
= 0.323; 3) P r  d = 0.1, ~ =  0.31; b) e = 2.0: 1) P r  d = 10, ~ =  0.206; 2) P r  d =  1.0, a =  0.157; 3) P r  d = 
0.1, c~ = 0.126. 

We note that  when e = 0.1 and P r  d = 10 and 0.1 the co r respond ing  ve loc i ty  prof i les  differ  f r o m  B i a s -  
ins p ro f i l e s  by  no m o r e  than 2%. The  m o s t  in te res t ing  is the re la t ive  f r ic t ion  ~ / ~0 a t  the plate  su r f ace ,  
whe re  ~'o is the f r ic t ion  for  o rd ina ry  Blas ius  flow. The quantity ~-/r o is shown in Fig. 4 (curves  1-3 c o r r e -  
spond to P r  d = 0.1, 1.0, and 10), f r o m  which it  is s een  that  an o r d e r - o f - m a g n i t u d e  d e c r e a s e  in v i scos i ty  is 
r equ i r ed  for  an app rec i ab l e  d e c r e a s e  in r e s i s t a n c e ,  such as  by  50%. 
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D I A G N O S I S  O F  T H E  F U N D A M E N T A L  T U R B U L E N T  

C H A R A C T E R I S T I C S  O F  T W O - P H A S E  F L O W S  

A .  P .  B u r d u k o v ,  O.  N. K a s h i n s k i i  
V .  A .  M a l k o v ,  a n d  V .  P .  O d n o r a l  

UDC 532.529.5:532.574.8 

In the e x p e r i m e n t a l  invest igat ion of two-phase  gas  - l i qu id  flows the re  is today a not iceable shif t  f rom 
the m e a s u r e m e n t  of ave r aged  c h a r a c t e r i s t i c s  ( p r e s s u r e  drop,  ave r age  gas content,  and a v e r a g e  h e a t - t r a n s f e r  
coeff ic ient )  to the deta i led  study of the turbulen t  s t r u c t u r e  of the flow. What is of In te res t  is to de t e rmine  the 
loca l  va lues  of  gas  content ,  the phase  ve loc i t i es ,  the f r ic t ional  s t r e s s e s  a t  the wall ,  and pulsat ion and s p e c t r a l  
c h a r a c t e r i s t i c s .  

Among the m o s t  detai led inves t iga t ions  in this field we should include [1-3]. published dur ing the pas t  
few y e a r s ,  which give the r e s u l t s  of m e a s u r e m e n t s  of local  gas content and liquid and gas  ve loc i t i es ,  as  well  
as  the in tensi ty  of the ve loc i ty  pulsat ions .  The  work  is be ing  done main ly  by means  of a t h e r m o a n e m o m e t e r ,  
by  the e l ec t r i ca l - conduc t iv i ty  method and pa r t ly  by means  of opt ical  p robes .  

For  a number  of y e a r s  the T h e r m o p h y s i c s  Inst i tute  of the Siber ian  Branch  of the Academy of Sciences  
of  the USSR has  been  conducting detai led invest igat ions of the turbulent  c h a r a c t e r i s t i c s  of g a s - l i q u i d  flows. 
The  methods  used a r e  ba sed  on e l e c t r o c h e m i c a l  d iagnosis ,  which m a k e s  it poss ib le  to c a r r y  out m e a s u r e -  
merits of the a v e r a g e  values  and pulsat ions  of the tangent ia l  s t r e s s  a t  the wall  and a lso  to i nc rea se  the r e -  
solving power in the m e a s u r e m e n t  of phase ve loc i t ies .  In this way it is poss ib le  to supplement  to a c o n s i d e r -  
able  deg ree  the in format ion  obtained by  the methods ment ioned above and to obtain a m o r e  deta i led p ic ture  of 
the flow. 

In the p r e s e n t  study we desc r ibe  a method for  de te rmin ing  the ma in  c h a r a c t e r i s t i c s  of a g a s - l i q u i d  
flow. 

1. Tangent ia l  S t r e s s  at  the Wall.  The  e l e c t r o c h e m i c a l  method of de te rminIng  the tangent ia l  s t r e s s  at  
the wal l  [4-6] cons i s t s  in the following. Two e l ec t rodes  - a s m a l l  cathode and an anode - a r e  placed in a 
s t r e a m  of e l ec t ro ly t e  of a spec ia l  composi t ion.  The  cathode s e r v e s  as  a s enso r  for  de te rmin ing  the tangential  
s t r e s s  and cons i s t s  of a sma l l  s egmen t  of p la t inum or nickel  wi re  or  plate embedded f lush with the wall  of the 
channel.  The  appl ica t ion  of vol tage to the e l ec t rodes  s t a r t s  a rapid  e l e c t r o c h e m i c a l  reac t ion ,  which r e su l t s  in 
po la r i za t ion  of the cathode. For  the case  of the m o s t  widely used e l ec t ro ly te  composi t ion,  which cons is t s  of a 
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1 0 - a N -  10 -2 N so lu t ion  of p o t a s s i u m  fe r r i cyan ide  and fe r rocyan ide  and a 0.5-2 N solut ion of sodium h y d r o x -  
ide in d is t i l led  wa te r ,  the r eac t ion  takes  the f o r m  

Fe (CN)~- + e-  = Fe (CN)~-. 

As a r e s u l t  of the reac t ion ,  the concent ra t ion  of Fe(CN)~-ions a t  the cathode b e c o m e s  equal  to ze ro ,  and the 
d i f fe rence  in concent ra t ion  be tween the s t r e a m  and the su r face  of the cathode gives  r i s e  to a p r o c e s s  of d i f -  
fusion of the f e r r i cyan ide  ions to the cathode. The  Na + and OH- ions produced by  the d issoc ia t ion  of the 
sodium hydroxide en te r  into the solution in much  l a r g e r  quant i t ies  than the ions of f e r r i cyan ide  and f e r r o c y -  
anide ,  giving the solut ion high e l e c t r i c a l  conductivi ty and precluding the m i g r a t i o n  of ac t ive  ions under the e f -  
fect  of an  e l e c t r i c  field. The  a r e a  of the anode is chosen  to be  s e v e r a l  hundred or  s e v e r a l  thousand t imes  
l a r g e r  than the a r e a  of the cathode,  and t he re fo re  the diffusion of f e r rocyan ide  ions to the anode does not a f -  
fec t  the p r o c e s s  of c u r r e n t  flow. Thus ,  under  the indicated conditions the value of the c u r r e n t  in the c i rcu i t  is 
d e t e r m i n e d  only by the diffusion of ions to the cathode. 

A s c h e m a t i c  d i ag ram  of the a r r a n g e m e n t  for m e a s u r i n g  the f r ic t ional  s t r e s s  is shown in Fig. 1. The 
cathode 1 embedded  in the wal l  and the anode 2 a r e  in a s t r e a m  of liquid with ve loc i ty  prof i le  u (y) .  A con-  
s tan t  vol tage is appl ied to the s e n s o r  by means  of the vol tage  sou rce  3, the c u r r e n t  is  ampl i f ied  by  the dc 
ampl i f i e r  4, and the ampl i f i e r  output s ignal  5 is  t r a n s m i t t e d  to the m e a s u r i n g  device.  At the cathode the re  is 
f o rmed  a diffusion boundary  l aye r  of th ickness  5 D, the diffusion equation for  which has  the fo rm 

8c,8t  - -  uSc. c).r -3 u,)c, Og = DcJ'-c ?)j~, (i.I) 

where  c is the concent ra t ion;  t is the t ime ;  x is the longitudinal coordinate ;  y is the coordinate  pe rpend icu-  
l a r  to the wall ;  u, v a r e  the components  of the liquid veloci ty  in the d i rec t ions  of the x and y axes ,  r e s p e c -  
t ively;  D is the diffusion coeff ic ient  of the f e r r i cyan ide  ions. The  concent ra t ion  of ac t ive  ions outside the d i f -  
fusion boundary  l aye r  is constant  and equal  to c o . 

Since the Fe (C N)  3- ions have  low mobi l i ty ,  the Sclnnidt number  for  this  s y s t e m  is high (of the o rde r  of 
1500) ; for  th is  r ea son ,  and a l so  becaus e  the cathode is sma l l ,  lhe th ickness  of  the diffusion l aye r  turns  out to 
be  much  l e s s  than the th ickness  of the v i scous  sub laye r ,  and within the l imi t s  of  the diffusion l ayer  we m a y  
a s s u m e  that  the ve loc i ty  prof i le  is l inear :  

u = yr  ,tt, 

where  ~, is the f r ic t iona l  s t r e s s  a t  the wall ;  /~ is  the v i scos i ty .  If  r does  not v a r y  with t ime ,  then for the 
boundary  conditions c = c o for  x = 0, c = c o for  y = 0% c = 0 for  y = 0, 0_< x <__l (l is the d imens ion  of the 
s e n s o r  in the d i rec t ion  of the s t r e a m ) ,  (1.1) has  a s t a t iona ry  solution f r o m  which it  is poss ib le  to de t e rmine  
the diffusion flow to the su r f ace  of the e lec t rode .  

In c r i t e r i o n  fo rm,  the connection be tween  the diffusion flow and the tangent ia l  s t r e s s  a t  the wall  has  the 
f o r m  [4] 

k l /D := 0.807(rl" ' t tD)V~,  0--.2) 

where  k = I / S F c  0 is  the m a s s  t r a n s f e r  coeff icient ;  I is  the senso r  cu r ren t ;  S is the e lec t rode  a r e a ;  F is the 
F a r a d a y  number .  

If T is  not constant  with r e s p e c t  to t ime ,  a r eco rd Ing  of the diffusion c u r r e n t  of  the senso r  can  be  used 
for  de t e rmin ing  the ins tantaneous value of the tangent ia l  s t r e s s  a t  the wall.  Because  the ac t ive  ions have low 
mobi l i ty ,  in the gene ra l  c a se ,  the iner t ia l i ty  of the s e n s o r  c u r r e n t  m u s t  be  taken  into cons idera t ion  in c o m -  
p a r i s o n  with the va r i a t i on  of the tangent ia l  s t r e s s .  F r o m  the solut ion of Eq. (1.1) for  T = 7 + e exp (i0~t), 
whe re  7 is the a v e r a g e  value over  t ime  of the tangent ia l  s t r e s s  a t  the wal l  and s and ~ a r e  the ampli tude and 
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c i r c u l a r  f requency of the f r ic t ion  pu lsa t i~  i t  is poss ib le  to de t e rmine  the senso r  function H (~o), which r e -  
f lec ts  the a m p l i t u d e - f r e q u e n c y  c h a r a c t e r i s t i c  of the sensor .  The  modulus  of this  function has  the f o r m  [7] 

jH(~0)l~ = l/}ri9 + 0.54~2), + (0.027~3)2, (1.3) 

where  "~ = co( #12/T2D )1/3. Knowing the t r a n s f e r  function, we can use  the spec t r a l  densi ty  of the puIsat ions of 
the c u r r e n t  S I in the s ens o r  to r e c o n s t r u c t  the s p e c t r a l  densi ty  of the pulsat ions in the f r ic t ion S r  at  the 
wall ,  making  use of the re la t ion  

s~ = Sx/ltI( '~)l ~. 

This  enables  us to de t e rmine  the m e a n - s q u a r e  value of the intensi ty of f r ic t ion pulsat ions.  

The  opera t ion  of the f r ic t ion s ens o r  in two-phase  flow is  analogous to its opera t ion  in one-plmse  flow, 
s ince in all  flow r e g i m e s  the re  ex i s t s  at the wall  a f i lm of liquid sufficient  for  the deve lopment  of a diffusion 
l aye r .  All of the re la t ions  given above a r e  t he re fo re  appl icable  to m e a s u r e m e n t  in two-phase  flow as  well.  

To  d e t e r m i n e  T f r o m  Eq. (1.2), we mus t  know the p r o p e r t i e s  of the liquid (viscosi ty ,  diffusion coef f i -  
c ien t ) ,  the d imens ions  of the sensor ,  and the concent ra t ion  of ac t ive  ions. Since al l  of these  va lues  a r e  known 
with a c e r t a i n  e r r o r ,  the to ta l  e r r o r  in the m e a s u r e m e n t  may  r each  10-15%. T h e r e f o r e  it is advisable  to use 
a r e l a t ive  va r i an t  of  the method,  r ewr i t ing  (1.2) in the f o r m  

"~ = A P ,  

where  A is a coeff ic ient  de te rmined  in the cour se  of cal ibrat ion.  I t  is convenient  to c a r r y  out the ca l ib ra t ion  
when there  is a s ing le -phase  liquid flowing in the tube, de te rmin ing  the coeff ic ient  deflect ion for a known 
flow r a t e  by  means  of the H a g e n - P o i s e u i l l e  fo rmula  for  a l amina r  r e g i m e  or the Blas ius  fo rmula  for a t u rbu -  
lent  r eg ime .  In this  case  the e r r o r  in the m e a s u r e m e n t  of r is 3-5%. 

A t r a n s f e r  function of the fo rm (1.3) is ca lcula ted  on the a s sumpt ion  that  the intensi ty of the f r ic t ion 
pulsa t ions  a t  the wal l  is much  lower  than the a v e r a g e  value.  Th is  condition is f requent ly  violated in two-  
phase  flow. Fo r  this r e a s o n  it is de s i r ab l e  to c a r r y  out the m e a s u r e m e n t s  in the f requency band in which 
It ( co ) - H (0)  (the quas i s t a t iona ry  band) .  This  can be done by using sma l l  s enso r s .  The authors  have used 
s e n s o r s  with d imens ions  of 20 x 200 /zm. In this case  the r e a l  spec t rum of e n e r g y - c a r r y i n g  f requencies  in 
the f r ic t ion  pulsat ions  l ies  en t i re ly  inside the quas i s t a t iona ry  band. It is not n e c e s s a r y  to take account  of the 
t r a n s f e r  function except  when m e a s u r i n g  the h igh- f requency  pa r t  of the spec t rum.  

2. Veloci ty  of the Liquid. The only method used nowadays for  de te rmin ing  the local  ve loc i ty  of a liquid 
in two-phase  flow is the c o n s t a n t - t e m P e r a t u r e  t h e r m o a n e m o m e t e r  method [1, 2]. The senso r  used is a thin 
m e t a l  f i lm appl ied on top of an insulat ing subs t ra te ,  usua l ly  conical  in shape. In [2], e .g . ,  the d imens ion  of the 
s enso r  was 0.6 m m .  It  is imposs ib le  to cons t ruc t  a f i lm senso r  much  s m a l l e r  than this .  

In a number  of c a s e s ,  for example  when opera t ing  in s t r e a m s  with fine gas  bubbles ,  and a lso  in m e a s -  
u r emen t s  made  near  the wall ,  it is n e c e s s a r y  to use  much  m o r e  min ia tu r i zed  s enso r s .  Th is  is why the au -  
t ho r s  used an e l e c t r o c h e m i c a l  method for m e a s u r i n g  the veloci ty .  

The  pr inciple  of opera t ion  of an e l e c t r o c h e m i c a l  ve loci ty  sensor  is the same  as  that  of the sensor  used 
for  m e a s u r i n g  tangent ia l  s t r e s s  at  the wall.  An e lec t rode  (cathode)of a de te rmined  configurat ion is introduced 
into the s t r e a m ,  and an e l e c t r o c h e m i c a l  r eac t ion  takes  place on its sur face .  The p r o c e s s  of diffusiion of a c -  
t ive  ions to the su r face  of the cathode is de te rmined  by the veloci ty  of the liquid flow in the immedia te  v ic in -  
ity of the s enso r .  

F igure  2 shows the shapes  of e l e c t r o c h e m i c a l  ve loc i ty  s enso r s  used by var ious  authors :  a) sphe r i ca l  [8], 
b) conical  [9], c) wi re  t h e r m o a n e m o m e t e r  type [5], d) h e m i s p h e r i c a l  [5, 10], e) " f ron ta l -po in t"  type [10, 11]. In 
two-phase  flows, obviously,  i t  is p r e f e r a b l e  to use the l a s t  two types ,  s ince the i r  d imensions  can be  made  
quite smal l .  
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The solution of the diffusion equation with a known veloci ty  profile near the sensor  is obtained f rom the 
connection between the s t r eam veloci ty and the sensor  current .  In c r i t e r ion  form this re la t ion can be wri t ten 
[ 5 ,  12] a s  

Nu D = B Re I/2, (2.1) 

where  Nu D and Re a re  the Nussel t  diffusion number  and the Reynolds number,  determined as follows: 

N u  D = Id/FScoD, Re = ud/v, 

where d is the cha rac t e r i s t i c  dimension of the sensor .  The coefficient B depends on the shape of the e l ec -  
trode. 

Since the dimension for a minia ture  sensor  is difficult to  de termine  prec ise ly ,  it is des i rable  not to 
use the re la t ion  (2.1) but instead to cons t ruc t  a function I(u)  (where I is the sensor  current ,  u is the s t r eam 
velocity) in dimensional  form for each  sensor .  In pract ice ,  it is des i r ab le  in the genera l  case to use the fol-  
lowing relat ion:  

I = a -F bu 1/2, (2.2) 

where a and b a re  constants  for a given sensor .  It should be noted that unlike the analogous formulas  for a 
t he rmoanemomete r ,  the exponent of the veloci ty in (2.2) is equal to 0.5 in all cases .  

In measu r ing  h igh- f requency  pulsations in velocity,  it is important  to take account  of the a m p l i t u d e -  
frequency cha rac t e r i s t i c  of the sensor .  Matsuda and Yamada [10] obtained a t rans fe r  function for a s enso r  of 

the " f ron ta l -po in t"  type, 
0.25 (t + 0.0 76 5 

I H ((o) [= = i + 0.33tco~ + 0.00249c02Sc l/z' 

where w.  = r Scl/3; Sc is the Schmidt number;  the coefficient k 1 depends on the shape of the sensor  
nose. In par t icu lar ,  for a hemispher ica l  shape k 1 = 2. A dec rease  in the dimension of the sensor  is a c c o m -  
panied by an inc rease  in the range of f requencies  that can be t ransmi t ted  without distortion. As in the m e a s -  
urement  of the tangential  s t r e s s  at  the wall, in determining the velocity in a s t r eam with intense pulsations it 
is des i rable  to work in the quas is ta t ionary  range,  where H (r -~ H(0) = const. 

In the presen t  study we used veloci ty  s enso r s  of types d and e (Fig. 2). They were  constructed by bak-  
ing a platinum wire with a d iameter  of 20 tz m into a thin glass  capil lary.  The d iameter  d of the glass  envel-  
ope on the endfaee was 30-40 t~m. To give the sensor  the c o r r e c t  shape, its endface was ground with fine sand- 
paper.  After  this the g lass  capi l lary  was bent at  a 90 ~ angle and its other end was glued with epoxy re s in  into 
a s t a in less - s t ee l  holder 3 mm in diameter .  In operation,  the holder se rved  as an anode. 

F igure  3 shows the angular  cha rac t e r i s t i c s  of sensors  of two types obtained by rotat ing them with r e -  
spect  to the d i rec t ion of the flow (I0 is the sensor  cur ren t  along the s t ream,  a is the angle between the axis 
of the sensor  and the d i rec t ion  of the s t r eam,  1 is a sensor  of type d, and 2 is a sensor  of type e). It can be 
seen that in the " f ron ta l -po in t"  sensor  the angular  cha rac te r i s t i c  is not monotonic;  there  is a r i se  at  a c e r -  
tain angle of rotat ion,  apparent ly  caused by eddies torn  away f rom the sharp  edge. For  this reason,  sensors  
of this type were  not used in the measurement .  For  a sensor  with a hemispher ica l  nose the cu r ren t  is inde- 
pendent of the di rect ion of the flow up to an angle of ro ta t ion of 60 ~ Thus,  in es t imat ing the e r r o r  of the m e a -  
surements  of the average  veloci ty  and the intensity of the longitudinal component of the veloci ty pulsations, 
the angular cha rac t e r i s t i c  may be considered constant. 

The ca l ibra t ion of the veloci ty sensor  was ca r r i ed  out along the axis of a tube with pure liquid flow. The 
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veloc i ty  value was  de t e rmined  by  means  of a Pi tot  tube. Since along the axis  of the tube the intensi ty of the 
ve loc i ty  pulsa t ions  is  low even  in a turbulent  r e g i m e  and s ince the re  is no ve loc i ty  gradient ,  there; was  no 
need for  any c o r r e c t i o n  to the Pi tot  tube readings .  The  e r r o r  in the veloci ty  m e a s u r e m e n t  with the tube is no 
w o r s e  than 1%. The  ca l ib ra t ion  function for the e l e c t r o c h e m i c a l  ve loc i ty  sensor  is shown in Fig. 4; it has  the 
f o r m  (2.2), and for  u = 3.5 m / s e c  the f i r s t  t e r m  on the r ight  side of (2.2) does not exceed 5% of the to ta l  c u r -  
ren t .  

Now le t  us cons ider  the opera t ion  of a s enso r  in a two-phase  flow. In those  ca se s  in which the gaseous  
phase  is  d i s c r e t e ,  the c a t h o d e - e l e c t r o l y t e - a n o d e  c i rcu i t  is closed if the sensor  is in the liquid. The sensor  
c u r r e n t  is de t e rmined  comple te ly  by  the ins tantaneous va lue  of the liquid ve loc i ty  near  the sensor .  As the 
s enso r  en t e r s  the gaseous  phase ,  the c i rcu i t  is b roken  and the senso r  c u r r e n t  drops .  In p r ac t i ce  the re  is no 
drop of the cu r r en t  to ze ro ;  as  the senso r  goes f rom the liquid into the gas,  the sensor  s ignal  d e c r e a s e s  e x -  
ponential ly.  F igure  5a shows a typica l  o s c i U o g r a m  of the cu r r en t  f rom a senso r  in a two-phase  flow (the t ime  
axis  is d i rec ted  toward the lef t ) .  It  can  be seen  that the c ros s ing  of the in te r face  between the phases  is ve ry  
c l ea r l y  m a r k e d ,  and this makes  it poss ib le  to dis t inguish without difficulty those  t imes  when the senso r  is in 
the liquid. Since the d imens ions  of the s ens o r  a r e  much  s m a l l e r  than those  of the gas bubbles ,  it m a y  be a s -  
sumed  that  the s e ns o r  does  not de fo rm the in te r face  be tween  the phases .  Making use of s imple  e lec t ron ic  
equipment ,  i t  is poss ib le  to shape the s ignal  shown in Fig. 5b: when the sensor  is in the liquid, the signal  r e -  
ma ins  unchanged, while when the senso r  is in the gas ,  the s ignal  drops  to zero .  By appropr i a t e  p roces s ing  of 
such a s ignal ,  we can obtain the c h a r a c t e r i s t i c s  of the liquid phase:  the a v e r a g e  ve loc i ty  and the m e a n -  
squa re  value of the ve loc i ty  pulsa t ions .  

3. M e a s u r e m e n t  of the Local  Gas Content. The s i m p l e s t  and m o s t  widespread  method of de te rmin ing  
'the local  gas  content is the e l ec t r i ca l - conduc t iv i ty  method [13-16]. Two e lec todes  a r e  p laced in the s t r e a m ,  
one of them having v e r y  s m a l l  d imens ions  and cons is t ing  of a segment  of me ta l  wi re  whose su r face  is insu-  
la ted  except  for  a sma l l  a r e a  on the endface. This  e lec t rode  is a l t e rna te ly  in the liquid and in the gaseous  
phase.  Th i s  a l t e rna t ion  is accompanied  by  sha rp  changes  in the e l ec t r i c a l  r e s i s t a n c e  be tween the two e l e c -  
t o rde s ,  which is the indication that  the senso r  is in one phase  or the other .  A vol tage is applied between the 
e l ec t rodes ,  and the c u r r e n t  in the c i rcu i t  is measu red .  The  cu r r en t  has  two fixed values :  The l a rge r  value 
c o r r e s p o n d s  to the t ime  when the sensor  is in the liquid phase ,  the s m a l l e r  value to the t ime when it is in the 
gaseous  phase .  

Fo r  the p rac t i ca l  r ea l i za t ion  of this  method,  i t  is n e c e s s a r y  to take account  of the following: c i r c u m -  
s tance ,  which af fec ts  the a c c u r a c y  of the m e a s u r e m e n t .  In the f i r s t  p lace ,  on the su r face  of the e lec t rode  
the re  m a y  take p lace  e l e c t r o c h e m i c a l  p r o c e s s e s  leading to deposi t ion of a solid coating on the su r face  of the 
senso r  or  to e ros ion  of that  surfaces  which r e su l t s  in a change of the sensor  p r o p e r t i e s  with t ime.  In the 
second place ,  i t  is n e c e s s a r y  to take account  of the hydrodynamic  p r o c e s s  of in te rac t ion  between the sensor  
and the phase  in ter face .  

In o r d e r  to reduce  the ef fec t  of the e l e c t r o c h e m i c a l  p r o c e s s e s ,  the m e a s u r e m e n t s  m u s t  be  made  a t  low 
va lues  of vol tage between the e l ec t rodes ,  s ince then the ions p r e sen t  in the solution do not par t i c ipa te  in the 
e l e c t r o c h e m i c a l  p r o c e s s e s  on the e l ec t rodes .  When opera t ing  in a liquid whose composi t ion  is indicated in 
the p reced ing  sec t ion  ( n e c e s s a r y  for the opera t ion  of the e l e c t r o c h e m i c a l  me thod) ,  no m o r e  than 10-20 mV 
should be  appl ied between the e l ec t rodes ,  s ince a t  h igher  vol tage values  the cu r r en t  in the circuit: begins  to 
depend on the ve loc i ty  of the liquid near  the e lec t rode .  In this ease  an ampl i f i e r  m u s t  be used for  r ecord ing  
the cur ren t .  The use of a dc vol tage source  to supply the s enso r ,  r epor t ed  in numerous  s tudies  [13-15], is 
diff icult  because  it  p laces  v e r y  s e v e r e  demands  on the m e a s u r i n g  equipment.  It is m o r e  convenient  to use as 
the  sou rce  a vol tage gene ra to r  with a s innsoidal  or  r ec t angu la r  ouput. The f requency of the vol tage m u s t  be  
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s e v e r a l  t i m e s  h igher  than the f requency  of the p r o c e s s .  In the p r e sen t  study the vol tage applied between the 
e l ec t rodes  was 1-5 mV, with a f requency  of 100-250 kHz. The capac i t ive  r e a c t a n c e  of the input cables  in this 
case  was  s e v e r a l  t i m e s  as  high as  the ohmic  r e s i s t a n c e  be tween the e l ec t rodes ,  and a t  the same t ime  the 
m e a s u r i n g  equipment  was  v e r y  s imple .  

The  hydrodynamic  p r o c e s s  of  in te rac t ion  between the s enso r  and a gas  bubble is r a t he r  complex.  The  
r e a l  f o rm of the s ens o r  s ignal  is  shown in Fig. 6a, where  U is the output vol tage o f  the ampl i f i e r ,  p r o p o r -  
t ional  the s enso r  cu r ren t .  

At t ime  A the l i q u i d - g a s  boundary  would i n t e r s e c t  the sens i t ive  e l emen t  of the senso r  if  the l a t t e r  
w e r e  not the re .  In ac tual i ty ,  however ,  the p r e s e n c e  of the senso r  d i s to r t s  the phase  in te r face ,  so that  the 
s e n s o r  i n t e r s e c t s  the in te r face  a t  t ime  B. A f i lm of liquid r e m a i n s  on the senso r  and gradual ly  grows th i cke r ,  
and i ts  r e s i s t a n c e  i n c r e a s e s .  Because  the f i lm is p resen t ,  the leading edge of the s ignal  is not ideal. At t ime  
C the f i lm d i s a p p e a r s  and the s ens o r  is  in the gaseous  phase.  At t ime  D t h e  senso r  is again  touching the 
liquid, and for some  in te rva l  of t ime  DE its c u r r e n t  is r e s t o r e d  to the value U1. The t ra i l ing  edge is con-  
s ide rab ly  s t e epe r  than the leading edge. T h e r e f o r e  the a b o v e - d e s c r i b e d  ef fec t  leads  to a d e c r e a s e  of  the t rue  
length of t ime  the s ens o r  is  p r e s en t  in the gaseous  phase ,  and consequent ly  a d e c r e a s e  in the gas -con ten t  
value.  On the other  hand, the p r e s e n c e  of the senso r  leads to some b rak ing  of the bubble,  which makes  an op-  
pos i te  contr ibut ion to the m e a s u r e d  value of gas  content.  

A fac tor  of g r ea t  impor tance  is the choice of the value of the threshold  vol tage U t at which there  is a 
"cu tof f"  of the signal .  When U t has  been  se lec ted ,  s ignal  a is  shaped into a s ignal  with shape b,  which has  
ideal  edges.  The local  gas -con ten t  value ~ is de t e rmined  by the fo rmula  

= ~T/T, (3.1) 

where  T i is the length of t ime  the s ens o r  is in the i - th  gas  bubble;  T is the to ta l  m e a s u r e m e n t  t ime.  The 
m e a s u r e m e n t  t ime  T m u s t  be  fa i r ly  l a rge  in c o m p a r i s o n  with T i. 

T h e r e  a r e  s e v e r a l  d i f ferent  r e c o m m e n d a t i o n s  concern ing  the choice of the Ut va lue  [2, 15]. Th is  q u e s -  
t ion has  been  m o s t  ca re fu l ly  inves t iga ted  in [2], in which the gas -con ten t  value obtained accord ing  to (3.1), in -  
t eg ra t ed  over  the c r o s s  sec t ion  of the tube,  was  c o m p a r e d  with the value of  the a v e r a g e  gas  content d e t e r -  
mined  by  the  g a m m a  t r ans i l l umina t im  method.  The  two values  ag reed  to within 3-5% for  a choice of Ut = 
(0.5-0.7) (U1 - Us ) + U2. It a p p e a r s  d e s i r a b l e  to s e l ec t  Ut c l o se r  to the liquid level ,  but  c a r e  m u s t  be  taken 
to make  su re  that  Ut is  below the level  of  the noise imposed  on U1. 

�9 4. M e a s u r e m e n t  of the G a s e o u s - P h a s e  Veloci ty .  To m e a s u r e  the ve loc i ty  of the gaseous  phase ,  a double 
e l ec t r i ca l - conduc t iv i ty  s ens o r  is  used [2, 3, 13]. If  the re  a r e  two s e n s o r s  avai lable ,  as  shown in Fig. 2f, then 
dur ing opera t ion  in a two-phase  flow the i r  s ignals  will  have the f o r m  shown in Fig. 6b, c: The signal f rom the 
second senso r  is d i sp laced  to the r igh t  of the f i r s t - s e n s o r  signal.  The t imes  0 c h a r a c t e r i z e  the t i m e  of p a s -  
sage  through the phase  in te r face  be tween the endfaces  of the f i r s t  and second senso r s .  The  ve loc i ty  of mot ion 
of the phase  in te r face  (identified with the veloci ty  of mot ion  of the gas bubble) is equal  to Ug = A/0 ,  where  
A is  the d is tance  be tween  the e l ec t rodes  of the double s enso r .  By sui table  averag ing ,  it is poss ib le  to obtain 
the a v e r a g e  ve loc i ty  of the gaseous  phase.  

The  m o s t  c o r r e c t  way would be  to d e t e r m i n e  0 as  the a v e r a g e  t ime  delay between the c ros s ings  of  the 
leading and t ra i l ing  edges  of the bubble. However ,  in p rac t i ce ,  for  the sake  of s impl ic i ty ,  these  l ines a r e  a s -  

446 



Fig. 7 

sumed to be equal, and 0 is determined on the basis of one of the two edges, usually the leading edge. It is 
assumed that the interactions of the phase interface with the f irs t  and the second sensors are  identical. 

Accumulation of the values of Ug i corresponding to different bubbles makes it possible to obtain not 
only the average velocity of the gaseous phase but also the mean-square value of the pulsations and ether 
character is t ics .  

5. Distribution of Bubbles Along the Dimensions. From the record  of the signal obtained from the 
electrical-conductivity sensor,  shown in Fig. 6b, c, it is possible to obtain also the distributions ~ (T i) of the 
t ime intervals T i during which the sensor is in the gaseous phase. From this distribution it is possible to 
determine the distribution function P (D 1 ) for the bubble diameters .  This requires  making a number of as -  
sumptions: a) All the bubbles are  spherical in shape; b) all the bubbles have the same velocity ug; c) the 
distribution of the bubbles with respect  to the dimensions is independent of the coordinates in some neighbor- 
hood of the sensor.  The relations connecting the distributions P(D1) and ~ (T i) a re  given in [2, 3]. Burgess 
and Calderbank [17] describe a method for determining the dimensions of the bubbles which does not require 
making the above assumptions. However, in this case the sensor used has five electrodes and dimensions of 
the order  of 3 mm, which limits the possibility of using this method. 

6. Measuring Equipment. The block diagram of the measuring equipment used in this study is shown in 
Fig. 7 (sensors 1 and 5; amplifiers 2, 6, 11, and 12; double sensors 9 and 10; quadratic voltmeter  4; integra- 
tors  3 and 8; fo rmers  7, 13, and 14; frequency meter  15; computer 16). 

The signal from an electrochemical  friction or velocity sensor is amplified with a d c  amplifier which 
has measurement  limits from 0.1 to 100 ~ (for an input voltage of 0-5 V) and a passband of 0-100 kHz. The 
voltage source built into the amplifier makes it possible to choose the necessary regime of operation of the 
sensor.  The amplified velocity sensor signal passed through a former ,  whose output voltage was 0 when the 
sensor was in the gaseous phase. Digital integrators with an integration time of 100 sec were used for mea-  
suring the average value of the voltages. The mean-square voltmeter  was used only in the fr ict ion-sensor 
circuit ,  since its signal was continuous. For small values of pulsation intensity the values of E aJad fi were 
determined by means of analog equipment. For the determination of the average values of the frictional 
s t ress  and the liquid velocity h I and the mean-sqnare values of frictional pulsation intensity at high pulsa- 
tion levels,  as well as for measuring the intensity of the velocity pulsations, the signals were processed on 
the "Ural  14" computer. 

A single or double e lectr ical  conductivity sensor was used for measuring the character is t ics  of the 
gaseous phase. The sensor signal was amplified by means of amplifiers tuned to the frequency of the input 
voltage. After this the amplified signals were shaped by rectangular pulses (see Fig. 6b), where the voltage 
threshold value in the formers  could be varied. The measurement  of the time the sensor remained in the 
gaseous phase, and consequently of the local gas content, was carr ied  out by means of the freqnency meter.  
To determine the distributions of the velocities and the dimensions d b of the bubbles, the signal was accumu- 
lated and processed on an electronic computer. 
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