
unsteady conditions de te rmined  f rom quasis teady re la t ions;  p, p r e s s u r e ;  r 0, pipe radius;  qw, heat flux densi ty;  
q = qwr0/Atb0; Re,  Reynolds number ;  P r ,  Prandt l  number ;  t ,  t empe ra tu r e ;  tb0, inlet  t e m p e r a t u r e ;  Umax, axial  
velocity;  w, mean  flow ra te ;  x, longitudinal coordinate ;  X = 4XUmax/dPrRew; 5, h e a t - t r a n s f e r  coefficient;  fl, 
vo lumet r i c  coeff icient  of expansion;  k, t h e r m a l  conductivity;  T, t ime .  Indices:  w, wall t e m p e r a t u r e ;  b ,  mean  
bulk t e m p e r a t u r e  of s t r e a m .  
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predominant  f requency of the wave motion on i ts  su r face  under  conditions of two-phase  
flow; re la t ionships  a re  also der ived for  calculat ing the hydraulic r e s i s t ance  and the ra te  
of heat  t r a n s f e r  to the f i lm under  these  conditions. 
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t-ion for  any a r b i t r a r i l y  smal l  r a t e s  of flow of the gas phase  (in the l imit ing ca se ,  the f ree  descent  of the 
liquid). With inc reas ing  ra te  of gas flow, some of the liquid pas ses  into the co re  of the flow, producing a 
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Fig.  1. D i s t r i b u t i o n  dens i ty  of i n s t a n t a n e o u s  f i lm th ick-  
n e s s  (a) and s p e c t r a l  dens i ty  of the i n t e n s i t y  of the p r o -  
ce s s  (b): s = 5.12 N / m - s e c ;  L = 2.4 m;  1) Gg = 0.077 N /  
sec ;  2) 0.0435; 3) 0.196; f ,  1 / s e c .  

The p r e s e n t  i nves t i ga t i on  is  devoted to an e x p e r i m e n t a l  d e t e r m i n a t i o n  of the loca l  c h a r a c t e r i s t i c s  of a 
l iquid  f i lm in the case  of two-phase  descend ing  flows as  wel l  as the hydrau l i c  r e s i s t a n c e  and heat  t r a n s f e r  at 
v a r i o u s  d i s t a n c e s  f r o m  the e n t r y  into the working  sec t ion .  The r a n g e s  of va r i a t i on  of the bas ic  p a r a m e t e r s  
were  chosen  in such  a way as to be able  to c o m p a r e  the r e s u l t s  with those of o ther  au tho r s ,  for  example ,  
those  r e l a t i n g  to the hydrau l ic  r e s i s t a n c e  and ind iv idua l  c h a r a c t e r i s t i c s  of a f i lm [1,2] and so on. 

The i nves t i ga t i ons  were  c a r r i e d  out in working  channe l s  3 m long; the work ing  med ia  were  wa te r  and 
a i r  at a p p r o x i m a t e l y  a t m o s p h e r i c  p r e s s u r e .  

The local  c h a r a c t e r i s t i c s  of the l iquid  f i lm were  s tud ied  in an a n n u l a r  channe l  c o m p r i s i n g  an i n n e r  tube 
61.2 m m  in d i a m e t e r  made  of s t e e l  1Kh18N9T and a t r a n s p a r e n t  ou te r  P lex ig la s  she l l  mak ing  a gap 18 m m  
wide with the i n n e r  tube .  The l iquid  flux dens i ty  in  the e x p e r i m e n t s  v a r i e d  ove r  the range  s = 1.37-16.2 N/ re .  
s ec ,  which at a t e m p e r a t u r e  of 20-35~ c o r r e s p o n d e d  to a r ange  of f i lm Reynolds  n u m b e r s  Re 6 = 120-1800.  
The r a t e  of a i r  flow at an a i r  t e m p e r a t u r e  of 15-25~ in the e x p e r i m e n t s  v a r i e d  f r o m  0 to 8.8 N / s e e ;  c o r r e -  
spond ing ly ,  Ug :: 0-20 m / s e e ,  Reg = 0-4.3" 104. 

The hydrau l i c  r e s i s t a n c e s  were  s tud ied  in a work ing  channe l  cons t i tu t ing  a s t ee l  1Khl8N9T tube with an 
i n t e r n a l  d i a m e t e r  of 34 mm,  The flux dens i ty  of the l iquid  va r i ed  over  the r ange  2.95 to 20.6 N / m .  s ec ,  so 
that  at a t e m p e r a t u r e  of 20-35~ Re 5 = 400-2000.  The gas flow ra te  was v a r i e d  f r o m  0 to 0.59 N / s e e ;  c o r r e -  
spondingly,  Ug = 0-55 m / s e c ;  Reg = 0-120,000 (tg = 20-30~ 

Inves t iga t ions  into the loca l  h e a t - t r a n s f e r  coef f ic ien t s  were  c a r r i e d  out in a work ing  channe l  f o r m e d  by 
a s t e e l  1Khl8N9T tube with an i n t e r n a l  d i a m e t e r  of 31 m m .  The t e m p e r a t u r e  of the l iquid  at the in l e t  v a r i e d  
over  the r ange  30-45~ the l iquid  flux dens i ty  was 2.45-15.6 N / m . s e c .  The gas t e m p e r a t u r e  at the in le t  
v a r i e d  over  the range  25-30~ the gas flow ra te  was Gg = 0-0.264 N / s e e ,  and,  c o r r e s p o n d i n g l y ,  Ug = 0-30 
m / s e e .  The channe l  was heated by m e a n s  of p r e s s u r i z e d  hot wa te r  ope ra t ing  on a coun te r f low b a s i s .  

F o r  m e a s u r i n g  the loca l  i n s t an t aneous  t h i c k n e s s e s  of the l iquid f i lm we used  the e a r l i e r - d e v i s e d  capac i ty  
method [3], r e c o r d i n g  the r e s u l t s  on a loop osc i l l og raph .  A spec i a l  f ea tu re  of the s e n s o r  employed  in  ou r  in -  
ves t iga t ions  was the hea t ing  of a s m a l l  movab le  c o n d e n s e r  p la te  to a t e m p e r a t u r e  of 130~ to p r e ve n t  c o n d e n s a -  
t ion and s e p a r a t i o n  of l iquid upon it .  The e x p e r i m e n t a l  channe l s  and m e a s u r i n g  methods  were  d e s c r i b e d  in 
m o r e  de ta i l  in  [4,5]. M e a s u r e m e n t s  were  made  in seven  c r o s s  s ec t i ons  at  d i s t a n c e s  of 0.2, 0.4, 0.6, 1.2,  
1.6, 2.0,  and 2.4 m f r o m  the i n l e t .  
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F ig .  3 
F ig .  2.  Hydraul ic  r e s i s t a n c e  g rad ien t  as a function of the reduced Reynolds number  of the 
gas ;  1) r e s i s t a n c e  for  the motion of a i r  in a dry  channel;  L /d  = const  = 76.4; a} F = 2.95 
N / m . s e c ;  b) 5.12; c) 4.98; d) 15.5; e) 20.5 N / m . s e c .  AP/l, N / m 2 . m .  

F ig .  3. Re la t ive  h e a t - t r a n s f e r  coeff ic ient  [1) de t e rmined  f rom Eq. (18); 3) exper imenta l ]  
and hydraul ic  r e s i s t a n c e  g rad ien t  (2) as a function of the reduced  Reynolds number  of the 
gas .  L = 2 . 5 5 m ;  F = 9 . 8 N / m . s e c .  

The hydraul ic  r e s i s t a n c e  was m e a s u r e d  in th ree  sec t ions  each 400 mm long, the upper  c r o s s  sec t ions  
of which lay at d i s t ances  of 0.4, 1.2, and 2.4 m,  r e s p e c t i v e l y ,  f rom the en t rance  into the working channel .  The 
r e s i s t a n c e  was de t e rmined  f rom the fa l l  in s ta t ic  p r e s s u r e s  in the gas  co re  o r  d i r ec t l y  on the wal ls  washed by 
the liquid. 

The loca l  h e a t - t r a n s f e r  coeff ic ients  were  de t e rmined  at d i s tances  of 0.75, 1.35, 1.95, and 2.55 m f rom 
the en t rance  into the working channel .  The t e m p e r a t u r e  of the w a l b s u r f a c e  and the ave rage  t e m p e r a t u r e  of 
the f i lm were  m e a s u r e d  in these  sec t ions  with Chromel - -Cope l  t he rmocoup les .  The d i s to r t ion  of the loca l  
t e m p e r a t u r e  due to the f i t t ing of the thermocouple  into the wall  of the tube was taken into account by c a l c u l a -  
tion. The spec i f ic  t h e r m a l  flux was de t e rmined  in a sec t ion  600 mm long by r e f e r ence  to the heat  given out 
f rom the hot coolant  and ver i f i ed  by r e f e r ence  to the heat  pass ing  into the flow, as indica ted  in the readings  
of s p e c i a l  t he rmocoup les .  

A study of the local  c h a r a c t e r i s t i c s  of the liquid f i lm under  the influence of the contiguous gas flow 
showed that  in a l l  c a s e s  s tudied wave motion developed on the su r f ace .  The c h a r a c t e r  of the wave motion de-  
pends both on the r a t e s  of l iquid and gas  flow and on the path length. Up to a p a r t i c u l a r  c r i t i c a l  ra te  of gas 
flow (velocity) the ave rage  f i lm th ickness  r ema i ns  p r a c t i c a l l y  equal to the f i lm th ickness  in a s ta te  of f r ee  
fa l l .  F o r  gas  flow ra t e s  g r e a t e r  than c r i t i c a l  the average  f i lm th ickness  d imin i shes .  In the c r o s s  sec t ions  
a shor t  way f rom the in le t  of the working pa r t  the su r face  of the f i lm becomes  smooth;  in those at g r e a t e r  
d i s tances  f rom the in le t ,  in the m a j o r i t y  of the expe r imen t s  ampl i f ica t ion  of the su r face  wave pe r tu rba t ions  
takes  p lace .  In the c r o s s s e c t i o n s  at  d i s t ances  of 1.6-2.4 m f rom the in le t ,  for  ce r t a in  l iquid flux dens i t i es  
the height of the waves i n c r e a s e s  with i nc r ea s i ng  ra te  of gas  flow; subsequent ly  it s t ab i l i z e s  and there  is  even 
a tendency for  the effect  to d iminish .  

The dens i ty  of the d is t r ibu t ion  of instantaneous local  th ickness  v a r i e s  with the l iquid flux dens i ty  and the 
r a t e  of gas  flow, but a sha rp ly  e x p r e s s e d  maximum appea r s  for  a l l  the c a s e s  examined and in eve ry  c r o s s  s e c -  
t ion.  The d i s t r ibu t ion  of ins tantaneous th icknesses  is  a s y m m e t r i c a l .  The range of va r i a t ion  of the th i cknesses  
s m a l l e r  than the most  p robab le  values  is  cons ide rab ly  n a r r o w e r  than the range of va r i a t ion  of those g r e a t e r  

than the mos t  p robab le .  

F igu re  l a  shows the d i s t r ibu t ion  dens i t i e s  of the ave rage  f i lm th ickness  n o r m a l i z e d  with r e s pe c t  to i ts  
ave rage  th ickness  60 in the ease  of f r ee  fa l l  (F = 5.15 N/sec ;  L = 2.4 m). F i g u r e  l b  shows the d i s t r ibu t ion  of 
the s p e c t r a l  in tens i ty  of the p r o c e s s  for  the same condit ions.  The maximum th i cknesses  i n c r e a s e  with i nc r ea s ing  
gas  flow. The th ickness  of the continuous l a y e r  changes v e r y  l i t t le .  A t the  beginning of the working sec t ion  (L = 0.2 m) 
no p redominan t  ( c a r r i e r )  f requency can  be d is t inguished  e i the r  for  the f ree  fa l l  of the l iquid or  for  the case  of an ac -  
companying gas flow. The f requency d i s t r ibu t ion  in the c r o s s  sec t ions  f u r t he r  down the flow (at L = 0.6-2.4 m) has  a 
sha rp ly  e x p r e s s e d  maximum in the range 3-8 1 / s e e  (depending on the p a r t i c u l a r  d i s tance  t r ave led) ,  as  indica ted  in 

Fig .  l b .  
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The c r i t i c a l  g a s  f lows (ve loc i t i e s )  i n d i c a t e d  above  m a y  be  d e t e r m i n e d  f r o m  the fo l lowing  e x p r e s s i o n s :  

(u8~2 - 

gjcr ~'g = 0.0776 for 200 ~ Re 6 ~ 300 - -  400, (1) 
u~ "/t 

o;cr ~g u2fu l =0 .143  for R% ~ 400 - -  500. (2) 

F o r  a g a s  f low r a t e  g r e a t e r  than  c r i t i c a l ,  the  r e l a t i v e  t h i c k n e s s  of the  f i l m  d i m i n i s h e s  (within t he  r a n g e  
of l iqu id  and g a s  f low r a t e s  s t u d i e d  a n d a l s o  wi th in  the  l i m i t s  of e x p e r i m e n t a l  a c c u r a c y )  in p r o p o r t i o n  to the  
r a t e  of  gas  f low.  In the  s e c t i o n  of s t a b i l i z e d  a v e r a g e  t h i c k n e s s  when 

U~yg > (U~'~g)cr for R% < 400, 

8.,, [ ] (3) 
8. -- 1 - -0 .077  Reg .2 u~Vg - -  I 

(U~Tglcr 

wh i l e  f o r  Re~ > 400 

6 a v  [_  u~Tg ] 
8-~- = 1 - -0 .212  -- I j . (4) 

The  s e c t i o n  c o r r e s p o n d i n g  to  the  s t a b i l i z a t i o n  of  the  a v e r a g e  f i l m  t h i c k n e s s  was  a l w a y s  l e s s  than 0.2 m 
fo r  the l a m i n a r  f low r e g i o n ,  and in the  t u r b u l e n t - w a v e  r e g i o n  l e s s  than  1.2 m.  

The m o s t  p r o b a b l e  c a r r i e r  f r e q u e n c y  of the  wave  m o t i o n  on the f i l m  s u r f a c e  (for L > 0.6 m) m a y  be  d e -  
t e r m i n e d  f r o m  the  r e l a t i o n s h i p  

Ug _ t ) ,  (5) = 1 @ ( 1 - -  0.49 Re~ -~ -uo 

w h e r e  f0 i s  c a l c u l a t e d  f r o m  the r e l a t i o n s h i p  g iven  in [6]; u 0 = 4 m / s e e  i s  the  c h a r a c t e r i s t i c  r a t e  of g a s  f low,  
beg inn ing  f r o m  which a change  of c a r r i e r  f r e q u e n c y  o c c u r r e d  in each  of the  e x p e r i m e n t s .  F o r  Ug < u0, 

f / f o  = 1. 

Our  s tudy  of the  h y d r a u l i c  r e s i s t a n c e s  showed  tha t  a l l  t h r e e  s e c t i o n s  a long the  length  of  the  channe l  
w e r e  c h a r a c t e r i z e d  by t h r e e  k inds  of d e p e n d e n c e  of the  s p e c i f i c  r e s i s t a n c e  Ap/ l  on the  r a t e  of gas  f low (Fig .  2). 

At  the  b o u n d a r y  be tween  the f i r s t  and s e c o n d  r e g i o n s  t h e r e  is  an a c c e l e r a t i o n  of the  i n c r e m e n t  in r e s i s -  
t a n c e w i t h  i n c r e a s i n g u g ,  whi le  at  the  b o u n d a r y  be tween  the  s e c o n d  and t h i r d  r e g i o n s  the  r a t e  of i n c r e a s e  in 
r e s i s t a n c e  d i m i n i s h e s .  In a l l  t h r e e  c h a r a c t e r i s t i c  r e g i o n s  the  r e s i s t a n c e  i s  h i g h e r  than in the  d r y  channe l  and 
i n c r e a s e s  wi th  r i s i n g  d e n s i t y  of the  l iou id  f lux d e n s i t y .  The b o u n d a r i e s  of the t r a n s i t i o n  f r o m  one c h a r a c t e r -  
i s t i c  r e g i o n  of r e s i s t a n c e s  to a n o t h e r  a r e  not  c o n s t a n t ,  but depend  on the l iqu id  f lux d e n s i t y ,  the  d i s t a n c e  of 
the  e x p e r i m e n t a l  s e c t i o n  f r o m  the  i n l e t ,  and [by c o m p a r i s o n  with the  r e s u l t s  of o t h e r  a u t h o r s  ( [ 1 , 2 , 7 ] , e t c . ) ]  
the d i a m e t e r  of the  work ing  channe l .  

The  f i r s t  r e g i o n  c o r r e s p o n d s  to a n n u l a r  f low,  with weak  i n t e r a c t i o n  of the  p h a s e s .  The  b o u n d a r y  of th i s  
r e g i o n  c o r r e s p o n d s  to the  p r e b r e a k a w a y  c o n d i t i o n s ,  fo r  which  the in f luence  of the  gas  f low on the f i lm c h a r a c -  
t e r i s t i c s  i s  only  beg inn ing  to  m a k e  i t s e l f  f e l t .  In the  f i r s t  r e g i o n  i t  i s  conven ien t  to d i s c u s s  the  r e s i s t a n c e  of 
the  gas  f low on the b a s i s  of the  r e l a t i v e  mo t ion .  The  i n c r e a s e  in the  h y d r a u l i c  r e s i s t a n c e  in the  a n n u l a r  two-  
p h a s e  f low m a y  be e x p l a i n e d  by the  fac t  t ha t ,  when the a v e r a g e  r e l a t i v e  v e l o c i t y  is  equal  to z e r o ,  the p u l s a t i o n  
c o m p o n e n t s  m a y  d i f f e r  f r o m  z e r o ,  and hence  the  t u r b u l e n t  f r i c t i o n a l  s t r e s s e s  m a y  a s s u m e  a c o n s i d e r a b l e  
v a l u e ,  so c a u s i n g  a r i s e  in the  e f f ec t ive  f r i c t i o n a l  r e s i s t a n c e .  

An a n a l y s i s  of the  quan t i t i e s  c h a r a c t e r i s t i c  of the  p roces ' s  (pos s ib ly  of c o n s i d e r a b l e  i m p o r t a n c e  in con-  
nec t ion  with the  d e v e l o p m e n t  of the  f in i t e  p u l s a t i o n a l  v e l o c i t y  c o m p o n e n t s ) ,  t o g e t h e r  with an a n a l y s i s  of ou r  own 
e x p e r i m e n t a l  r e s u l t s  and t h o s e  p r e s e n t e d  in [ 1 , 2 , 7 ] ,  e n a b l e s  us  to d e s c r i b e  the  r e s i s t a n c e  c o e f f i c i e n t s  in the  
f i r s t  r e g i o n  by m e a n s  of  the  equa t ion  

~'I ~0 ~" 0.75 /Rerely 0.5~ . . . .  ~-- . (6) 
' g \ v t / 7/65 

The  s e c o n d  r eg ion  i s  t r a n s i t i o n a l .  I n t h i s  r e g i o n  a s t r o n g  p h a s e  i n t e r a c t i o n  s t a r t s  a p p e a r i n g ,  l e a d i n g t o  a con -  
s i d e r a b l e  r e d u c t i o n  in the  a v e r a g e  f i lm  t h i c k n e s s  a n d t o  the  s m o o t h i n g  (or ,  a l t e r n a t i v e l y ,  the  a m p l i f i c a t i o n )  of the  p e r -  
t u r b a t i o n s  on the  s u r f a c e ;  the  l iquid  s t a r t s  b r e a k i n g  away  f r o m  the c r e s t  of the  wave ,  and the  mode  of f l o w t r a n s f o r m s  
into the  d i s p e r s e d - a n n u l a r  v a r i e t y .  
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The third region is the region of fully developed d i spe r sed -annu la r  flow. In this region we have the 
g r e a t e s t  inc rement  in the r e s i s t ance  by compar i son  with that  of the dry  channel,  and the difference between 
the var ious  sect ions  along the channel appea r s  to the g rea t e s t  degree .  Owing to the difficulty of de te rmin ing  
the actual  flow c h a r a c t e r i s t i c s ,  and mos t  of all the t rue  volumetr ic  gas content,  in o rde r  to genera l i ze  the 
exper imenta l  data in regions II and III it is convenient to use the "m~del  of s epa ra t e  f lows" by introducing a 
co r rec t ion  into the r e s i s t ance  coefficient  of one (the gas) phase  to allow for  the effects  of the o ther ,  The 
effect ive r e s i s t ance  coeff icient  should allow for  the influence of all  f ac to r s  involved, including the p r e s s u r e  
head, in view of the fact  that  it is  imposs ib le  to de t e rmine  the actual  densi ty of the mix ture .  

The reduced fr ic t ional  r e s i s t ance  coefficients  in the second and third regions a r e  approximated  by the 
equations 

~y/3 '~5.5 Ga 1"8 Re~'Zr] (7) 

(8) 

The boundary between regions I and II may  be found f rom the c r i t i ca l  value of the Reynolds numb er  
Re re l  

g cr l  

(9) 

and the boundary between regions  II and HI f rom the c r i t i ca l  value of the Reynolds number  Reg or2: 

Regcrz=l150WeO.6,.ReO.O96.[vt ,~ o.28 (_~_) o.o~. (lO) 

Equations (6)-(10) s e rve  to genera l i ze  and c o r r e l a t e  our  own exper imen ta l  data with those of [1,2,7].  

Before  studying the local  h e a t - t r a n s f e r  coefficients  in the accompanying-f low case ,  we executed some  
control  expe r imen t s  on the f ree  fal l  of the liquid f i lm in the absence of an accompanying gas  flow. The resu l t s  
indicated reasonable  ag reemen t  with the computing re la t ionship  of [3] �9 in a number  of the exper iments  (for 
fa i r ly  low t e m p e r a t u r e s  of the liquid at the inlet  and high liquid flux densi t ies) .  

The ave rage  local  h e a t - t r a n s f e r  coeff icient  for  the f ree  fal l  of the liquid s0 may  be de te rmined  as the 
r e su l t  of heat  t r a n s f e r  ove r  a ce r ta in  t ime  in te rva l  in which liquid l aye r s  of var ious  th icknesses  pass  a l t e r -  
nately through the sect ion under  considera t ion.  The thickness  of the liquid l aye r  changes f rom the min imum 
to the max imum value; a l te rna t ive ly  ( subjee t to  a ce r ta in  averaging  p rocedu re )we  may  cons ide r  the l imi t s  of 
var ia t ion as extending f r o m  6con to 6pr o (from the average  thickness  of the continuous l ayer  to the ave rage  

height of the projec t ions) .  

Let  us a s sum e  that at eve ry  instant  of t ime the velocity prof i le  r ema ins  s i m i l a r  and co r re sponds  to the 
equi l ibr ium s ta te  in developed turbulent  flow. Then at every  instant  of t ime  the h e a t - t r a n s f e r  coefficient  will 
be a function of the Re 6 number  calculated in accordance  with [3] f rom the instantaneous thickness of the l aye r  

of liquid. If 
, - r  - c o n  ( I  1 ) 

Rewe'q --" 2 0.0292 v~ 2 ' 

the equivalent "wave" thickness  of the f i lm will be 

Re7/i2 
w c q  �9 

(12) 

We expres s  the d imens ionless  h e a t - t r a n s f e r  coefficient  --  the Nussel t  number  - -  in the fo rm 

�9 - ~  % 6  w e q  . 

NUweq Z, 

The expe r imen ta l  data regard ing  the heat  t r a n s f e r  to the liquid f i lm falling along the inner  and outer  
su r faces  of the ver t i ca l  channels a r e  approximated  to a fa i r  degree  of accu racy  by 

(13) 
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NUwe q= 0,4.10 -8 Rewe q,.15 Pr.  (14) 

The re la t ionship  for  the local  h e a t - t r a n s f e r  coeff icient  in the case  of an accompanying gas  flow (Fig. 3, 
curve  1) as a function of Reg has the s a m e  c h a r a c t e r  as the re la t ionship  A p / l  = f(Reg)  (curve 2). 

We may  analyze the expe r imen ta l  local  h e a t - t r a n s f e r  data  cor responding  to the action of an accompany-  
ing gas flow on the fall ing liquid f i lm on the assumpt ion  that  the p r inc ipa l  t he rma l  r e s i s t ance  is concent ra ted  
in the l amina r  sub layer  c lose  to the wall.  According to an invest igat ion c a r r i e d  out in the Moscow Higher  
Technica l  School [6], the d imens ion less  th ickness  of the l amina r  sub layer  in the case  of f i lm flow r ema in s  

+ 
approx imate ly  constant  61a m = 5. 

Using the method of superpos i t ion ,  let  us a s s u m e  that the total  tangential  s t r e s s  on the wall  T 0 is made 
up of the s t r e s s  assoc ia ted  with f ree  fal l  TOO and an additional t e r m  TAp assoc ia ted  with the reduction in stat ic  
p r e s s u r e  which appea r s  during the motion of the gas  flow- 

% = %,0 + z ~ .  (15) 

The th ickness  of the l amina r  sub layer  in the fi lm for  an accompanying gas flow will then be equal to 

5vl p~/2 (16) 
51am = V-g6o -~- "~Ap 

Let us cons ider  that  the t e m p e r a t u r e  prof i le  in the f i lm r ema ins  in a s i m i l a r  configuration.  Then for  
the case  of the s a m e  t h e r m a l  flux and the same  liquid flux density the ave rage  t e m p e r a t u r e s  in the c r o s s  sec -  
tion and the t e m p e r a t u r e s  at  the boundary of the l amina r  sub layer  will a lso be the s ame .  Let us fu r the r  a s sume  
that the t e m p e r a t u r e  only changes within the bounds of the lamiI lar  sub layer .  We shal l  then have 

c~ 61amo. (17) 
a 0 61am 

An analys is  of the exper imen ta l  data conf i rms  the l inear  dependence of the function ~ / ~ o  = f (61amo/61am)  �9 

However ,  the r ea l  values of ~ / a 0  a re  higher than those calculated f rom Eq. (17), and this d i f ference  var ies  for  
different  liquid flow dens i t ies ,  diminishing as F r i s e s .  The resul tan t  expe r imen ta l  data may  be excel lent ly 
genera l ized  by means  of a single equation- 

_ ( ~}lam0 ) a = 1=(1- -2 .88 . t036~ -1"7-~) 1 , (18) 
~o 6 lam 

where 5~ = 60/(p}/g) 1/3 is the d imens ionless  f i lm thickness  for  the case  of f ree  fall .  

N O T A T I O N  

Gg, ra te  of gas flow, N / s e c ;  r ,  g r a v i m e t r i c  liquid flux densi ty ,  N/re" sec;  Ug, reduced gas veloci ty,  
m / s e c ;  d, d i a m e t e r  of working channel (path length of accompanying flow), m;  Reg,  reduced Reynolds number  
of the gas;  u 5, veloci ty  of the gas  in the cons t r i c ted  c ro s s  sect ion of the channel,  m / s e c ;  u r e l ,  re la t ive  ve loc-  
ity of the gas,  m / s e c ;  Re 5, Reynolds number  of the fi lm, Re 5 = r / V l ~ ;  v l ,g ,  kinematic  vis~cosity of the liquid 
and gas ,  m2/sec ;  7l ,g ,  specif ic  g rav i ty  of the liquid and gas ,  N/m3; u,~, ave rage  velocity of the liquid in the 
f i lm,  m / s e c ;  6, instantaneous thickness  of the liquid f i lm,  m; 5av, a v e r a g e t h i c k n e s s o f  the liquid f i l m , m ;  S0, 
ave rage  thickness  of the liquid f i lm in the case  of f r ee  fall ,  m ; f ,  mos t  probable  " c a r r i e r "  f requency of the 
wave p roce s s  on the su r face  of the liquid f i lm,  1 / sec ;  f i ,  mos t  probable  " c a r r i e r "  frequency of the wave p ro -  
cess  on the sur face  of the liquid f i lm in the case  of f ree  fall ,  1 / sec ;  A p / l ,  hydraulic r e s i s t ance  gradient ,  
N / m  % m; k i , i i , i i i ,  hydraulic r e s i s t ance  coefficient  in regions I, II, and HI of the hydraulic r e s i s t a n c e  ch a rac -  
t e r i s t i c ;  k0, coefficient  of f r ic t ion of the s ing le -phase  gas  flow for  a ra te  of flow Gg; We, modified Weber  num- 
ber  for  the two-phase  flow, We = ugT~d/g~/ ;  ~ l ,  su r face  tension of the liquid, N /m;  g, acce le ra t ion  of f ree  fall 
(gravity),  m/see2;  Ga, modified G a l i ~ o  number  for  two-phase  flow, Ga = ~ / 2  g/ (y/_yg)3/2  ~ ;  s0 ' (~, h e a t - t r a n s f e r  l l 
coeff icients  f rom the wall to the liquid f i lm for  the f ree  fall  of the la t te r  and for  the case  of two-phase  flow, 
W / m  2- ~ ~l ,  t h e r m a l  conductivity of the liquid, W/m-  ~ NUwe q, equivalent "wave" Nussel t  number ;  Reweq, 
equivalent "wave" Reynolds number ;  P r ,  Prandt l  number ;  ~-, tangential  s t r e s s  at the wall,  N/m2; 61am0,61am, 
th ickness  of l amina r  sub layer  for  the f r ee  fal l  of the f i lm and in the two-phase  flow, r e spec t ive ly ,  m; p, den- 
si ty of the liquid or  gas ,  k g / m  3. 
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D I S P E R S I O N  O F  T H E R M A L  W A V E S  IN 

G R A N U L A R  M A T E R I A L  

Y u .  A .  B u e v i c h  a n d  Y u .  A .  K o r n e e v  UDC 536.244:541.182 

The effective thermophysica l  pa rame te r s  of a d ispersed  medium are d iscussed which charac -  
te r ize  the propagation of t empera ture  waves in the medium and the equations of nonstat ionary 
thermal  conductivity are  formulated.  

Many papers  (see [1-5], for  example,  and the review in [6]) have been devoted to a detailed study of 
nonstat ionary fields of t empera ture  or impuri ty concentrat ion in d ispersed o r  other heterogeneous media. 
The interes t  in this subject is connected with the commerc ia l  prevalence of periodical ly operating equipment 
in which such media are  used as working bodies and also of equipment in which there  is a "response" to a 
sudden change in external  conditions (chromatographic columns,  absorbers ,  etc. ). Nonstationary t ranspor t  
p rocesses  play an important  role in phenomena occurr ing  within the individual porous grains of a catalyst  [7, 
8] or  in par t ic les  being dried [9], which can also be considered as a kind of heterogeneous mater ia l .  Finally,  
such p rocesses  are  important  in labora tory  prac t ice  in the determination of effective dispers ion coefficients 
for  heat o r  mass  in composite mater ia ls  and in d ispersed flows of diverse  s t ruc ture  [10,11]. 

Even for  an analysis of the penetration of heat in the s implest  "composite" mater ia l  -- a sys tem of two 
adjacent uniform blocks [12] --  or  f rom the considerat ion of heat propagation along identically oriented fibers 
of an ordered  fibrous mater ia l  [13], it is c lea r  that the behavior  of a nonstat ionary tempera ture  field in hetero-  
geneous and homogeneous media differs not only in quantitative and qualitative respec ts ,  but also depends 
strongly on the s t ruc tura l  features of the medium. The lat ter  is responsible for  the significant spread in the 
experimental  data obtained under various conditions even in mater ia ls  of identical s t ruc ture  together  with the 
lack of a common viewpoint on the mechanism for  t ranspor t  p rocesses  in heterogenous media [5-10], with 
attempts at deriving some corre la t ion  relat ions that would general ize  such data leading to extremely diverse  
resul ts  depending on the type of computational model used for  the general izat ion [11]. Therefore ,  an a pr ior i  
fo rmal  simulation of these p r o c e s s e s  is e lear lyunsa t i s fac tory ,  and one feels theneed for development of more  
detailed physical  representa t ions  in the formulation of a deeper  theory based on them. 

We consider  below only granular  mater ia l s ,  one phase of which consis ts  of d iscre te  par t ic les  distributed 
in the other phase.  In the genera l  case ,  both phases of the medium may be mobile but the P~clet  number 
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