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TWO-PHASE FLOW MEASUREMENTS WITH ADVANCED 
INSTRUMENTED SPOOL PIECES 

K. G. Turnage 

ABSTRACT 

A series of two-phase, air-water and steam-water tests 
performed with instrumented piping spool pieces is described. 
The behavior of the three-beam densitometer, turbine meter, 
and drag flowmeter is discussed in terms of two-phase models. 
Results from application of some two-phase mass flow models 
to the recorded spool piece data are shown. 

Results of the study are used to make recommendations 
regarding spool piece design, instrument selection, and 
data reduction methods to obtain more accurate measurements 
of two-phase flow parameters. 

1. INTRODUCTION 

The measurement of two-phase mass flow rate is of primary importance 

in reactor safety studies involving loss-of-coolant experiments. Because 

of the severe environments present during blowdown and reflood, rela- 

tively few instrument types have been widely used to make two-phase flow 

measurements in piping geometries; these include turbine flowmeters, gamma 

densitometers, and drag flowmeters. (Pressure and temperature measure- 

ments are also required for the reduction of data from the other instru- 

ments.) 

In the Thermal-Hydraulic Test Facility (THTF) at Oak Ridge National 

Laboratory (0RNL)l and in the Semiscale Facility at Idaho National Engi- 

neering Laboratory (INEL), three full-f low instruments have been located 

in a relatively short piping segment called a spool piece. The design of 

spool pieces is important because the turbine meter and drag flowmeter are 

intrusive and may seriously alter the flow regime. On the other hand, 

the location of all three instruments in close proximity is desirable be- 

cause of the often unsteady and inhomogeneous nature of two-phase flow. 

A s  part of the Advanced Two-Phase Flow Instrumentation Program at 

ORNL, advanced instrumented piping spool pieces were tested in air-water 
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and steam-water two-phase flow. The 8.9-em-ID (3.5-in.) s t a i n l e s s  s teel  

spool  p i e c e s  t e s t e d  incorpora ted  a three-beam gamma dens i tometer ,  a t u r -  

b i n e  flowmeter, and a drag  flowmeter w i t h  fu l l - f low t a r g e t .  

The purpose of t h e  tests was t o  e v a l u a t e ,  f o r  a wide range of l i q u i d  

and gas  f low r a t e s ,  t h e  performance of t h e  s p o o l  p i e c e s  i n  terms of a v a i l -  

a b l e  a n a l y t i c a l  techniques.  Of p a r t i c u l a r  i n t e r e s t  was t h e  use  of l a r g e r  

d r a g  t a r g e t  d e s i g n s ,  which sample t h e  f low t o  w i t h i n  3 . 2  mm of t h e  p ipe  

wall. The e f f e c t s  of such t a r g e t s  on t h e  f low p a t t e r n  d e t e c t e d  by t h e  

three-beam dens i tometer  were s t u d i e d  u s i n g  a t r a n s p a r e n t  s p o o l  p i e c e  t h a t  

was g e o m e t r i c a l l y  l i k e  t h e  s t e e l  s p o o l  p iece .  

Comparisons of v e l o c i t i e s  p r e d i c t e d  by t h e  Aya, Rouhani, and volumet- 

r i c  models of t u r b i n e  behavior  t o  reduced t u r b i n e  readings  were made, and 

informat ion  gained from s t u d i e s  of each  s p o o l  p i e c e  ins t rument  w a s  used t o  

e v a l u a t e  t h e  r e s u l t s  of two-phase mass f l o w  models t h a t  r e q u i r e  t h e  in-  

s t rument  readings.  

This  r e p o r t  documents t h e  most important  r e s u l t s  and conclus ions  ob- 

t a i n e d  t o  d a t e  from t h e  s p o o l  p i e c e  experiments  and ana lyses .  
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2. AIR-WATER STUDIES 

2.1 Experiment D e s c r i p t i o n  

The instrumented spool  p i e c e  used i n  t h e  a i r -water  s t u d i e s  (Fig.  1)  
i n c o r p o r a t e s  s e v e r a l  des ign  improvements: (1) t h e  upstream drag  flowmeter 

(normal flow d i r e c t i o n ) ,  t h e  dens i tometer ,  and t h e  t u r b i n e  are l o c a t e d  

w i t h i n  46 cm (18 i n . )  of each o t h e r ;  ( 2 )  t h e  l o c a t i o n  of a drag  flowmeter 

on e i t h e r  end a l lows  one drag  meter t o  always be upstream of t h e  t u r b i n e  

i n  case of b i d i r e c t i o n a l  f low; (3 )  t h e  “full-flow‘’ t u r b i n e  r o t o r  and d r a g  

t a r g e t s  sample t h e  f l u i d  flow i n  t h e  p i p e  t o  w i t h i n  3.2 mm (0.125 i n . )  of  

t h e  p ipe  w a l l ;  and ( 4 )  f a s t  response,  h igh  s e n s i t i v i t y  t u r b i n e  moni tor  

e l e c t r o n i c s  were used w i t h  t h e  t u r b i n e  meter. 

D e t a i l e d  d e s c r i p t i o n s  of t h e  spool  p i e c e  i n s t r u m e n t a t i o n ,  s i g n a l  con- 

d i t i o n i n g  equipment, and data a c q u i s i t i o n  methods used are r e p o r t e d  else- 

where. , 
The ORNL two-phase a i r -water  t es t  f a c i l i t y  (AWTF) shown i n  Fig. 2 w a s  

used t o  supply a i r  a t  f low rates  up t o  242 l i t e r s / s  (512 scfm) and water 

a t  flow rates up t o  3 2  l i t e rs / s  (500 gpm). I n  t h e  8.9-cm-ID (3.5-in.) 

spool  p i e c e  t e s t e d ,  those  rates correspond t o  s u p e r f i c i a l  v e l o c i t i e s  of 39 

m / s  (128  f p s )  f o r  a i r  and 5.2 m / s  ( 1 7  f p s )  f o r  water. 

f low was a t  ambient temperature  and n e a r  a tmospheric  pressure .  I n  t h e  

air-water loop,  t h e  a i r  flow r a t e  i s  determined u s i n g  a p r e s s u r e  gage up- 

stream of c r i t i c a l  f low o r i f i c e s ,  and water  i s  metered i n t o  t h e  loop by 

means of ro tameters  [ f low rates less than  6 . 3  l i t e rs / s  (100 gpm)] o r  by a 

magnetic flowmeter. 

The a i r  and water 

The s p o o l  p i e c e  w a s  t e ~ t e d ~ - ~  i n  t h e  AWTF i n  t h e  t h r e e  l o c a t i o n s  

shown i n  Fig. 2. By a d j u s t i n g  of v a l v e s ,  two-phase f low was made t o  pass  

h o r i z o n t a l l y ,  v e r t i c a l l y  upward, o r  v e r t i c a l l y  downward through t h e  t e s t  

s e c t i o n .  Experiments were conducted by s e t t i n g  t h e  d e s i r e d  a i r  f low ra te  

and t h e n  t a k i n g  d a t a  a t  s u c c e s s i v e l y  h i g h e r  water i n p u t  rates u n t i l  e i t h e r  

t h e  system p r e s s u r e  became h igh  enough t o  unchoke t h e  c r i t i c a l  f low o r i -  

f i c e  o r  one of t h e  s p o o l  p i e c e  ins t ruments  was overranged. The a i r  flow 

rate w a s  then  doubled, and t h e  procedure of t a k i n g  d a t a  w i t h  v a r i o u s  water 

f low rates  w a s  repeated. 
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Fig. 1. Instrumented piping spool piece used in air-water testing. 
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Fig. 2. ORNL Air-Water Test F a c i l i t y .  

The f low rates  used r e s u l t e d  i n  many two-phase f low regimes (F igs .  3 ,  
4 ,  and 5 ) .  The f low regimes observed through t h e  t r a n s p a r e n t  l oop  p ip ing  

a t  v a r i o u s  f low rates g e n e r a l l y  agreed  wi th  those  i n d i c a t e d  by Mandhane 

and Aziz' (F ig .  3 )  and by Oshinowa and Charles '  (F igs .  4 and 5 ) .  
The spool  p i e c e  i n s t r u m e n t a t i o n  was c a l i b r a t e d  i n  single-phase f low 

immediately p r i o r  t o  each two-phase tes t .  

used t o  reduce t h e  t u r b i n e  and drag  f l o m e t e r  d a t a  recorded from t h e  two- 

phase tes ts ,  y i e l d i r . ,  I v e l o c i t y  Vt from t h e  t u r b i n e  and a momentum f l u x  

I d  i n d i c a t e d  by t h e  drag flowmeter. 

from t h e  three-beam dens i tome te r  d a t a  us ing  models which p o s t u l a t e d  t h r e e  

r e g i o n s ,  each  wi th  uniform d e n s i t y .  An annu la r  model (F ig .  6 )  was used 

with t h e  v e r t i c a l  upflow and v e r t i c a l  downflow d a t a ,  and a " s t r a t i f i e d "  

model (F ig .  7 )  was used t o  reduce d a t a  from t h e  h o r i z o n t a l  tests. L u c i t e  

i n s e r t s  r e p r e s e n t i n g  v a r i o u s  f low regimes (Fig. 8)  were used t o  v e r i f y  t h e  

accuracy  of  t h e  d e n s i t y  measurements. 

Simple e q u a t i o n s 5  were then  

A mean p ipe  d e n s i t y  P, was deduced 

The FORTRAN computer program used t o  process  t h e  r a w  d a t a  t a p e s  cal- 

c u l a t e d  V t ,  I d ,  Pa,  and t h e  p r e s s u r e  f o r  s h o r t  i n t e r v a l s  of real t i m e  
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Fig. 3. Flow pattern map proposed by Mandhane et al. for horizon- 
tal flow with locations of data points used in air-water studies. 

( E O .  1 s ) .  

ing expressions for each short-time interval during a scan at a particular 

flow rate. 

aged over time to yield the data presented here. This method is appro- 

priate for evaluating models and instrumentation intended for transient 

or slug flow application. 

These "instantaneous" quantities were used to evaluate model- 

The short-time interval modeling expressions were then aver- 

2.2 Individual Instrument Response 

The important results obtained with the triple-beam densitometer, 

turbine flowmeter, and drag flowmeter in the air-water, two-phase flow 
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Fig. 4.  Flow p a t t e r n  map proposed by Oshinowa and Charles  f o r  v e r t i -  
c a l  downflow w i t h  l o c a t i o n s  of d a t a  p o i n t s  used i n  air-water s t u d i e s .  

tests are  presented  here .  Where t h e  spool  p i e c e  o r i e n t a t i o n ,  f o r  exam- 

p l e ,  h o r i z o n t a l  v s  downflow, had a s i g n i f i c a n t  e f f e c t  on ins t rument  be- 

h a v i o r ,  t h e  d i f f e r e n c e s  are  i n d i c a t e d .  

A P l e x i g l a s  spool  p iece  wi th  dimensions e s s e n t i a l l y  i d e n t i c a l  t o  t h e  

s tee l  tes t  s e c t i o n  was used f o r  v i s u a l  s t u d i e s  of how t h e  drag  bodies  and 

t h e  t u r b i n e  per turbed  t h e  flow. The s t u d i e s  revea led  t h a t  when f u l l - f l o w  

drag  t a r g e t s  were used i n  t h e  spool  p i e c e ,  they caused c o n s i d e r a b l e  d is -  

turbance of  t h e  upstream f low regime t o  occur  a t  t h e  plane of t h e  den- 

s i tometer .  The composite d e n s i t i e s  c a l c u l a t e d  from dens i tometer  d a t a  

were most s e r i o u s l y  a f f e c t e d  a t  t h e  lowest  vo id  f r a c t i o n s  when use of 

l a r g e  t a r g e t s  a p p a r e n t l y  caused underes t imates  of t h e  d e n s i t y  by both  

t h e  a n n u l a r  and t h e  s t r a t i f i e d  models. I n  v e r t i c a l  downflow (Fig.  9 > ,  

when a f u l l - f l o w  drag  t a r g e t  was mounted on t h e  upstream drag flowmeter,  

a pronounced d i s c o n t i n u i t y  i n  c a l c u l a t e d  d e n s i t y  occurred  a t  t h e  t r a n s i -  

t i o n  from bubbly s l u g  t o  cor ing  bubble flow. The d i s c o n t i n u i t y  d i d  n o t  
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Fig. 5. Flow p a t t e r n  map proposed by Oshinowa and Charles  f o r  v e r t i -  
c a l  upflow wi th  l o c a t i o n s  of d a t a  p o i n t s  used i n  air-water s t u d i e s .  

occur without  t h e  drag  t a r g e t .  Thus, i f  f u l l - f l o w  drag  t a r g e t s  are t o  

be used, they  should be p o s i t i o n e d  downstream of t h e  densi tometer .  An 

a n a l y s i s  of  d a t a  from t h e  upflow experiments  showed t h a t  t h e r e  w a s  no 

apparent  e f f e c t  on t h e  composite d e n s i t y  c a l c u l a t e d  us ing  t h e  densitome- 

t e r ,  when a f u l l - f l o w  drag  t a r g e t  was l o c a t e d  upstream of  t h e  densitome- 

ter. 

The accuracy of t h e  s ingle-phase i n p u t  f low meter ing systems of t h e  

AWTF h a s  been v e r i f i e d  using s tandard ized  methods. For a l l  d a t a  r e p o r t e d  

h e r e ,  t h e  e r r o r  i n  t h e  metered mass f low r a t e s  was less than  10% of read- 

ing. Some f low rates  i n d i c a t e d  i n  t h e  f low regime maps (F igs .  3,  4 ,  and 

5 )  caused mean o u t p u t  readings  of t h e  t u r b i n e  t o  be i n t e r m i t t e n t  o r  iden- 

t i c a l l y  ze ro ,  o r  they produced drag flowmeter readings  of less  than  0.5% 

of f u l l  scale. Such d a t a  are omit ted from t h e  fo l lowing  graphs  presented  

f o r  model and spool  p i e c e  eva lua t ion .  It i s ,  of  course ,  c r u c i a l  t h a t  a l l  

measurement systems designed f o r  two-phase f low a p p l i c a t i o n  be c a r e f u l l y  

s i z e d  f o r  t h e  f low rates expected. 
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SOURCE 

\ \ 

BEAM A' 
DETECT0 R 

\ 
BEAM B 

DETECTOR 

Fig. 6. Diagram showing uniform d e n s i t y  r eg ions  used i n  a n n u l a r  
model f o r  r educ t ion  of three-beam dens i tome te r  da ta .  

Mean phase v e l o c i t i e s  (based on metered i n p u t s  and dens i tome te r  d a t a )  

were s u b s t i t u t e d  i n t o  expres s ions  f o r  t h e  t u r b i n e  v e l o c i t y  p o s t u l a t e d  by 

Aya,l0 Rouhani , l l  and t h e  volumetr ic12  model. 

t u r b i n e  speed p r e d i c t e d  by the models and mean t u r b i n e  speeds  recorded i n  

t h e  h o r i z o n t a l  f l ow (Fig.  10) r evea led  t h a t  the Aya and the Rouhani models 

perform w e l l ,  w i th  t h e  Rouhani model doing s l i g h t l y  b e t t e r .  

downflow, t h e  s l i p  r a t i o s  may be s i g n i f i c a n t l y  less than  u n i t y  because of 

g r a v i t a t i o n a l  and buoyancy e f f e c t s .  When S < 1, t h e  t u r b i n e  meter veloc- 

i t y  may be less than  both t h e  mean l i q u i d  and t h e  mean vapor v e l o c i t i e s .  

The Aya and Rouhani t u r b i n e  models (F ig .  11) s imula t e  actual t u r b i n e  be- 

hav io r  poor ly  a t  t h o s e  f low rates ,  bu t  they perform s a t i s f a c t o r i l y  a t  h i g h  

a i r  f low rates  when S 2 1. 

Comparisons between t h e  

In  v e r t i c a l  

The vo lumet r i c  t u r b i n e  model was the most 
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SAMPLING A R E A  

A-BEAM 
SAMPLING A R E A  

. -  
BEAM ''E" 

BEAM " A *  

"C" 

A R E A  

Fig. 7. Diagram showing uniform density regions used in stratified 
model for reduction of three-beam densitometer data. 

Fig. 8. Plexiglas inserts representing two-phase flow regimes, used 
to evaluate accuracy of densitometer measurements. 
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.g. 10. Turbine v e l o c i t y  p r e d i c t e d  by t h r e e  t u r b i n e  mode 
mean t u r b i n e  v e l o c i t y  recorded i n  h o r i z o n t a l  flow. S o l i  
p e r f e c t  agreement f o r  each model. 

1s vs  
.d l i n e s  
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Fig. 11. Turbine v e l o c i t y  p r e d i c t e d  by t h r e e  t u r b i n e  models v s  
a c t u a l  mean t u r b i n e  v e l o c i t y  recorded i n  v e r t i c a l  downflow. 
l i n e s  denote  p e r f e c t  agreement f o r  each  model. 

S o l i d  
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s u c c e s s f u l  of t h e  t h r e e  models when S < 1. When d a t a  recorded i n  v e r t i c a l  

upflow was used (F ig .  12), the vo lumet r i c  t u r b i n e  model 's  p r e d i c t i o n s  were 

found t o  g r e a t l y  exceed t h e  t u r b i n e  v e l o c i t y  a t  a l l  f low rates. The Aya 

and t h e  Rouhani t u r b i n e  models p r e d i c t e d  t h e  t u r b i n e  speed reasonably  w e l l  

over most of t h e  range of f low rates used, except that  their  p r e d i c t i o n s  

were less than  t h e  t u r b i n e  speeds a t  h igh  a i r  f low rates  wi th  low water 

f low rates ( h i g h  vo id  f r a c t i o n )  and s l i p  r a t i o s  g r e a t e r  t h a n  5.0. 

The momentum f l u x  Id  i n d i c a t e d  by t h e  drag  flowmeter w a s  c a l c u l a t e d  

us ing  s ingle-phase  c a l i b r a t i o n  f a c t o r s  and d rag  t r a n s d u c e r  output .  T h i s  

w a s  compared t o  a two-velocity momentum f l u x  based on e i t h e r  t u r b i n e  meter 

o r  d e n s i t y  d a t a  and metered i n p u t s  t o  t h e  loop. I n  h o r i z o n t a l  f l ow (Fig .  

1 3 )  and i n  v e r t i c a l  downflow a t  f low r a t e s  where t h e  c a l c u l a t e d  s t a n d a r d s  

were deemed r e l i a b l e ,  t h e  two-phase d rag  c o e f f i c i e n t s  appeared t o  be less 

t h a n  t h e  s ing le-phase  CD'S by -20%. 

of a vapor pocket j u s t  downstream of t h e  d rag  t a r g e t ,  observed i n  high- 

speed motion p i c t u r e s  made through t h e  t r a n s p a r e n t  spoo l  p i e c e ,  c a u s e s  a 
s i g n i f i c a n t  r e d u c t i o n  i n  drag. 

r e d u c t i o n  i n  drag which occurs  due t o  accumulation of a vapor pocket be- 

h ind  a b l u f f  body.) 

c o e f f i c i e n t  of t h e  four-bladed drag t a r g e t  was found t o  approximate t h e  

s ing le-phase  va lue .  

T h i s  s u g g e s t s  t h a t  t h e  accumula t ion  

(Hoerner l3  has  presented  d a t a  showing t h e  

For t h e  v e r t i c a l  upflow tests,  t h e  two-phase d rag  

2 . 3  Two-Phase Mass Flow Rate Models 

I n  t h i s  s e c t i o n ,  d a t a  are shown r e l a t i n g  t h e  mass f low rates ob ta ined  

us ing  combinations of t h e  spoo l  p i e c e  in s t rumen t  r ead ings  t o  t h e  metered- 

i n  mass f low rates. These r e s u l t s  are be l i eved  t o  be t y p i c a l  of t h o s e  ex- 

pec ted  when s imilar  in s t rumen t s  a r e  used wi th  analogous two-phase f low 

rates and when t h e  ou tpu t  r ead ings  are w i t h i n  t h e  normal o p e r a t i n g  ranges  

of t h e  ins t ruments .  

mass f l o w m o d e l s  t e s t e d  may be i n f e r r e d  from t h e  grouping of t h e  mass f low 

r a t i o s  r e l a t i v e  t o  t h e  l i n e  of p e r f e c t  agreement ( u n i t y ) .  

S i g n i f i c a n t  s t r e n g t h s  and weaknesses of t h e  s imple  
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Fig. 12. Turbine v e l o c i t y  p r e d i c t e d  by t h r e e  t u r b i n e  models vs 
a c t u a l  mean t u r b i n e  v e l o c i t y  recorded i n  v e r t i c a l  upflow. 
denote  p e r f e c t  agreement f o r  each  model. 

S o l i d  l i n e s  
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Fig. 13. R a t i o  of momentum f l u x  i n d i c a t e d  by d rag  flowmeter t o  
momentum f l u x  c a l c u l a t e d  us ing  metered flow rates and t u r b i n e  v e l o c i t y  
( h o r i z o n t a l  f low, p e r f o r a t e d  p l a t e  t a r g e t ) .  

Comparisons of d a t a  c a l c u l a t e d  u s i n g  t h e  mass flow models G I  = PaVt, 

G 2  = G d ,  and G 3  = Id /Vt  t o  t h e  a c t u a l  two-phase mass f l u x  have ind i -  

c a t e d  t h e  fo l lowing:  

1. G1 (F ig .  14)  i s  r e l i a b l e  when t h e  t u r b i n e  v e l o c i t y  approximates 
t h e  l i q u i d  v e l o c i t y  (F ig .  151, p a r t i c u l a r l y  when t h e  void f r a c t i o n  is  less 

t h a n  50%. 

f r a c t i o n .  

n a l  i s  l e s s  than  0.5% of f u l l  s ca l e .  

G1 i n c r e a s i n g l y  o v e r p r e d i c t s  t h e  t r u e  mass f l u x  a t  h i g h e r  void 

Also ,  G1 i s  recommended i n  cases where t h e  drag  flowmeter s ig -  

2. G2 (Fig.  16) i s  a l s o  r e l i a b l e  a t  low void  f r a c t i o n s  and rela- 
t i v e l y  low s l i p  r a t i o s .  But, l i k e  G1, G2 t e n d s  t o  o v e r p r e d i c t  t h e  correct 

mass f l u x  a t  t h e  h i g h e s t  s l i p  r a t i o s .  U n c e r t a i n t i e s  i n  t h e  two-phase f low 

d rag  c o e f f i c i e n t  are minimized wi th  G2 because t h e  squa re  r o o t  is taken. 

G2 i s  a l s o  recommended f o r  c a s e s  such as low-velocity v e r t i c a l  downflow 
when t h e  s l i p  r a t i o  i s  less than  un i ty .  
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Fig. 14. Ratio of mass flux determined using densitometer and tur- 
bine to actual mass flux in horizontal two-phase flow. 

3. G 3  (Fig. 1 7 )  was found to yield fairly consistent mass flux cal- 

culations with respect to the actual values, even at the highest slip ra- 

tios. ( G 3  conforms to a two-velocity assumption, if the Rouhani-Estrada 

turbine model is used.) 

underestimated the correct mass flux by some 10 to 30%, perhaps because of 

variations in the two-phase flow drag coefficients from the single-phase 

values. These variations cause more scatter in the results from G 3  than 

for G1 and G2. Therefore, the use of G 3  in low-quality flow is discour- 

aged, particularly if void fraction measurements are available. 

In horizontal flow and in downflow, G 3  usually 

4.  The use of flow dispersing screens in the locations indicated in 

Fig. 1 was found to produce no improvement in the mass flow rate calcula- 

tions or the drag flowmeter response, except when small, centrally located 

drag targets were used. 

A flow chart for the selection of mass flow models when the available 

data are from a spool piece similar to the one tested here has been pre- 

pared (Fig. 18). 
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Fig. 15. Ratio of turbine speed to mean liquid phase velocity in 
horizontal two-phase flow. 

1 00 

Fig. 16.  Ratio of mass flux determined using densitometer and drag 
flowmeter t o  actual mass flux in horizontal two-phase flow. 
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Fig. 17. R a t i o  of mass f l u x  determined us ing  t u r b i n e  and drag  f low-  
meter t o  a c t u a l  mass f l u x  i n  h o r i z o n t a l  two-phase flow. 
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n = 2  

Fig. 18. Flow c h a r t  f o r  s e l e c t i o n  of two-phase mass f low model. 
Subsc r ip t  n denotes  model number Gn as def ined  i n  tex t .  
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3. STEAM-WATER SPOOL PIECE TESTS 

The Advanced Ins t rumen t s  f o r  Reflood S t u d i e s  (AIRS) T e s t  Stand spool  

p i ece  tests were conducted t o  examine how o b s e r v a t i o n s  made i n  t h e  air-  

water experiment r ega rd ing  ins t rument  response and mass f low r a t e  determi- 

n a t i o n  t r a n s l a t e  t o  a steam-water f low system. I n  p a r t i c u l a r ,  t h e  primary 

o b j e c t i v e  was t o  de te rmine  whether t h e  mass f low ra te  i n  two-phase steam- 
water f low could be obta ined  wi th  s u f f i c i e n t  accuracy us ing  only  a d r a g  

flowmeter and a t u r b i n e  flowmeter. I f  p o s s i b l e ,  t h e n  u s e f u l  instrumented 

spool p i e c e s  could be cons t ruc t ed  without us ing  r e l a t i v e l y  expens ive  gamma 

a t t e n u a t i o n  dens i tometers .  

This  s e c t i o n  d e s c r i b e s  t h e  A I R S  Test Stand and t h e  methods of  d a t a  

a c q u i s i t i o n  and a n a l y s i s  used f o r  t h e  spool  p i e c e  tests. 

a n a l y s i s  of t h e  d a t a  are d i scussed .  

Results from 

3.1 Experimental  Equipment and Methods 

The ( A I R S )  Steam-Water Test Stand (Fig.  19) i s  used f o r  t e s t i n g  in -  

strument systems i n  f low c o n d i t i o n s  similar t o  those  i n  a p o s t u l a t e d  nu- 

clear r e a c t o r  r e f lood .  

(340'F) and water a t  ambient tempera ture  and p r e s s u r e  are mixed and passed 

v e r t i c a l l y  upward through p ip ing  where f low ins t rumen t s  are loca ted .  

pu t  f l o w  rates of each  phase t o  t h e  system are measured us ing  ro t ame te r s  

f o r  water inpu t  and a G i l f l o  steam f l o m e t e r  f o r  steam input .  

s e r v a t i o n s  of t h e  mixed f low stream may be  made both  upstream and down- 

stream of the test s e c t i o n s .  An instrumented p ip ing  spool  p i e c e  i s  lo-  

ca t ed  nea r  t h e  t o p  of t h e  f a c i l i t y ;  measurements made wi th  t h e  spoo l  p i e c e  

i n s t r u m e n t a t i o n  are compared t o  analogous measurements ob ta ined  wi th  im- 

pedance probes o r  o t h e r  dev ices  i n s t a l l e d  i n  the lower s e c t i o n s .  

Superheated steam a t  830 kPa (120 p s i a )  and 440 K 

In- 

Visua l  ob- 

The ins t rumented  spool  p i ece  used f o r  t h e  steam-water t e s t i n g  (Fig.  

20) c o n s i s t e d  of a 91-cm-long (3 .0- f t ) ,  8.9-cm-ID (3.5-in.) s t a i n l e s s  

steel p ipe  wi th  f i t t i n g s  f o r  a d rag  flowmeter and a t u r b i n e  meter. A 

triple-beam gamma a t t e n u a t i o n  dens i tome te r  was i n s t a l l e d  on t h e  spool  

p i e c e  a t  t h e  l o c a t i o n  shown i n  Fig. 20. 

The two-phase f low tes ts  desc r ibed  h e r e  are summarized i n  Table  1. 
The tests were performed a t  a spoo l  p i e c e  p r e s s u r e  of -725 kPa (-105 
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Fig. 19. AIRS steam-water test stand. 
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tests. 
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Table  1. Two-phase f low c o n d i t i o n s  f o r  AIRS T e s t  
Stand steam-water tests 

Void 
f r a c t i o n  

(2)  
Qual i ty  a S u p e r f i c i a l  S u p e r f i c i a l  

l i q u i d  v e l o c i t y  vapor v e l o c i t y  
[m/s ( f t / s ) l  [m/s ( f t / s ) l  ( 2  1 

0.25 (0.81) 
0.25 (0.83) 
0.25 (0.82) 
0.25 (0.82) 
0.25 (0.81) 
0.17 (0.57) 
0.17 (0.57) 
0.17 (0.57) 
0.17 (0.57) 
0.12 (0.38) 
0.11 (0.36) 
0.12 (0.38) 
0.12 (0.38) 
0.073 (0.24) 
0.073 (0.24 
0.073 (0.24) 
0.073 (0.24) 

0.23 (0.74) 
2.1 (7.07) 
5.0 (16) 

19.0 (63) 
10.0 (33) 

0.39 (1.3) 
2.3 (7.6) 
5.5 (18) 

13.0 (42) 
15.0 (50) 
6.5 (21) 
2.4 (8)  
0.88 (2.9) 
1.7 (5.6) 
3.7 (12.0) 
6.2 (20) 

16.0 (52) 

0.4 
3.4 
7.7 

15.0 
24.0 

0.9 
5.3 

12.0 
24.0 
36.0 
19.0 

8.1 
3.1 
9.0 

18.0 
26.0 
48.0 

59 
73 
81 
93 
95 
63 
76 
84 
95 
96 
90 
75 
60 
70 
83 
89 
96 

a Based on gamma dens i tometer  da t a .  

p s i a ) .  An energy ba lance  was app l i ed  t o  t h e  inpu t  f low ra tes  and en tha lpy  

t o  o b t a i n  t h e  mixture  q u a l i t y  a t  t h e  spool  p iece .  For t h e  f low rates  
used, t h e  c a l c u l a t e d  tes t  s e c t i o n  q u a l i t y  was between 0.004 and 0.48, 

while t h e  void  f r a c t i o n  i n  t h e  spool  p i e c e ,  de r ived  by us ing  t h e  dens i -  

tometer d a t a ,  ranged from 0.59 t o  0.96. The f low rates  were chosen t o  

a l low examination of uns teady ,  s l u g  f low regimes (low-steam f low rates) 

as  w e l l  as annu la r  m i s t  f low regimes (high-steam f low rates) .  

3.2 Steam-Water Test R e s u l t s  

Analys is  of t h e  dens i tometer  d a t a  showed t h a t  t h e  pipe-average s l i p  

r a t i o s  f o r  t h e  steam-water f low p o i n t s  were h igh ,  ranging  from -3 t o  -10. 

The t u r b i n e  v e l o c i t y  was found t o  g r e a t l y  exceed t h e  mean l i q u i d  phase ve- 

l o c i t y ;  i t s  v e l o c i t y  was f a i r l y  c l o s e  t o  t h e  mean steam v e l o c i t y  over  most 
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of t h e  f low range. Consequently, t h e  Aya and t h e  Rouhani t u r b i n e  models 

s e r i o u s l y  underest imated t h e  t u r b i n e  v e l o c i t i e s  f o r  t h e s e  tests. The vol -  

umetric model, h o m v e r ,  p red ic t ed  t h e  t u r b i n e  v e l o c i t y  reasonably ell, 

except  a t  t h e  lowest  steam f low rates used. (The twelve-bladed t u r b i n e  

used i n  t h e  steam-water tests was a l s o  found t o  g r e a t l y  ove res t ima te  the  

l i q u i d  v e l o c i t y  i n  t h e  air-water system, i n  c o n t r a s t  t o  t h e  f ive-bladed 

t u r b i n e  used previous ly . )  

PaVt, G2 = G, and G3 = Id /Vt ,  t o  t he  actual two-phase mass flux i n  

v e r t i c a l  upflow, have suggested t h e  fo l lowing:  

1. A t  t h e  f low rates and void f r a c t i o n s  used i n  t h e  steam-flow tes ts ,  G 1  

g r o s s l y  ove res t ima tes  t h e  mass f l u x  (Fig.  21), l a r g e l y  due t o  t u r b i n e  

speeds w l l  i n  excess of t h e  mean l i q u i d  v e l o c i t y .  

Comparisons of t h e  d a t a  c a l c u l a t e d  us ing  t h e  mass f low models G1 = 

ORNL-DWG 79-19569A 
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Fig. 21. Mass f l u x  determined us ing  dens i tometer  and t u r b i n e  
meter vs metered mass f l u x ,  steam-water v e r t i c a l  upflow. 
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2. G 2  o v e r e s t i m a t e s  t h e  mass f l u x  a t  t h e  h igh  s l i p  r a t i o s  c h a r a c t e r i s -  

t i c  of t h e  steam-water tests (F ig .  22), a l though  no t  as badly  as GI. 

When t h e  drag  flowmeter ou tput  was h i g h  enough t o  be s i g n i f i c a n t ,  G 3  

w a s  found t o  y i e l d  c o n s i s t e n t  r e s u l t s  bu t  f e l l  somewhat below t h e  t r u e  

mass f l u x  because of t h e  t u r b i n e  overspeed problem mentioned above 

(Fig.  23) .  

3. 

I n  summary, t h e  steam-water spool  piece tests,  l i m i t e d  t o  v e r t i c a l  

upflow a t  void  f r a c t i o n s  above 50%, tend  t o  confirm i n d i c a t i o n s  r ega rd ing  

ins t rument  performance observed i n  t h e  air-water loop. 

models t e s t e d ,  G 3  = Id/Vt i s  t h e  most a c c u r a t e  mass f l u x  model f o r  use a t  

h i g h  void  f r a c t i o n s .  

That i s ,  of t h e  

ORNL-DWG 79-19570A 

/ 
/ 

/ 
/ LEGEND 

0 -  17 GF 
LEGEND 

0 -  17 GF / 
/ 

'M 
A -  12 GPM 
+ -  8 GPM 
x - 5 GPM 

10' 
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I' 

Fig. 22. Mass f l u x  determined u s i n g  dens i tome te r  and d rag  flow- 
meter vs metered mass f l u x ,  steam-water v e r t i c a l  upflow. 
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Fig. 23. Mass f l u x  determined us ing  t u r b i n e  and drag  flowmeter vs 
metered mass f l u x ,  steam-water v e r t i c a l  upflow. 

Recommendations made with respect t o  f u r t h e r  steam-water t e s t i n g  of 

instrumented spoo l  p i e c e s  of t h e  type desc r ibed  h e r e  are: 

1. use of d rag  t r a n s d u c e r s  ranged t o  more a c c u r a t e l y  measure f l u i d  mo- 

m e m t u m  f l u x e s  below -300 kg/m*s2 ( -200 l b m / f t * s 2 ) ;  

use of a f ive-b laded  t u r b i n e  s o  t h a t  t h e  Rouhani model i s  more appro- 

p r i a t e ,  o r ,  a l t e r n a t e l y ,  development of a two-phase mass f low ra te  

model t h a t  i n c o r p o r a t e s  t h e  vo lumet r i c  t u r b i n e  model assumption f o r  

use wi th  d a t a  from t h e  twelve-bladed t u r b i n e ;  

ex tens ion  of t h e  t e s t i n g  t o  i n c l u d e  h ighe r  water f low rates and lower 

void f r a c t i o n s ,  so t h a t  t h e  t r a n s i t i o n s  i n  ins t rument  behavior  t o  

single-phase l i q u i d  f low could  be s tud ied .  

2. 

3. 
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4 .  SUMMARY 

Experiments performed i n  air-water and steam-water two-phase f low 

with improved ins t rumented  spool  p i eces  have y i e l d e d  s i g n i f i c a n t  r e s u l t s  

regard ing  spoo l  p i e c e  des ign  and two-phase f low modeling. 

The advanced spool  p i ece  I (Fig.  1) w a s  found t o  be w e l l  designed 

wi th  one impor tan t  except ion:  t h e  l o c a t i o n  of t h e  gamma dens i tome te r  

downstream of a n  i n t r u s i v e ,  f u l l - f l o w  d rag  t a r g e t .  The two-phase mass 

f low rates and p ipe  average  d e n s i t i e s  c a l c u l a t e d  from t h e  dens i tome te r  

d a t a  were s i g n i f i c a n t l y  a f f e c t e d  by whether o r  no t  a f u l l - f l o w  d rag  tar-  

g e t  w a s  i n s t a l l e d  upstream. I f  they are  t o  be used, n o n i n t r u s i v e  den- 

s i t o m e t e r s  should be l o c a t e d  upstream of a l l  i n t r u s i v e  ins t ruments .  The 

use  of flow-dispersing s c r e e n s  i n  t h e  l o c a t i o n s  i n d i c a t e d  i n  Fig. 1 w a s  

found t o  produce no improvement i n  t h e  d rag  flowmeter response  o r  t h e  mass 

f low ra te  c a l c u l a t i o n s ,  except  when small, c e n t r a l l y  l o c a t e d  drag  t a r g e t s  

were used. The i n d i v i d u a l  ins t rument  systems used i n  t h e  air-water tests 

were p rope r ly  ranged and had adequate t i m e  response f o r  t h a t  a p p l i c a t i o n .  

However, a cons ide rab le  amount of d a t a  from t h e  h igh-void- f rac t ion ,  steam- 

water experiments was d i s r ega rded  f o r  model e v a l u a t i o n  because of ve ry  low 

d rag  flowmeter readings .  That f a c t  emphasizes t h e  importance of p rope r ly  

s i z i n g  t h e  drag flowmeter f o r  t h e  expected momentum f l u x e s ,  even when 

f u l l - f l o w  t a r g e t s  a r e  used. 

Two-fluid models were used t o  a i d  i n  i n t e r p r e t i n g  t h e  drag flowmeter 

and t u r b i n e  d a t a .  Mean drag  flowmeter r ead ings  were compared with es t i -  

mates of t h e  two-phase momentum f l u x  c a l c u l a t e d  from t h e  metered a i r  and 

water f low rates and from t h e  t u r b i n e  and dens i tome te r  da t a .  These 

s t u d i e s  i n d i c a t e  t h a t  t h e  two-phase drag  c o e f f i c i e n t s  i n  air-water are  

s i g n i f i c a n t l y  less  than  t h e  single-phase c o e f f i c i e n t s .  

t i o s  were betweeen 1 and 5,  t h e  Aya and t h e  Rouhani t u r b i n e  models were 

found t o  adequate ly  p r e d i c t  t h e  response  of t h e  f ive-b laded  t u r b i n e  i n  a l l  

f low o r i e n t a t i o n s .  

When t h e  s l i p  ra- 

R e s u l t s  based on c a l c u l a t i o n s  of t h e  mass f low rates from t h e  a i r -  

water and steam-water spool  p i ece  t e s t i n g  may be summarized as fo l lows  

(F ig .  18): 

f o r  use wi th  void  f r a c t i o n s  below 50% and when s l i p  r a t i o s  are 21. 
t h e  models G I  = P a V t  and G2 = d G  are g e n e r a l l y  recommended 

(That  
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r e s u l t  was not confirmed i n  steam-water, due t o  f a c i l i t y  l i m i t a t i o n s . )  

When void f r a c t i o n s  and s l i p  r a t i o s  are r e l a t i v e l y  h igh ,  t h e  model G g  = 

Id/Vt is t h e  most a c c u r a t e  of t h e  t h r e e  models examined. 

e r r o r s  are l i k e l y  i f  e i t h e r  t u r b i n e  o r  d rag  flowmeter d a t a  are used when 

t h e  f low rates are below t h e  in s t rumen t s '  normal o p e r a t i n g  ranges. 

S i g n i f i c a n t  
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