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ABSTRACT 

111 view of the 'importance of obtaining imsteady 'local void fraction and 

interf ace velocities in liquid-vapor two-phase flows, an optical probe with 

a. controlled tip geometry was developed and is described. In order to' . . 

minimize the disturbances caused to the flow field by the presence of the \ 

probe, its dimensions have been miniaturized. The electronic and hydrodynamic 

response of the prdbe were investigated experimentally. The $robe was found 

to be sensitive to both the ~nterfack velocitiei'and the phase present at 

the pro6e tip. A pdssibie explanation for t-he behavidr of the probe is 

presented. within the velocity range checked and with proper calibration, 'the 

optical probe developed can be used to determine both iocal void fractions and 

interface velocities. 



I. INTRODUCTION 
I 

Two-.phase,flows c o n s f s t i n g  of t h e  s.imu1taneo.u~ flow of liquid-*vapor o r  
. . 

'l2qui.d-gas a r e  encountered q u i t e  ? requent ly  i n  power genera t ion  systems, 
, 

hea t  t r a n s f e r  equ2pment; chemical r e a c t o r s  and o the r  i n d u s t r i . a l  hardware. 

Such,f lows a r e  a l s o  f q n i l i a r  phenomena i n  t h e  cool ing  systems of b o i l i n g  o r  

pressur ized  water  r e a c t o r s .  

I n  l iquid-vapor  f lows,  s e v e r a l  flow regimes a r e  encountered where t h e  

vapor phase may occur i n  va r ious  p a t t e r n s  from small bubbles t o  l a r g e  s lugs  

o r  i n  continuous columns wi th  o r  without  l i q u i d  f i l m s  o r  d rop le t s .  The 

bubble s i z e s  and t h e i r  d i s t r i b u t i o n s  i n  t h e s e  regimes vary  wi th  the  l i q u i d  

ve loc i t i e s . ,  gas flow r a t e s ,  flow geometries and l o c a l  condi t ions .  To o b t a i n  

a  d e t a i l e d  knowledge of the flow regimes and t h e  l o c a l  thermal and flow 

c h a r a c t e r i s t i c s  i s  very  important i n  developing p r e d i c t i v e  t o o l s  f o r  c a l c u l a t i n g  

l o c a l  hea t  t r a n s f e r  r a t e s  and temperatures ,  c r u c i a l ,  f o r  i n s t ance ,  i n  some 

r e a c t o r  s t u d i e s .  I n  a d d i t i o n ,  some t h e o r e t i c a l  modeling of two-phase flow ' 

s t u d i e s  under equ i l i b r ium and non-equilibrium condi t ions  ( f l a sh ing  flows) a r e  

based on very  s p e c i f i c  l o c a l  thermal and hydrau l i c  condi t ions .  An experimental  

v e r i f i c a t i o n  of such a n a l y t i c a l  d e s c r i p t i o n s  thus  r e q u i r e  a  very f i n e  and 

d e t a i l e d  de termina t ion  of t h e  r e l e v a n t  l o c a l  parameters ,  i . e . ,  l o c a l  void 

f r a c t i o n s ,  phase v e l o c i t i e s ,  and thermodynamic p r o p e r t i e s ,  among o the r s .  
I 

Two-phase flow ins t rumenta t ion  f o r  void f r a c t i o n  measurement' techniques 

a r e  c l a s s i f i e d  a s  g loba l  o r  l o c a l .  Global methods provi.de measurements g iv ing  

l i n e ,  a r ea  o r  volume averages, .  and l o c a l  ins tan taneous  methods provide measurements 

a t  s p e c i f i c  l oca t ions .  The l a t t e r  type r e q u i r e s  t h e  i n s e r t i o n  a t  th,e po in t  

of i n t e r e s t  of a  probe which d e t e c t s  changes i n  phys i ca l  p r o p e r t i e s  i nhe ren t  

i n  t h e  two phases,  i . e . ,  e l e c t r i c a l  r e s i s t i v i t y ,  thermo phys ica l  p r o p e r t i e s ,  

o r  index of r e f r a c t i o n .  The l o c a l  probes may be on-off devices  y i e l d i n g  t i m e  



average phase r e s idence  times. I n  s teady  flows, t h e  time-averaged void f r a c t i o n  

information they  provide i s  def ined  a s :  [I.] 

where T i s  t h e  t o t a l  measurement time and T i s  the time f r a c t i o n  of T dur ing  . . a 

.. which t h e  vapor o r  gas phase was p re sen t  a t  t h e  s p e c i f i c . l o c a t i o n .  To.determine 

i n t e r f a c e  . v e l o c i t i e s ,  two consecut ive .. . probes a r e  s i t u a t e d  a t  a  known d i s t a n c e  

from each o t h e r  i n  t h e  flow d i r e c t i o n .  By us ing  a t ime-of-f l ight  . . technique o r  

c ros s -co r re l a t ion  of t h e  two s i g n a l s ,  f o r  i n s t a n c e ,  . . t h e  necessary  time per iods  

f o r  t h e  i n t e r f a c e  t o  t r a v e l  from one probe t o  t h e  o t h e r  a r e  determined. With 

t h i s  in format ion ,  t h e  i n t e r f a c e  v e l o c i t y  can be c a l c u l a t e d  which i n  t u r n ,  wi th  

t h e  knowledge o f  t he  evapora t ive  mass f l u x  provides  t h e  v e l o c i t i e s  of t h e  

two phases. . . 

Considering t h e  response of t h e  l o c a l  probes t o  t h e  passage of t he  

i n t e r f a c e s ,  t h r e e  major a r e a s  can be def ined  a s .  important :  

1. The e l e c t r o n i c  response of t h e  system should be  compatib.le,  

w i th  t h e  bubble s i z e s ,  t h e  i n t e r f a c e  v e l o c i t i e s  and .the 

phys i ca l  dimensions of t h e  probe t i p .  

2.  The hydrodynamic c h a r a c t e r i s t i c s  a t  t h e  probe , t i p  dur ing  .. , 

t h e  passage o.f t h e  in t e r , f ace  should be unders,tood i n - o r d e r  

t o  analyze t h e  s i g n a l s  obtained. . . 

. 3.. . T h e ,  in f luence .  of . the presence of t h e  probe on. t h e  flow and:, 

t h e  bubble  dynamic.^ should be c l a r i f i e d  i n  order '  t o  minimize . .  . . . . . . .; 

the' d i s tu rbance  caused on the  l o c a l  flow propeft ies:  . .  . . . . . ,  .. ,. . 

I n  t h i s  paper ,  a  l o c a l  o p t i c a l ' p r o b e  wi th  a  c o n t r o l l e d  t i p  geometry .: , 

i s  descr ibed  and i t s  response t o  t h e  passage of i n t e r f a c e s  i s  inves t iga t ed .  



11. OPTICAL PROBES . . 

The o p e r a t i o n  p r i n c i p l e  of t h e  o p t i c a l  probe h a s  been d e s c r i b e d  by 

M i l l e r  and N i t c h i e  [ 2 ,  31,  and Danel and Delhaye 163 among o t h e r s  and 

summarized by Delhaye and J o n e s  1121, i s  q u i t e  s imple  based on S n e l l ' s  l a w  

(F ig .  1 )  

n s i n  i n s i n  i 
0 0 

For a g l a s s  probe t i p  w i t h  a n  i n d e x  of r e f r a c t i o n  o f ' n  = 1.:62, t o t a l  probe 
0 

0 .  
t i p  a n g l e  of :90 and coheren t  l i g h t  r a y s  p a r a l l e l  t o  t h e  . i x i s ,  = 45', 

t h e  l i g h t -  r a y s  w i l l . b e  r e f l e c t e d  ba.ck i'f n .< 1.15,  and w i l l  be r e f r a c t e d  i f  

n > 1.15,  where n i s  t h e  i n d e x  of r e f r a c t i o n  of t h e  media s u r r o u n d i n g  t h e -  

p robe  t i p .  . A probe oper 'a t ing on this p ' r i n c i p l e  w i l l ,  e n a b l e  t h e  d e t e c t i o n  of 

t h e  g a s  and vapor  o r  liqu?d phases  p r e s e n t  a t  t h e  probe t i p  i f  n < 1.15- < t. .v 
Thi.s r ange  i n c l u d e s  t h e  d e t e c t i o n  of f r e o n  and f r e o n  vapor ,  e a t e r  and steam, 

and of w a t e r  and a 2 r  combinations ' .  ' . I . . .  

Three o p t i c a l  probe c o r i f i g u r a t i o n s  ,and geomet r ies  have been r e p o r t e d  and 

. . used i n  t h e  l i t e r a t u r e :  

1. . The g l a s s  rod  probe of M i l l e r  and M i t c h i e  [ 2 ,  '31, where t h e  t i p  was 

0 t e r m i n a t e d  as a cone w i t h  a 90 ap'ex a n g l e .  Thi-s probe was used i n  t h e  

. .  . . s t u d y  of a submerged imping ing  g a s  jet  '[41,- 

2. The f i b e r '  bundle  probe of H i n a t a  151 t e r m i n a t e d  as a g l a s s  rod  and 

used i n  mercury-a i r  two-phase f low i n  a v e r t i c a l  p i p e .  

3. The U-shaped f i b e r  probe of Danel and Delhaye 161 whi.ch was success -  

f u l l y  used i n  ,va r ious  .two-phase f low s t u d i e s  11, 7 ,  8 , -  91. 

The s i g n a l  a n a l y s i s  and t h e  methods f o r  o b t a i n i n g  the r e q u i r e d  l o c a l  

i n f o r m a t i o n  on vofd '  . f r a c t i o n  and i . n t e r f a c e  . v e l o c i t i e s  i n c l u d e  t r i g g e r i n g  

t e c h n i q u e s  'and p u l s e  he2ght  analysiis '  and a r e  c l e a r l y  d e s c r i b e d  i n  t h e  above 

mentioned r e f e r e n c e s  11, 2 ,  51. 



REFRACTION TOTAL REFLECTION 

SNELL'S. LAW, n . s i n  i = no. sin io 

I F  no= 1.62 (GLASS); i,= 45O. LIGHT WILL BE REFRACTED 

W H E N  n =1.15 

FREON-  FREON VAPOR { ::: ::g 
WATER-WATER VAPOR n L =  1.33 

'WATER'-AIR 

Figure  1. Operation p r i n c i p l e  of o D t l c a l  probes.  



Two obser.vations common t o  a l l  t h e  pr0be.s mentioned above were; 

1. Ins tead  of ob ta in ing  a  c l e a r  on-off s t g n a l  dur tng  t h e  passage 

of an i n t e r f a c e ,  t he  s t a t i c  l e ,ve l s  of th.e s i g n a l s  and t h e  f l u c t u a t i o n s  caused 

by t h e  passage of t he  bubbles va r i ed  w i t h  t h e  void f r a c t i o n ,  Thus a  double 

t r i g g e r i n g  system was proposed where t h e  threshold  l e v e l s  were de te rn~ined  

from a c a l i b r a t i o n  t e s t  a g a i n s t  a y-ray absorp t ion  technique 111, 

2, The p e n e t r a t i o n  time of t he  probe i n t o  a bubble o r  gas phase was 

longer  than t h e  time i t  took f o r  th.e probe t o  be completely immersed i n  t h e  

l i q u i d .  This  e f f e c t  was observed t o  vary  w i t h  bubble s i z e  and flow ye loc i ty .  

These observa t ions  were a t t r i b u t e d ' t o  e l e c t r o n i c  o r  hydyodynamic,response 

problems, bu t  no b a s i c  i n v e s t i g a t i o n  of the  phenomena was undertaken. With 

t h e s e  cons ide ra t ions  a  s impler  geometry f o r  t h e  o p t i c a l  probe was proposed [lo] 

and development of t h e  product ion techniques .and s tudy  of t h e  e l e c t r o n i c  and 

hydrodynamic response of t he  probe was undertaken. It i s  t h e  purpose of t h i s  

paper t o  desc r ibe  t h e  r e s u l t s  of t h i s  e f f o r t .  I n  p a r t i c u l a r ,  i t  w i l l  be sl~own 

t h a t  t h e r e  i s  a c l e a r  and r epea t ab le  s e n s i t i v i t y  t o  i n t e r f a c e  v e l o c i t y  here- 

t o f o r e  unreported and t h a t  t h i s  s e n s i t i v i t y  i s  c o n s i s t a n t  from probe-to-probe 

o f  l i k e  geometries.  



111. EXPERIMENTAL SET-UP AND RESULTS 
" .  

A schematic of t h e  probe a s  developed is depicted i n  Fig. 2, with t h e  - o 

I. 
l i g h t  source and ampl i f ier  c i r c u i t  diagram. The construction procedure i s  

documented i n  Fig. 3. Two 125 pm f i b e r s  were i n s e r t e d  i n t o  a 500 ym OD 

s t a i n l e s s  steel tube. The two fPBers were fused together a t  one end by means 

of a minitorch, forming a spher ica l  bead. This fused end of the f i b e r s  was 

then pulled i n t o  t h e  tube and epoxted i n  place. The f i b e r s  were separated 

a t  the o p w s i t e  end and encased i n t o  two pieces  of s t a i n l e s s  steel tubing 

(250 pa O.P.]. The ends of t h e  f i b e r s  and the  b i fu rca t ion  were then epoxied 

a -. 

OPTICAL FIBERS 

I D 
b b 

\\ \\\\\\\\\\\\\\\ 

90. INCLUDED 7 
ANGLE STAINLESS STEEL 

TUBING 

, LIGHT SOURCE 

-4 I O O K D t  kg" PHOTOD IODE 

Figure 2. Schematic representation of the optical probe. 
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Figure 3. 'Production techniques. 



f o r  s trength.  The t i p  of t h e  probe containing t h e  fused end of t h e  f i b e r s  

was ground and polished a t  45' angle t o  the  axes of the f i b e r s ,  thus forming 

an included angle of 90' a t  the f in i shed  probe t ip ,  After  grinding and 

pol ishing t h e  f r e e  ends of t h e  two f f b e r s  f l a t ,  one of then was placed i n  

f r o n t  of an incandescent l i g h t  source ( 3 ~ 1 ,  and the  o ther  i n  f r o n t  of a 

Hewlett Paclcard PIN photodiode C5082-4024). An ampl i f ier  wi th  a design rise 

t i m e  of 20 p sec  I l l ]  was used t o  enhance the  output before going i n t o  t h e  

readout device (Fig. 2). The e l e c t r o n i c  response of the system was checked by 

means of a l i g h t  emit t ing  diode &ED) placed i n  f r o n t  of the  probe t i p ,  The 

LXD output was modulated by using a s igna l  genera tw.  LLght pulses of 

d i f f e r e n t  frequencies and.durat ions were emitted, s imulat ing the  passage of 

bubbles. The rise time of t h e  output was thus v e r i f i e d  t o  be 20 psec a s  

spec i f i ed  and no reduction i n  s fgna l  amplitude was recorded. The hydrodynamic 

response of the  probe t o  t h e  passage of an i n t e r f a c e  o r  bubble was inves t iga ted  

by means of an experimental set-up presented i n  Fig. 4, It consis ted  of a 

g lass  tube C0.64 cm 1,D. and 83 cm long, a t tached at  one end t o  a r ese rvo i r  

nnsn t o  the  atmosphere and a t  the  o ther  end, through a b a l l  valve t o  a 

pressurized reservoir .  A i r  bubbles could be in jec ted  a t  t h e  base of the  g lass  

tube by mcans of a needle valve, Each a i r  bubble, f i l l i n g  an e n t i r e  tube 

cross  sec t ion ,  t r a v e l s  along the  tube, h i t t i n g  the  o p t i c a l  probe head on. 

Such a cons t r i c t ed  configurat ion e l iminates  the  p o s s i b i l i t y  of t h e  bubbles 

avoiding the  probe at  low approach v e l o c i t i e s  as was observed i n  the case of 

small bubbles and l a r g e  p ipe  diameters [13, 141. I n  order t o  obta in  bubble 

v e l o c i t i e s  higher than the  normal rise ve loc i ty  i n  t h e  tube, t h e  water i n  t h e  

upstream reservo3r was pressurized by means of bo t t l ed  a i r ,  Opening t h e  b a l l  

valve released t h e  pressurized water, thus  acce le ra t ing  t h e  l i q u i d  and the  

a i r  bubble a t  the  same t i m e .  
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The v e l o c i t y  of the bubble along t h e  g lass  tube was measured before 

i t  reached the. probe tkp by means of two diametr ica l ly  opposed l t g h t  sources 

and detec tors .  The l a t t e r  through l i g h t  attenuatLon sensed the passage of 

t h e  f i r s t  fn te r face ,  thus s t a r t i n g  and stoppAng a counter CHP 5325 B). Given 

the  d i s t ance  between t h e  de tec to r s ,  an average bubble ve loc i ty  was thus ca lcula ted  

with 1 percent  accuracy, Bubble v e l o c i t i e s  ranging from 0.7 cm/sec t o  

280 cm/sec were obtained wi th  t h i s  experimental set-up. The output  of each 

de tec to r  a l s o  gave information about the leng th  of the  bubble once the average 

ve loc i ty  was calcula ted .  

After  passing through the second de tec t ion  s t a t i o n ,  t h e  bubble hi,t t h e  

o p t i c a l  pypbe. Typical o s c i l l o g r ~ s  of tke probe output durlng t h e  passage 
I 

of t h e  bubble a r e  presented i n  Fig. 5. Here t h e  probe output i n  pnr i s  shown 

a s  a funct ion of t i m e  f o r  two cases where t h e  bubble v e l o c i t i e s  were 19 cm/sec 

and 74 cm/sec, respect ively .  One observation was t h a t  the  probe output when 

t h e  t i p  was immersed i n  water w a s  alwitys zero without any a r t i f i c i a l  b ias ,  As 

t h e  bubble h i t  t h e  probe the  output was seen t o  increase ,  and a f t e r  an over- 

shoot leveled off  e r t a i n  steady value. A t  the  end of t h  

bubble, t h e  s i g n a l  dropped t o  i t s  o r i g i n a l  water l e v e l  of zero. The bubble 

penet ra t ion  time was c l e a r l y  observed t o  be l a r g e r  than t h e  time it takes  t h e  

probe t i p  t o  be immersed i n  water.   he most important observation here was t h a t  

t h e  s i g n a l  amplitude decreased wi th  t h e  increas ing bubble ve loc i ty ,  although 

both bubbles had almost t h e  same length,  Cvoid f r a c t i o n ) ,  Figure 6 presents  

t h e  v a r i a t i o n  of the  bubble penet ra t ion  time a s  a funct ion of t h e  average bubble 

veloci ty .  The bubble penetratSon tiFne is defined as the tlple period between 

t h e  a r r i v a l  of the  bubble at  the t i p  C f i r g t  increase  i n  the sAgnall and t h e  

moment when t h e  steady s i g n a l  value i s  reached f o r  t h e  f i r s t  t i m e .  A t  bubble 

C 
v e l o c i t i e s  UB . 40 cm/sec, t h e  penet ra t ion  times follow a const/UB v a r i a t i o n  

- 11 - 



Figure 5. Typical oscillograms of the 3ut~ut .  
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Figure 6. Eubble penetration time as a function 
of bubble velocity. 



dep ic t ing  dominant %.nert ia  e .£fects .  The p e n e t r a t i o n  ti.mes t h a t  a r e  p red ic t ed  

from a char .acterfs t2c ph.ys.2.cal length.  of the. probe. t2.p a r e  35  percent  s h o r t e r  

than  those  observed experimentally.. A t  low bubble .ve loc$t ies ,  U 40  cm/sec, B 

the p e n e t r a t i o n  ticmes a r e  longer  than t h e  const. /U p r e d i c t i o n s  sugges t ing  B 

a d d i t i o n a l  s u r f a c e  tensi.on e f f e c t s  b e c w e  important . '  , 
Figure 7 d e p i c t s  t h e  v a r i a t i o n  of th.e r a t i o  of t h e  probe s i .gnal  amplitude 

a t  va r ious  bubble v e l o c i t i e s  t o  the s i g n a l  amplitude i n  s tagnant  a i r ,  t h e  l a t t e r  

one, To, being determined under s t eady  condi t ions  w i t h  t h e  t i p  of t h e  probe 
I 

dry. Resu l t s  obtained wi th  two d i f f e r e n t  probes a r e  presented  i n  Fig. 7  a s  a  

func t ion  of bubble v e l o c i t y .  Although t h e  two probes had a  s t eady  a i r  s i g n a l  

amplitude of 125 mv and 600 mv respec tgvely ,  t he  r a t i o  111. seems t o  fo l low 
0 

the , same c o n s i s t e n t  p a t t e r n .  

A simi- lar  observa t ion  was,noted but  . . n o t  pursued by M i l l e r  and Mitchie  [ 3 ] ,  
, 

"With smal le r  bubdles and h igher  ve loc i t i e s . .  . . . . The s i g n a l  generated 

under t hese  condit ions. . . . .never  reached maximum amplitude." 

An important  conclusion t h a t  can be drawn from Fig. 7,  i s  t h a t  t h e  developed 

o p t i c a l  probe i s  a b l e  t o  measure the l o c a l  i n t e r f a c e  v e l o c i t y ,  a s  we l l  as the  

l o c a l  void f r a c t i o n ,  a f t e r  proper  c a l i b r a t i o n  wi th in  t h e  * v e l o c i t y  range observed. 

From Fig. 7, one observes t h a t  when t h e  probe t i p  i s  completely dry i n  a i r ,  

t he  maximum s i g n a l  ou tput  i s  a t t a i n e d .  It was thought t h a t  t h e s e  r e s u l t s  were 

due t o  a  v a r i a b l e ,  v e l o c i t y  s e n s i t i v e  l i q u i d  f i l m  on t h e  probe t i p  al though 
I 

t h e  r e s u l t s  seemed opposed t o  normal expec ta t ions  cons ider ing  shearedr iven  

s t a b l e  f i lms .  I f  a  l i q u i d  fi.lm e x i s t s  on the, probe t i p  s i m i l a r  t o  t h a t  shown 7 

i n  Fig. 8, t h e r e  i s  some th i ckness  6 beyond which t h e  probe w i l l  appear t o  be 

t o t a l l y  immersed i n  l i q u i d  G d e a l l y  complete r e f r a c t i o n  of t h e  l i g h t ) .  Using 

0 
S n e l l v s  Law, one ob ta ins  f o r  coherent  l l g h t  r ays ,  an angle  6 = 54.5 . 
Assuming a  l i n e a r  v a r i a t i o n  of t he  f t l n  t h i ckness  a long  t h e  probe t i p ,  a 



BUBBLE VELOCITY l c m / s e c )  

Figure  7.  P l o t  of probe s i g n a l  amplitude a t  a  given 
bubble v e l o c i t y ,  I, d iv ided  by t h e  s t eady  probe out- 
put  i n  a i r ,  I, a s  a  func t ion  of tiubble v e l o c i t y .  
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Figure  8. Sketch of 45" probe t i p  w i t h  water f i l m .  . 



water f i l m  th i ckness  of 29.2 pm and above, a t  the t i p  of a 125 urn f i b e r ,  

would cause t h e  probe t o  behave as i f  i t  we..re s t i l l  i n  water.  Since t h e  l i g h t  , 

suppl ied  t o  t h e  probe was . no t  coherent  bu t ,  i n s t e a d ,  f i l l e d  t h e  acceptance 

angle  f o r  t h e  o p t i c a l  wavegui'de, a water  f i l m  l e f t  a t  t h e  probe t i p  dur ing  t h e  

passage of t h e  bubble' and inckeasi.ng i n  t h i ckness  w i th  t h e  bubble; veloc. i ty ,  

would cause h c r e a s i n g l y  l a r g e r  amounts of 14ght t o  be r e f r a c t e d  out  of t h e  
. . 

Such behavior  would provide an explana t ion  f o r  t h e  v a r i a t i o n  observed 

i n  Fig. 7 .  
t 

IV. CONCLUSIONS 

1. An opti.ca1, probe technique capable of measuring l o c a l  i n t e r f a c e '  

v e l o c i t y ,  a s  w e l l  a s  void f r a c t i o n  was developed, 

2.  The new design,  s i n c e  i t  i s  encased i n  a s t a i n l e s s  s t e e l  .tube,' 

i s  s u f f i c i e n t l y  s t r o n g  t o  s tand  more d i f f i c u l t  .condi t ions.  

3. A p o t e n t i a l  phys i ca l  explana t ion  f o r  t h e  probe behavior has  

been i d e n t i f i e d ,  
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