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FRICTION 

The total p r e s s u r e  drop for adiabatic two-phase flow in a channel of constant section is given by the 
formula [1] 

Ap = Ap I + 7+h + {7" (~W~ "2 -- r "~) + 7'[ (i -- %)W~ ~ -- (1 -- ~1)W1"2]~ (1) 

Here ~ i s t h e t r u e  gas content, Apf is the frictional res i s tance ,  ~/+h is the gravity force  term,  and 4/+ 
is the specific weight of the mixture,  which depends on (p. The express ion in the b races  accounts for the 
accelera t ion los ses .  

For  the experimental  determinat ion of Apf we must  know ~, and the methods for  measur ing  ~ [2, 3] 
do not yield rel iable resul ts  over a wide range of variat ion of the gas content in the flow. 

The s implest  approximation for calculating Apf is the homogeneous model, according to which 

Avf = c I ";.W+% (2) 
�9 2gd 

Here W+ is the reduced mixture velocity,  c f  is the fr ict ion coefficient of the homogeneous flow [1], 
d and L a re  the diameter  and length of the channel, respect ive ly .  The relation proposed by Lockhar t  and 
Martinelli  [4] is also widely known. 

Under more  complex conditions, for  example unsteady flow of a two-phase s t ream,  there are  no 
methods for calculating the quantity Apr. 

In the following we descr ibe resul ts  of measuremen t  of the tangential s t r e s ses  onthe channel wall 
for  i sothermal  steady and unsteady flow of a two-phase s t r eam using the e lect rochemical  method. This 
method was developed previously  by Hanratty [5] for a s ingle-phase fluid and was also developed in [6]. 
The idea of the method lies in measur ing  the l imit  diffusion cur ren t  in an electrolyt ic  cell consisting of 
the e lectrolyte  flowing in the channel, a la rge  electrode (anode), and a polar ized annular sensor  (cathode). 
The electrolyte  is an 0.001-0.15 N aqueous solution of f e r r i - f e r rocyan ide  with a background 2N solution 
of Na (OH). In the l imit  diffusion cur ren t  reg ime the e lec t rochemical  react ion rate  is determined only by 
the mass  t rans fe r  intensity between the cathode surface and the e lectrolyte  s t ream.  The connection 
between the mass  flux and the l imit  cur ren t  I is expressed  by the relat ion 

q = I / Fz (3) 

Here F is the Faraday  number,  z is the number of t r ans f e r r ed  e lec t rons .  For  large Prandtl  numbers  
(P = 2430 in the case in question) the diffusion boundary l ayer  thickness for sufficiently small sensor  
dimension is much less  than the thickness of the viscous sublayer .  Then LandauTs assumption [7] on l inear  
dependence of the longitudinal velocity component and the t r ansve r se  coordinate y is valid 

u = ~ / v. (4) 

Here T w is the tangential wall s t r e s s ,  and M is the dynamic viscosi ty .  The solution of the diffusion 
boundary l ayer  eqllation [5, 6] yields the connection between ~'w and I 

_ i , 8 5 ~ I  ~ ( A \3  
% ~~ ~-7~~) (5) 

Novosibirsk~ Transla ted f rom Zhurnal Prikladnoi Mekhaniki i Tekhnicheskoi Fiziki, Vol. 10, No. 5, 
pp. 120-122, September-October ,  1969. Original ar t ic le  submitted April 28, 1969. 

�9 1972 Consultants Bureau, a division of  Plenum Publishing Corporation, 227 West 17th Street, New York, 
N. Y. 10011. All  rights reserved. This article cannot be reproduced for any purpose whatsoever without 
permission of  the publisher. A copy of  this article is available from the publisher for $15.00. 

797 



II 12 ~ 3 

12 

Fig. i 

! , .14"/1  �9 I i 
Z " o : 

o ~, 
3 * o i 

~ , ' 7 " - /  

l ? d 
Fig. 2 

Here  A is the mo lecu la r  weight of K3Fe(CN)G, coo is the bulk 
e l e c t r o l y t e  concentra t ion ,  D is the diffusion coeff icient ,  l is the 
s t r e a m w i s e  longitudinal  d imension  of the s e ns o r ,  and h is the s e n s o r  
width.  

F o r m u l a  (5) is  va l id  for  two-phase  flow if there  is  a continuous 
l iquid f i lm on the channel wal l .  

The expe r imen t s  were  conducted on hor izonta l  and ve r t i ca l  tubes 
us ing  two dif ferent  se tups .  

A schemat ic  of one setup (for a hor izon ta l  tube) is shown in 
F ig .  1. Both se tups  cons i s t  of c losed  c i rcu la t ion  loops  consis t ing  of 
the s t a in l e s s  s tee l  centr i fugal  pump 2, combinat ion r e s e r v o i r  and 
s e p a r a t o r  1, gas and l iquid flow m e t e r s ,  and s t ab i l i za t ion  segments .  
Only vinyl p l a s t i c  or  p l ex ig las s  p ipes  we re  used  in the loop.  Pure  
n i t rogen  was used as  the l ight  phase  (arrow a shows gas input) to 
avoid oxidation of the e l ec t ro ly t e  by oxygen in the a i r  and a lso  because  
the decomposi t ion  poten t ia l s  of oxygen and f e r r i c y a n i d e  a r e  ve ry  c lose .  
The l iquid  t e m p e r a t u r e  was mainta ined  at  25 ~ C with the aid of a w a t e r  
coole r  5 (ar rows b and c denote wa te r  in and out). The t e m p e r a t u r e  
of the two-phase  medium was m e a s u r e d  at  the en t rance  to and exi t  
f rom the t es t  sec t ion b y c o p p e r - c o n s t a n t a n  the rmocoup le s  to within 
001 ~ C. 

The effect  of t e m p e r a t u r e  on T w is  v e r y  s ignif icant ,  s ince the 
v i s cos i t y  and the diffusivi ty  depend on t e m p e r a t u r e .  The diffusivi ty  
data were  taken f rom [8], and we m e a s u r e d  the v i s cos i t y  in the t e m -  
p e r a t u r e  range f rom 17 to 35 ~ C. 

The t e s t  sec t ion  3 was made in the fo rm of a p l ex ig las s  tube of d i a m e t e r  d = 11.2 mm and length 
L = 100 mm.  Nine e l e c t r o c h e m i c a l  s e n s o r s  were  spaced at 5-10 mm in te rva l s  along the length of the 
tube.  The s e n s o r s  we re  made in the fo rm of 0.2 and 0.5 mm thick nickel  s t r i p  r i n g s .  The gas - l i qu id  
mix ture  was c r ea t ed  by blowing gas through a porous  tube (d = 11.2 ram) loca ted  th ree  d i a m e t e r s  f rom 
the f i r s t  s e n s o r .  

P a r t i c u l a r  at tent ion was devoted to careful  f inishing of the working sur face  of the s e n s o r s .  A check 
of the s e n s o r  p e r f o r m a n c e  was provided  by ca l ib ra t ion  conducted by compar ing  the va lues  of the e l e c t r o -  
chemica l  m e a s u r e m e n t  of T w with the p r e s s u r e  drop m e a s u r e m e n t  and the va lues  of ~w ca lcu la ted  using 
the wel l -known theo re t i ca l  r e l a t i ons  for  d i f ferent  values  of the Reynolds number  R for  a s i ng l e -phase  fluid. 

The coeff ic ient  accounting for  i naccu ra c y  of the m e a s u r e m e n t  of the working  su r face  length for  each 
s e n s o r  r e m a i n e d  constant  over  the en t i r e  R range f rom 104 to 1.2 �9 105. The anode 7, made f rom the same 
nickel  s t r i p ,  was l oca t ed  downs t ream.  The m e a s u r e m e n t  c i r cu i t  included a 4-V, 10-20-42 dc sou rce .  The 
magni tudes  of the r egu la t ed  vol tage and the l i m i t  c u r r e n t  in the c i r cu i t  were  m e a s u r e d  by the v o l t m e t e r  
13 and m i l l i a m m e t e r  8 r e s p e c t i v e l y .  

The m e a s u r e m e n t  of the f e r r i c y a n i d e  ion concent ra t ion  in the solution was made by po ten t iome t r i c  
t i t r a t ion .  

In the e x p e r i m e n t s  on the ve r t i c a l  tube (d = 15 ram) the s e n s o r s  were  0.5 and 3 mm long and were  
loca ted  1 mm a p a r t .  The i r  indicat ions  of the value of ~-w ag reed .  The gas - l i qu id  mix ture  was c r ea t ed  
in a m i x e r  a t  a d i s tance  of 150 d i a m e t e r s  f rom the f i r s t  s e n s o r  by in jec t ing  gas  through a porous  plate 
o r  through a nozz le .  

In the s lug flow r e g i m e  the t rue  ve loc i ty  of the gas phase  was a s s um e d  equal to the s lug ve loc i ty  and 
was de t e rmined  f rom the t ime  for  pa s sage  of a s ingle s lug between two point  e l e c t r o d e s .  In this  case  the 
t rue  gas content was ca lcu la ted  using the formula  

= Wo" / w "  (6) 

Here W" is the ve loc i ty  of the s lugs ,  W0" is  the reduced  ve loc i ty  of the gas phase .  
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Fig. 3 

Figure  2 shows the r e su l t s  of expe r imen t s  for  unsteady two-phase  flow in a horizontal  tube, p re sen ted  
in the f o r m  of A p t / L  in ( N / m .  m 2) as a function of the d imens ion less  reduced  gas veloci ty  W0"/W0'; the 
l ight c i r c l e s  a r e ' t h e  ave raged  values  of indications of nine e l ec t rochemica l  s enso r s ,  the dark c i r c l e s  a re  
the exper imenta l  data on s ta t ic  p r e s s u r e  drop; regions (a), (b), and (c) co r respond  to the liquid ve loci t ies  
W 0' = 2.8, 4.13, 8.06 m / s e c .  The f r ic t ion  l o s s e s  were  de te rmined  using the fo rmula  

hp//L ~- 4Tw/d (7) 

We see that  the values  of Apf /L  m e a s u r e d  f rom the p r e s s u r e  d rop l i e  above the values  obtained by 
the e l ec t rochemica l  method�9 T h i ~ d i s c r e p a n c y  is explained by the fact  that the acce l e ra t ion  l o s s e s  a re  
not taken into account in the f i r s t  method.  Curves  1, 2, 3 show the r e su l t s  of f r ic t ional  r e s i s t a n c e  ca l -  
culations by the Lockha r t -Mar t ine l l i  method [4], us ing the homogeneous model ,  and using the r e c o m m e n -  
dations developed a t  the TsKTI  (Central Boi ler  and Turbine  Insti tute) [9]. 

Analys is  of the expe r imen t s  and calculat ions shows that  the method of [4] yields  good ag reemen t  
with expe r imen t  for the veloci ty  W 0' = 8.06 m / s e e .  This  method gives  r e su l t s  which a r e  too low at 
lower  reduced liquid veloci ty  for  values  ofW0"/W 0' > 0.8. 

Calculat ions using the homogeneous model  and using the TsKTI  s tandards  give good a g r e e m e n t  with 
expe r imen t .  

Resul t s  of expe r imen t s  on the ver t i ca l  tube for  a reduced liquid veloci ty  of 1.1 m / s e e  a r e  shown in 
Fig.  3a, b in the fo rm of ~'w in (N/m 2) as a function of the vo lumet r i c  gas content d ischarge  fl�9 In the case  
of gas  inject ion through the porous  plate the t rans i t ion  f rom the bubble flow r e g i m e  to the 'slug flow r eg ime  
o c c u r r e d  for  fi ~ 0.43, while for  gas inject ion through the nozzle  the t rans i t ion  occur red  for  fl ~ 0.] .  

In Fig�9 3 the points a r e  the expe r imen ta l  (e lec t rochemical )  r esu l t s ;  the l ight points a r e  for  injection 
through the nozzle ,  the dark  a r e  for  injection through the porous  plate;  curve  ] is the calculat ion a f te r  
Lockha r t -Mar t ine l l i ,  curve  2 is for  the homogeneous model .  We see  f r o m t h e f i g u r e  that  the f r ic t ion  is 
h igher  in the bubble r e g i m e  than inthe  slug flow r e g i m e .  

F igure  3b shows the f r ic t ion  data obtained by the e l ec t rochemica l  method for  in ject ionthrough the 
porous  plate,  and a lso  the values  calculated using the fo rmula  

v =d__ 4L [AP-- 7"L(i--~)] (8) 

Here Ap is the measured static pressure drop. 

In Fig. 3b the points 1 are for the electrochemical calculation, points 2 are the calculation using fl 
and Ap, points 3 are the calculation using q~ and Ap. We see from the figure that for fl ,~ 0.43 (in the slug 
flow regime) the discrepancy between the values of T w measured by the different methods is large�9 The 
dif ference  d i sappea r s  if in (8) we use in place  of fl the value of ~ found f rom (6). 
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