o  150Q p s i a ) .  Both a b s o l u t e  and r e l a t i v e  

F igu re  39 shows t h e  e f f e c t  af parameter c in E q .  ( 3 3 ) .  t 
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3 " 4  Comparison wi th  Rauhani's Model 

Rouhani 18'19 proposed another  method t o  c a l c u l a t e  void f r a c t i o n  and 

o t h e r  q u a n t i t i e s  c h a r a c t e r i s t i c  oE two-phase flow. The r ead ings  of a 

t u r b i n e  meter, as w e l l  as measured v a l u e s  of mass flow ra te ,  q u a l i t y ,  

and p r e s s u r e 9  were used t o  compute t h e  void  f r a c t i o n  a CR' 
In h i s  t heo ry ,  t h e  modeling of a t u r b i n e  meter is  based on momentum 

exchange a t  t h e  t u r b i n e  b l ades .  The mass f l u x e s  e x e r t i n g  f o r c e s  an 

t u r b i n e  b l ades  are assumed t o  be  AGx and AG (1- x> fox steam and water 
phases,  r e s p e e t j v e l y ,  whereas i n  t h e  model presented  he re  t h e  fluxes are 

assumed t o  be p r o p o r t i o n a l  t o  a p 

r e s p e c t i v e l y .  
(Vs - V t >  and (1 - a> pf  (Vt - Vf)  

g 

The exkent of  blade overlap defines two extremes i n  t u r b i n e  meter 

des ign .  i f  the design of t u r b i n e  b l ades  i s  like that of Fig, 4oa 
(no overlap), the effective steam mass f lux  exerting forces on blades 
seems t o  be  p r o p o r t i o n a l  t o  BC/AC (Gx), t h a t  is ,  p r o p o r t i o n a l  t o  

a Pg (Vg - V,) , and t h e  e f f e c t i v e  water mass f l u x  seems p r a p a r t i o n a l  t o  

B'C/AC [e (I - XI], t h a t  is, (I - a> p f  (Vt - V f > .  

t u r b i n e  b l ades  is l i k e  t h a t  of F ig .  40b, t h e  e f f e c t i v e  mass f l u x e s  imping- 

i n g  on t h e  b l ades  approach AGx an3 AG (1 - x> for steam and water phases 

as t h e  ove r l ap  i n c r e a s e s .  Turbine meters t o  be used i n  THTF a t  O W L  are 

of type  (a). 

-- 

- -- 
If t h e  des ign  of 

By us ing  E q .  ( 4 )  of Ref. 18, t h e  c a l c u l a t e d  t u r b i n e  meter v e l o c i t y  

VtR and cc are expressed as CR 

x2 + 

(1 - x)2  
V t R  = 1% (1 - a h f  

and 

(35) 

Assuming aga in  t h a t  V /V is  expressed by Eq. (lg), the fo l lowing  t f  
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relationships are der ived:  

where 

and 

( 3 7 4  

Figures  41 t o  4 3  show some c a l c u l a t e d  r e s u l t s  of E q s .  (37a1, ( 3 7 b ) ,  
and ( 3 8 )  f o r  ct = 1. 

and void f r a c t i o n s  of the proposed madel and Rouhani's model. The 

d i f f e r e n c e  between two c a l c u l a t e d  void  f r a c t i o n s  a t  S = 2 ,  f = 5 0 ,  and 

Ct = 1 (F ig .  4 3 )  is less than  5 2 ,  n e a r l y  t h e  same as t h a t  between the 

new model and Popper 's  model (Figs. 38 and 3 9 ) .  

They compare t h e  c a l c u l a t e d  t u r b i n e  meter v e l o c i t i e s  

- 

4 .  COMPARISON OF FOUR TURBINE METER MODELS 
WITH ROUHANP'S DATA 

The behavior  of a t u r b i n e  meter seems t o  be t h e  most u n c e r t a i n  of 
19 t h e  t h r e e  devices d i scussed  he re .  The exper imenta l  d a t a  of Rouhani, 
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used f o r  v e r i f y i n g  h i s  t u r b i n e  meter model t o  measure void f r a c t i o n  or 

q u a l i t y  i n  steam-water two-phase flow, can be  used t o  compare t h e  proposed 

model, Rouhani's model, t h e  homogeneous model, and Popper 's  model. Calcu- 

lated void  f r a c t i o n s  and mass flow rates w i l l  be compared wi th  Rouhani's 

d a t a .  

f b r  t h e  measurement of flow ra te ,  they  are app l i ed  t o  c a l c u l a t e  t h e  flow 

rate he re .  

ax per  h e n  t . 

Although t h e  Rouhani and Popper models w e r e  n o t  o r i g i n a l l y  developed 

The fo l lowing  ranges of v a r i a b l e s  were covered i n  Rouhani's 

Pressure 

Mass flux 

S t e a m  q u a l i t y  

Void f r a c t i o n  

145-725 p s i a  

0.382 x 106-1.36 x 106 l b  / h r / f t  

0.001.$--0 * 360 

0.010--0.90 

m 

I n  a l l  cases, v e r t i c a l  upflow i n  a 0.24-in.-IB p i p e  was examined. 

The numerical  d a t a  c o n s i s t  of 151  sets af p r e s s u r e ,  q u a l i t y ,  mass 

flow rate ,  measured void  f r a c t i o n ,  and void  f r a c t i o n  c a l c u l a t e d  by h i e  

model, The t u r b i n e  meter v e l o c i t y  is  no t  inc luded;  however, i t  may be 

c a l c u l a t e d  u s i n g  Eq .  ( 3 6 ) .  

4 . 1  Void F r a c t i o n  

Rouhani's method f o r  ca l .cu la t ing  void f r a c t i o n  was d i scussed  i n  t h e  

prev ious  s e c t i o n .  Procedures f o r  t h e  o t h e r  t h r e e  models are. d i scussed  

here I 

From Eqs. (loa) and (161, t h e  r e l a t i o n s h i p  between t h e  void  f r a c t i o n  

c a l c u l a t e d  us ing  t h e  proposed model and measured v a r i a b l e s  i s  de r ived  0: 

3s 
CA 

The void  f r a c t i o n  by homogeneous model, a i s  obta ined  by i n s e r t i n g  
GI; ' 
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V = V - V i n  Eq. ( loa) ,  t h a t  is, 
g f t  

S u b s t i t u t i n g  G 5 p V A i n  Eq. (321, the void f r a c t i o n  by Popperqs  f f f  
method, aCp, is  r e w r i t t e n  as 

(1 - x) . G m I-- 
"CP 

Note t h a t  t u r b i n e  meter v e l o c i t y  V is  p r o p o r t i o n a l  t o  mass f l u x  G t 
i n  a l l  fou r  models. 

models are shown i n  Table  1. 

errors of vo id  f r a c t i o n  i n  t h e  t a b l e  are def ined  as 

Some c a l c u l a t e d  r e s u l t s  of void f r a c t i o n  by the four  

The mean e r r o r  and root-mean-square (rms) 

(ac - a> 

N Mean e r r o r  5 s 

m s  e r r o r  = ' ( 4 3 )  

CP o r  01 CA' "CR' %t9  where N is t h e  number of d a t a  and c1 r e p r e s e n t s  a C 

Table 1. E r r o r s  i n  c a l c u l a t e d  void f r a c t i o n  and mass f l u x  
by f o u r  models t o  RouhanP's 151 da taa  

Proposed Rouhani ' s Homogeneous Popper ' 6 model, 
model model model I c t  = 1 

Void f r a c t i o n  

Mean e r r o r  -0.014 0,012 0.029 0 e 038 
rms e r r o r  0.033 0.027 0.038 0.047 

Mass f l u x  

Mean e r r o r  -0.018 0.044 0,161 0.251 
rms e r r o r  0.085 0.081 0.224 0.350 

- 

a The nega t ive  s i g n  i n d i c a t e s  an  underes t imate ,  
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There are no s i g n i f i c a n t  d i f ferences  among the four models, which 

A t  Ct = 2 . 3 ,  the proposed y i e l d  average errors between -1.4 and 3 . 8 % ,  

model g ives  i t s  lowest  r m s  e r r o r  of 2.7% and a mean e r r o r  of 0.1%- These 

e r r o r s  are n e a r l y  t h e  s.me as the 2.5% e r r o r  involved i n  Houhani's 

vo id- f rac t ion  measurement wi th  a (y ,  n )  void gage. *' Therefore ,  it is 
d i f f i c i l l t  to say which model i s  Lhe most appropriate  f o r  vo id - f r ac t ion  

measurement i n  two-phase flow. 

4.2 Mass Flow Rate 

Calculated mass fluxes by four models are derived from subst i tut ing  

measured void fraction for eal.culated void fraction i n  Eqs. ( 3 6 )  and 

(39)  through (41). That is, 

for the proposed, Rouhani, homogeneous, and Popper models respec t ive ly ,  

A s l i p  r a t i o  i n  E q s .  (45) and (47) can be calculated through E q .  (8) using 
measured void fraction, qual i ty ,  and pressure. G is used i n  t h i s  sect ion 

to  distinguish mass f l u x  calculated by the proposed model from measured 
mass flux G .  

A 

Errors o f  mass f l u x  calculated by four models are S ~ Q W T I  in Table 2 ,  

Mean and r m s  errors of m a s s  f l u x  are: 

(GC - G ) / G  

N Mean error = Y 



Table 2 .  Errors of calculated mass flux by four modelsa (negative signs are underestimates, Ct = 1) 

Mean Mean 
r e l a t i v e  

s l i p  r a t i o  s l i p  r a t i o  q u a l i t y  quality of data f r a c t i o n  void d i f f e r e n c e  error d i f f e r e n c e  G p  - di f f erence  
(Gp - GAI/GA 

re l a  t ive  

Gt - - -  A (GR - G d X A  (Gt - G$G 

Mean Mean Mean 
error 

Ersct ion G - G GR - - G  

Range of Mean Range of Hean Number V o i d  

- 
0.8-1.2 1.007 
1.5-2.0 1.730 

1.776 
1.888 
1.917 

2.0-2.5 2,156 
2.102 
2.319 
2.291 

2,5-3.0 2.638 
2.735 
2.671 
2.719 
2.759 

3.0-3.5 3.279 
3.291 
3.273 
3.212 
3.339 

3.s-4.5 3.518 
4,037 
3.817 
3.937 

4.5-5.5 4.508 
4.845 
5.149 
5.261 

5.5-6.5 5.567 
6.309 

0.01-0.05 0.028 
0.01-0.05 0.033 
0 . O M . 1 0  0.071 
0.10-0.15 0.119 
0.15-3.20 0.176 

0.01-0.05 0.027 
O.OM.10 0.077 
0.10-0.15 0.124 
0.15-13.20 0.167 

0.01-0.05 0.030 
0.05-0.10 0.070 
0,10-0.15 0.115 
0.1M.20 0.167 
0.20-0.25 0.223 

0.01-0.05 0.027 
0.OM.10 0.093 
0,10-0.15 0.123 
0.15-0.20 0.179 
0.2W.25 0.210 

0.01-0.05 0.033 
0.05-0.10 0.080 
0.10-0.15 0.135 
0.15-0.20 0.172 

0.01-0.05 0.047 
O . U M . 1 0  0.080 
O.lGQ.15 0.114 
0.15-0.20 0.153 

0.10-0.15 0,125 
0.15-1).20 0.171 

7 
14 
lo 
4 
1 

6 
9 
10 
3 

7 
5 
5 
6 
5 

4 
1 
2 
2 
1 
2 
2 
4 
2 

6 
2 
1 

3 
2 

0.45-0.59 
0.350.64 
0.54-0.83 
0.7 2-1). 74 

0.78 

0.284.66 
0.58-0.74 

0.77-0.7 9 

0.30-0.62 
0.64-0.76 
0.72-0,81 
0.7 4-0.8 2 
0,8M. 87 

0.32-0.68 
0.73 

0.75-0.82 
0.84-0.87 

0.87 

0.6 2-0.64 
0.75-0.82 
0.77-0.86 
0.81-O. 83 

0.65-0.66 
0.67-0.7 9 
0.81-0.82 

0.86 

0.79-0.84 
0.844.86 

0.68-0. ao 

0.532 
0.479 
0.667 
0.730 
0.778 

0.481 
0.656 
0.729 
0.781 

0.485 
0.698 
0.762 
0.776 
0.826 

0.534 
0.i30 
0.783 
0.853 
0.873 

0.633 

0.805 
0.819 

0.657 
c.752 
0.814 
0.857 

0.815 

0.785 

0. a50 

0.014 
-0.054 
-1). 009 
0.072 
0.069 

4.084 
-0,075 
-0.02c 
0.032 

-0.112 
-0 .044 
0.032 

-0.024 
0.042 

-0.108 
-0,059 
0.004 
0.077 
c * 131 

-0.098 
-0.052 
-0.007 
0.005 

4.121 
-0.073 
4.039 
0.031 

-0.332 
0 * 009 

0.015 
0.005 
0.063 
0.151 
0.132 

-0.010 
0.c1c 
0.061 
0.098 

-0.021 
0.062 
0.127 
0.033 
0.070 

-3,002 
0.042 
0.091 
0.121 
0.149 

0.021 
0.057 
0.060 
0.034 

0.005 
0.029 
c.022 
0,046. 

0.006 
-0.042 

0.001 
0.064 
0.074 
0.074 
0.059 

0.084 
0.093 
0.084 
0,065 

0.106 
0.112 
0.092 
0.062 

0.123 
0.108 
0.086 
0.044 
0.015 

0.132 
0.118 
0.068 
0.029 

0.146 
0.113 
0.063 
0.009 

0.039 
-0.049 

0.020 

0.016 
0.015 
0.086 

0.204 

0.006 
0.055 
0.148 
0.209 

0 * 008 
0.137 
0.246 
0.193 
0.279 

0.041 
0.182 
0.274 
0.376 
0.462 

0.081 
0.237 
0.318 
0.357 

0.128 
0.262 
9.367 
0 e 504 

0.416 
0.565 

0.202 

0.001 
0.075 
0.098 
0.121 
0.126 

0.101 
0.141 
0.172 
0.173 

0.139 
0.191 
0.208 
0.223 
0.226 

0.170 
0.257 
0.271 
0.278 
0.292 

0.198 
0.305 
0.327 
0.350 

0.283 
0.361 
0.423 
0.459 

0.463 
0.552 

0.016 
0.030 
0.121 
0.273 
0.315 

0.021 
0.101 
0.236 
0.334 

0.028 

0,343 
0.334 
0.489 

0.061 
0.265 
0.392 
0.570 
0.711 

0,107 
0.317 
0.463 
0.557 

0.171 
0.348 
0.505 
0.716 

0.577 
0.829 

e. 190 

0.001 
0.090 
0.133 
0.187 
0.230 

0.117 
0.190 
0.261 
0.295 

0.161 
0.249 
0.302 
0.367 I--L 
0.429 

0.192 
0.344 
0.389 
0.457 
0.515 

0.227 
0.388 
0,473 
0.549 

0.332 
0.453 
0.566 
0.665 

0.630 
0.812 

\o 

~~ ~ ~~ ~~ 

aErrors were ca lcu la ted  by Eqs. (37b). (30b), and (34b) us ing  mean values of s l i p  r a t i o  and q u a l i t y .  
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[ (GC - G)/GI2 
rms e r r o r  [ N-- I '  ( 4 9 )  

where N i s  t h e  number of d a t a  and G r e p r e s e n t s  G A'  GR9 Gt' or  Gp"  c 
There are  remarkable d i f f e r e n c e s  among four models. The proposed 

model. and Rouhani's model g i v e  r m s  e r r o r s  t h a t  are n e a r l y  t h e  same, b u t  

t h e  mean e r r o r  of t h e  former i s  less t h a n  t h a t  of t h e  l a t t e r ,  Both t h e  

mean and r m s  e r r o r s  of the  homogeneous model are worse, and those of 

Popper 's  model are t h e  worst  of all, 

Figure 44 shows how a c c u r a t e l y  t h e  proposed model with c = 1 can 
t 

predict the  mass f low rates measured by Rouhami. 

To compare t h e  praposed model wi th  t h e  other models,  w e  caw u s e  any 
equat ion  i o  t h e  prev ious  s e c t i a n s .  'Thus, G / G  and G /G are expressed 

by E q s .  (30b) and ( 3 4 b ) ,  r e s p e c t i v e l y ,  and G /G is der ived  from E q s .  

(35) and ( 4 5 )  ; t h a t  i s ,  

t : A  P A  

R A  

which is t h e  i n v e r s e  of E q .  (37b) .  

(Gt - GA) /GAS and (GP - GA) /GA c a l c u l a t e d  through the above equat ions  

can be  regarded as a measure of d i f f e r e n c e  between t h e  proposed model 

and t h e  earlier models, 

The q u a n t i t i e s  (G - GA)/GA, R 

Table 2 p r e s e n t s  d e t a i l e d  r e s u l t s  of t h e  c a l c u l a t i o n ,  and i s  read 

i n  the  fol lowing manner ( 1 s t  row): 

Seven d a t a  p o i n t s  of Rsuhani's experiment have s l i p  r a t i o s  between 

0 .8  and 1 .2  and q u a l i t i e s  between 0.01 and 0.05, 
and q u a l i t y  are, r e s p e c t i v e l y ,  1.007 and 0.028. Void f r a c t i o n  ranges 

from 0 . 4 5  t o  0 . 5 9 ,  with  an average of 19.532. 

The average s l i p  r a t i o  

Values of (Gc - G) /G f o r  t h e  f o u r  mcsdels were c a l c u l a t e d  by Eqs 

( 3 7 h ) ,  (30b), and ( 3 4 b )  as d iscussed  above. S l i p  r a t i o  and q u a l i t y  w e r e  

chosen as independent v a r i a b l e s  f o r  Table 2 ,  so t h a t  p r e s s u r e  and vo id  

f r a c t i o n  would be e l imina ted  from the t h r e e  equat ions  fo r  c a l c u l a t i n g  
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The normalized d i f f e r e n c e s  (Gc - G)/G of t h e  fou r  flow models f o r  

s l i p  r a t i o s  i n  t h e  ranges  of 1.5-2.0, 2.0-2.5, 2 . F 3 . 0 ,  and 3 .0 -3 .5  are 
p l o t t e d  i n  F ig .  45 t o  demonstrate t h e  d i f f e r e n c e s  between models. From 

Fig. 45 and Table  2, i t  is obvious t h a t  f o r  S > 1, 

wi th  a few excep t ions .  A s  seen  i n  F ig .  4 2 ,  G 

20 t o  30%, G 
and GA < Gp a t  any q u a l i t y  (F ig .  37) .  

t h e  bottom l i n e  of Table  2 ) ,  i t  does n o t  c o n t a i n  any d a t a  a t  such h igh  

q u a l i t i e s  t h a t  GA r G1; might occur .  

A t  s l i p  ratios between 9.8 and 1 . 2 ,  e r r o r s  of t h e  fou r  models are 
ve ry  low ( ~ 1 . 6 % ) ~  as expected. A t  s l i p  r a t i o s  between 1 . 5  and 5.5 and 

q u a l i t i e s  below 5%, Rouhani's method g i v e s  t h e  best: p r e d i c t i o n  of flow 

rate, t h e  proposed model unde res t ima tes  t h e  flow by 5 t o  12.2, and t h e  

homogeneous model and Popper 's  method ove res t ima te  t h e  f l aw  by up t o  13  

and 1 7 %  r e s p e c t i v e l y .  When t h e  s l i p  r a t i o  is between 5.5 and 6 .5 ,  t h e  

GR f o r  q u a l i t i e s  below A 
Gt f o r  a l l  b u t  v e r y  h igh  q u a l i t i e s  (F igs .  28,  3 3 ,  3 4 ) ,  A 

Though Rouhani's test d a t a  c o n t a i n  a few p o i n t s  where G A > GR ( s e e  

l a s t  two models ove res t ima te  f l o w s  by mare than 40%, even a t  q u a l i t i e s  
below 5%. A t  any c o n s t a n t  s l i p  r a t i o ,  a l l  models have a tendency t o  over- 

estimate t h e  flow w i t h  i n c r e a s i n g  q u a l i t y ,  w i th  t h e  except ion  of Rouhani's 

model. a t  a h igh  s l i p  r a t i o .  A t  q u a l i t i e s  more than  20% and s l i p  r a t i o s  

g r e a t e r  than  3 ,  e r r o r s  of t h e  homogeneous model and Popper 's  method become 

very l a r g e  (more than 35%), 

From t h e  above d i s c u s s i o n  and Fig .  4 4 ,  i t :  appea r s  t h a t  t h e  proposed 

model can be used t o  p r e d i c t  mass f low rates of t h e  Rouhani experiment 

( n o n a r t i f i c i a l l y  d i spe r sed  flow) w i t h  an e r r o r  of ?10%. 

The fo l lowing  d i s c u s s i o n  is sugges ted  t o  e x p l a i n  why t h e  proposed 

model unde res t ima tes  t h e  flow a t  low q u a l i t i e s  and ave res t ima tes  a t  

h ighe r  q u a l i t i e s .  

annu la r  flow may ex is t .  I n  t h i s  case water h i t s  t h e  o u t e r  part of the 

t u r b i n e  b l a d e ,  and the liquid v e l o c i t y  i n f l u e n c e s  the t u r b i n e  T ~ O K ~  than 

expected by t h e  new model. t h e  actual 

t u r b i n e  v e l o c i t y  is less than  expected. 

A t  low q u a l i t i e s  and void  f r a c t i o n s  g r e a t e r  than  1\.30%, 

A s  Vf i s  g e n e r a l l y  less than  V 
f 4 $  

A t  h ighe r  q u a l i t i e s  t h e  flow 
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upstream of a t u r b i n e  meter may be d i s p e r s e d ,  b u t  w a t e r  d r o p l e t s  may be  

concentrated around t h e  t h i c k  hub of t h e  t u r b i n e  meter due  t o  t h e i r  

g r e a t e r  i n e r t i a  re la t ive  t o  t h a t  of steam. I n  t h i s  case t h e  steam q u a l i t y  

i s  g r e a t e s t  around the o u t e r  r e g i o n s  of t h e  t u r b i n e  b l a d e s ,  and the steam 

v e l o c i t y  V i n f l u e n c e s  t h e  turbine meter v e l o c i t y  more than expected by 

t h e  proposed model. 
g 

As seen in Table 3 ,  c has l i t t l e  i n f l u e n c e  on t h e  void f r a c t i o n  and 
t 

mass f l u x  c a l c u l a t e d  w i t h  the proposed model, 

Table 3 .  Ef€ec t  of Ct on c a l c u l a t e d  void  f r a c t i o n  and m2ss 
using t h e  proposed model with the  Rouhani d a t a  

0.5 1 .0  2.0 3.0 
a 

~ - .  Ct 

Void f r a c t i o n  
Mean error 4.030 -0.014 -4) .OQ03 8 a 006 
m s  e r r o r  0.045 8.033 0.028 0.028 

Mass f l u x  

Mean error -0.075 -0,018 0.035 0 I) 063 
rms e r r o r  0.1QB 0.085 0.105 0.129 

5. CONSIDERATIONS I N  THE USE OF THIS MODEL 

Thle proposed model has n o t  been checked wi th  experimental  d a t a  from 

an a r t i f i c i a l l y  d i s p e r s e d  f low system; however, t h e  eoniparisons w i t h  t h e  

b u h a n i  d a t a  are promising, and i t  i s  expccted t h a t  t h e  model accuracy 

vi11 be increased  i n  a wel l -dispersed f low,  

In a d d i t i o n  tu s u f f i c i e n t  f low d i spe r sa l .  transj-ent a n a l y s i s  may 

r e q u i r e  t h e  fa l lowing:  

1. The dens i tometer ,  d r a g  d i s k ,  and t u r b i n e  meter should be 

i n s t a l l e d  as c l o s e  toge ther  as p o s s i b l e ,  without  causing 

mutual i n t e r a c t i o n .  

2 .  Response t i m e  c o n s t a n t s  of t h e  t h r e e  ins t ruments  should 

be t h e  same. If thiz; is n o t  p o s s i b l e ,  high-frequency 
filters should be used so t h a t  t h e  response t i m e  c o n s t a n t s  

of t h e  f i n a l  d a t a  are approxiinately t h e  same. 
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I n  s t e a d y  o r  slowly changing flow, t h e s e  p o i n t s  may be  unimportant;  

however, time l a g s  due t o  t h e  spac ing  between d e v i c e s  may be s i g n i f i c a n t  

i n  rapid t r a n s i e n t s  and should be minimized. 

much smaller t i m e  c o n s t a n t  than  a t u r b i n e  meter. I f  mass f l o w  i s  ca lcu-  

l a t ed  w i t h  t h e  proposed model and raw d a t a  are no t  t r e a t e d  wi th  high-  
frequency f i l t e r s ,  t h e  e r r o r s  might be l a r g e ,  and, i n  the wors t  case, 

b i n  Eq. (18) might n o t  be de f ined  (b2 O), 

A drag  d i s k  u s u a l l y  h a s  a 

6 .  coNcLusIoN 

Although t h e  proposed model was developed f o r  u s e  i n  a system wi th  

a r t i f i c i a l l y  d i spe r sed  f low,  it y i e l d s  a good p r e d i c t i o n  of mass flow 

rate i n  n o n a r t l f i c i a l l y  d i s p e r s e d  f l o w  up t o  %5x q u a l i t y  wi th  an error 

of k l Q %  (much b e t t e r  than  t h a t  of t h e  homogeneous flow model). 

is  in tended  t u  be a p p l i e d  over a wider range  of cond i t ions  than  covered 

by t h e  Rouhani d a t a  b u t  needs t o  be v e r i f i e d  over t h i s  wider range .  

The model 

The u s e  of Thorn's c o r r e l a t i o n  of s l i p  r a t i o  vs p r e s s u r e  may incu r  

ve ry  l a r g e  e r r o r s  because of t h e  l a r g e  scatter of s l i p  ratios a t  a g iven  

p res su re .  

There is some p r o b a b i l i t y  t h a t  Gt  and G based on homogeneous f law d 
do n o t  r e p r e s e n t  t h e  real  mass f l u x ,  even when G 

e v a l u a t i o n  of Rouhani's d a t a  Gt overes t ima tes  t h e  t r u e  v a l u e  fo r  S > 1, 
and Gd is  always expected t o  do t h e  same. 

= Gd. Based on t h e  

The proposed model should be a v a l u a b l e  method to compute mass flow 

rate, q u a l i t y ,  s l i p ,  and o t h e r  v a r i a b l e s  i n  both  s t e a d y - s t a t e  and t r a n s i e n t  

two-phase flows. 

The au tho r  acknowledges t h e  b e n e f i t  de r ived  from d i s c u s s i o n s  wi th  

R. E'. Bennett  d u r i n g  t h e  p r e p a r a t i o n  of t h i s  r e p a r t .  H e  i s  a l s o  

indebted  t o  C.  G. Lawson f o r  his kind a n a l y s i s  d i r e c t i o n  and t o  D. G .  

Thomas for h i s  c a r e f u l  c r i t i ca l  review, 
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NOMENCLATURE 

Cross-sect ion area of a p i p e  

P a r t  of c r o s s  s e c t i o n  occupied by gas  phase 

R a t i o  of d r a g  c o e f f i c i e n t s  of a drag  d i s k  (C /C ) df dg 

Drag c o e f f i c i e n t  of a drag  d i s k  f o r  l i q u i d  phase 

Drag c o e f f i c i e n t  of a drag disk for gas phase 

R a t i o  o f  d r a g  c o e f f i c i e n t  o f  a t u r b i n e  b lade  (@ /C ) tf t g  

Drag c o e f f i c i e n t  of a t u r b i n e  b lade  f o r  l i q u i d  phase 

Drag c o e f f i c i e n t  of a t u r b i n e  b lade  for gas phase 

I n s i d e  diameter  of a pipe  

R a t i o  of l i q u i d  and g a s  d e n s i t i e s  (p / p  ) 

Mass f low rate per  unit area 

Mass f low ra te  per  u n i t  area c a l c u l a t e d  by 

Representa t ive  of G A D  

Mass f low rate per u n i t  area c a l c u l a t e d  by 
u s i n g  t h e  readings  of a densi tometer  and a 

Mass f low ra te  per u n i t  area c a l c u l a t e d  by 

Mass f low rate per  unit area c a l c u l a t e d  by 

Mass flow rate  per  u n i t  area c a l c u l a t e d  by 
u s i n g  t h e  readings  of a dens i tometer  and a 

f g  

tl 
G p p  GR, and G 

homogeneous model 
d r a g  d i s k  

Popper 's  method 

Rouhani ' s method 

t h e  homogeneous model 
t u r b i n e  meter 

Momentum f l u x  measured by a drag  d i s k  f o r  d i s p e r s e d  f low 

Ffsmentldrn f lux  measured by a drag d i s k  i n  homogeneous f low 

Mass f low ra te  of l i q u i d  phase 

Mass f low ra te  of gas phase 

Dis tance  from t h e  a x i s  of a turbine metes 

R a t i o  of t he  gas  phase v e l o c i t y  and t h e  l i q u i d  phase v e l o c i t y  
(V /V ) ,  called the s l i p  ratio 

g f  
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Imaginary v e l o c i t y  based on t h e  homogeneity assumption f o r  t h e  
momentum f l u x  measurement by a d rag  disk 

Liquid phase v e l o c i t y  i n  d i spe r sed  flow 

% 

Vf 
V f f  Liquid s ingle-phase v e l o c i t y  

v Gas phase v e l o c i t y  i n  d i spe r sed  flow 
I3 

X 

Y 

c1 

c 

CA 

GP 

CR 

c t  
u 

c1 

CY. 

a 

OL 

OL 

a 

*aCJ 

w 

Flow v e l o c i t y  i n  homogeneous f low 

Turning speed of a p o i n t  on t h e  t u r b i n e  b l ade  

Veloc i ty  measured by a t u r b i n e  meter i n  d i spe r sed  flow 

Veloc i ty  measured by a t u r b i n e  meter i n  homogeneous f low 
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F i g .  1. S l i p  r a t i o  (V / V  ) determined exper imenta l ly  f o r  steam 
9 e f  and water. 
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Fig. 2.  Arrangement of t u r b i n e  meter, dens i tometer ,  and d rag  
disk in an ins t rument  spool  piece of t h e  THTF. 
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DIRECTION OF THE TURBINE AXIS 

Fig. 3. Velocities of gas and l i q u i d  phases r e l a t i v e  to t u r b i n e  
blade v e l o c i t y .  
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Fig. 5 .  In f luence  of phase d e n s i t y  r a t i o  on t h e  r a t i o  of apparent  
d e n s i t i e s  c a l c u l a t e d  through t h e  proposed model (p ) and t h e  homogeneous 
model (paO) for S = 5.0 [Eqs. (23a and 23b)l. a 
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Fig. 6 .  Influence of phase density r a t i o  on t h e  ratio of momentum 
fluxes calculated through the proposed model (Id) and t h e  homogeneous 
model (I f o r  S = 2.0 [Eq. (24a)I. dO 
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In f luence  of phase d e n s i t y  ratio on t h e  ratio of momentum 
f luxes c a l c u l a t e d  through the proposed model (I 1 and the homogeneous 
model (I ) for S = 2.0 [Eq. ( 2 4 b ) l .  d 
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meter v e l o c i t i e s  calculated through the  proposed model (V,) and t h e  
homogeneous model (V 1 f o r  S = 2.0 [Eq. (25a) 1. t o  



3 4 

ORNL DWG 75  ~ 3505 

1.5 

0 
I- 
CII 
>- 

- 
a 

6 1.0 

9 
w 

ir 
w 
I- 
w 
z 
w 
z 
gjl 
[r 
2 
I- 

> 

- 

+ 0.5 
> --. 
>- 

0 
0 0.5 

a ,  VOID FRACTION 
1 .0 

Fig. 11.. Influence of phase density r a t i o  on the ratio of turbine 
meter velocities calculated through the  proposed model (V ) and the 
homogeneous model (Vto> f o r  S = 5.0 [ E q .  (25a)l. t 



35 

a 

s - 2.0 

ct = 1.0 

ORNLLDWG 7 5 3 5 0 6  

0.5 

x ,  QUALITY 
1 .u 

Fig.  1 2 .  Influence of phase d e n s i t y  r a t i o  o ~ r  the r a t i o  of t u rb ine  
meter velocities c a l c u l a t e d  through the proposed model (V 1 and the 
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Fig.  13. I n f l u e n c e  of phase d e n s i t y  r a t i o  on t h e  r a t i o  of t u r b i n e  
meter v e l o c i t i e s  c a l c u l a t e d  through the proposed model (V ) and t h e  
homogeneous model (V ) f o r  S = 5.0 [Eq.  (25b) I. t 
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Fig.  14. Rat io  of d i spe r sed  flow voFd 
f r a c t i o n  (a) t o  homogeneous void f r a c t i o n  ("0) 
p l o t t e d  a g a i n s t  d i spersed  flow void f r a c t i o n  
f o r  d i f f e r e n t  s l i p  r a t i o s .  In t h i s  ca se  the  
phase volumetr ic  f low rates are important ,  and 
t h e  phase d e n s i t y  r a t i o  %s of no consequence 
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Fig. 15.  Rat io  of d i spe r sed  flow void  
f r a c t i o n  (a) t o  homogeneous void f r a c t i o n  ("0) 
as EL func t ion  of q u a l i t y  for d i f f e r e n t  phase 
d e n s i t y  r a t i o s  a t  S = 2,O [Eq. (26b)l .  



0 

ORNi DWG 75 3519 

s 5.0 

0.5 

x ,  QL'ALITY 

1 .o 

Fig. 16. Rat io  of d i spe r sed  f low void 
fraction (a> t o  homogeneous void fraction (a , )  
as a func t ion  of q u a l i t y  f o r  d i f f e r e n t  phase 
density r a t io s  at S = 5.0 [Eq. ( a € & > ] .  
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Fig. 17. In f luence  of Fd on t h e  ratio of 
momentum f luxes  c a l c u l a t e d  through t h e  proposed 



0 

s = 5.0 

ORNL OWC 75 3512 

500 

0.5 

il, VOID FRACTION 

1 .o 

Fig .  18. Inf luence  of Fd on t h e  ratio of 
momentum fluxes calculated through the proposed 
model (Id) and the homogeneous model (Idol f o r  
S = 5.0 [ E q ,  ( 2 4 a ) I .  
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momentum fluxes calculated through the proposed 
model (I ) and the homogeneous model (Idol for 
S = 2.0 t E q .  (24b)I. 
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Fig. 20. Influence of Td on the r a t io  of 
momentum fluxes calculated through the proposed 
model (Id) and the homogeneous model ( Idel  f o r  
S = 5.0 [Eq. ( 2 4 b ) l .  
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~ i g .  21.  'influence of Tt on the ratio sf 
t u rb ine  meter velocities calculated through the 
proposed model (V,) and the hORIQgeReouS model 
(V to )  f o r  S = 2.0 [Eq. (25a)l. 
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Fig. 22.  In f luence  of ct on t h e  r a t i o  of F ig .  23 .  

proposed model (V,) and the homogeneous model 

In f luence  of Ct on the r a t i o  of 
t u r b i n e  meter v e l o c i t i e s  c a l c u l a t e d  through t h e  t u r b i n e  meter v e l o c i t i e s  c a l c u l a t e d  through t h e  
proposed model (V,) and the homogeneous model 
(Vt$ f o r  S = 5.0 [Eq. (25a)l. (Vto) f o r  S = 2 . 0  [Eq.  (25b) 1. 
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Fig. 2 4 .  Inf luence  of Ct on t h e  r a t i o  of 
t u r b i n e  meter v e l o c i t i e s  c a l c u l a t e d  through t h e  
proposed model (V,) and t h e  homogeneous model 
(Vto> f o r  S = 5.0 [E¶ .  ( 2 5 b ) l .  
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Fig .  25. Rat io  of mass f l u x e s  based on 
INEL method us ing  drag  d i s k  and densi tometer  
(Gd) and proposed model (G) vs void f r a c t i o n  
for selected values  of f and S [Eq. (29a) 1 
and Ed = 1.0. 
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Fig. 2 6 .  Ratio of mass fluxes based on 
INEL method u s i n g  drag d i s k  and densitometer 
(Gd) and proposed model (G) vs quality for 
selected values of S. Use of quality as a 
parameter eliminates the density ratio f in 
the expression for G d / G  [En.  (29b)I  and - 
Cd = 1.0. 

1.5 

0 
i- < 
0: 
x 
3 
A 
U 

m 
v) 1.0 
=l 
z 

U 

0.5 
0 

i 
~ 

d f = p i p  = 500, S = 5 
b f = 5 0 , S = 2  
c 

f Y  

f = 500, S = 2 
i 

i 
d f = O O R -  j 

I 

0.5 
u, VOID FRACTION 

1 .o 

Fig. 27. Ratio of mass fluxes based on 
INEL method using turbine meter and densitometer 
(Gt) and proposed model ( G )  vs void fraction for 
selected values of f and S [Eq. (30a)l and - c t  = 1.0. 
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Fig.  30. Rat io  of mass fluxes based on 
INEL method using turbine meter and densitometer 
(Gt) and proposed model ( 6 )  vs void fraction f o r  
selected values of f and S [ E q .  (30a>] and 
Ct = 2.0. 
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Fig. 31. Ratio of mass fluxes based on 
INEL method using drag disk and densitometer 
(Gd) and proposed model (G) vs quality f o r  
- selected values of f and S [Eq. (29b)I and 
Cd = 2 . Q .  
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Fig. 3 2 .  Rat io  of mass f l u x e s  based on 
INEL method using d r a g  d i s k  and dens i tometer  
(Gd) and proposed model ( G )  vs q u a l i t y  for 
s e l e c t e d  values  of f and S [Eq. ( 2 9 b ) l  and - 
Cd = 5.0. 
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Fig. 3 3 .  Ratio of mass f l u x e s  based on 
INEL method us ing  t u r b i n e  meter and d rag  disk 
(Gt) and proposed model (G) vs q u a l i t y  f o r  
s e l e c t e d  va lues  of S [Eq. (30b)l  and Td = 2.0. 
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Fig. 3 4 .  Rat io  of mass fluxes based on 
TNEL method using t u r b i n e  meter and densi-  
tometer (Gt) and proposed model (G) vs q u a l i t y  
f o r  selected values of S [Eq. (30b)I and - c t  -- 5.0. 
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Fig. 35. Rat io  of l i q u i d  phase velocity 
t o  t u r b i n e  meter apparent  velocity (= Popper 's  
l i q u i d  phase velocity) based on proposed model 
[Eq. ( 3 4 a ) I ;  S = 2.0 and Ct = 1.0. 
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Fig .  38. Comparison of void f r a c t i o n s  
ca l cu la t ed  through Popper 's  model ( a ~ p )  and 
the propased model ( a )  f o r  s e l e c t e d  v a l u e s  of 
f ana s [E+ ( 3 3 ) ] ;  Ct = 1.0. 

Fig .  39. Comparison of void f r a c t i o n s  
c a l c u l a t e d  through Popper 's  model (ace) and 
the proposed - model (a) f o r  s e l e c t e d  va lues  
of S, Cts and f .  Curves f o r  S = 4 ,  f = 500, 
and S = 1.5,  f = 1 2  are similar t o  curve a 
i f  Tt = 2.0; curve b is Et = 5.0 [ ~ q .  ( 3 3 1 3 .  
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Fig. 40. Deta i led  sketch of v e l o c i t y  v e c t o r s  about a t u r b i n e  
b l a d e  and comparison of t u r b i n e  b lade  des igns  a p p r o p r i a t e  t o  Rouhani 's  
model and t h e  proposed model. 
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Fig. 41. Ratio of turbine meter v e l o c i t i e s  calculated with the 
Rouhani model (VtR) and the proposed model (Vt) v s  void fraction f o r  
se lected  values of f and S [Eq.  (37a)l; zt = 1.0. 
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Fig. 42.  Ratio of t u rb ine  meter v e l o c i t i e s  calculated with the 
Rouhani model (VtR) and the proposed model (V,) vs quality f o r  
se l ec ted  values of S [Eq. (37b)l;  et = 1.0. 
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Fig.  4 3 .  Comparison of void fractions f rom Rouhani model ( c q - ~ )  
and from proposed model (a) f o r  S = 2, f = 50, C t  = 1. The cond-ltions 
S = 3 ,  f = 200, zt = 1 y i e l d  almost the same curve. 
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Fig. 4 4 .  Comparison of calculated flow rate by proposed model 
with Rouhani’s measured flow rate. 
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