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An ana lys i s  is given and expe r imen ta l  r e su l t s  a re  genera l ized  for  the boiling of w a t e r ,  e t ha -  
nol, and aqueous solut ions a t  reduced  p r e s s u r e s  on heat ing su r faces  in a d i s p e r s e  l aye r  of 
unbound solid pa r t i c l e s  for  l imi t ing  (with r e spec t  to h e a t - t r a n s f e r  intensity) conditions. 

E a r l i e r  [1], it was  suggested that  the na tura l  motion of vapor  and liquid in boiling be used to br ing 
pa r t i c l e s  of a bed to a mobi le  s ta te ,  known as a s ta te  of " t h e r m a l  fluidization" [2]. 

In the p r e s e n t  work ,  the r e su l t s  of an expe r imen ta l  invest igat ion of this p r o c e s s ,  some of which were  
publ ished in [2-5], a re  genera l ized.  The expe r imen ta l  conditions a re  given in Table  1. 

In the given condit ions,  the rea l iza t ion  of a p a r t i c u l a r  se t  of hydrodynamic  conditions is de te rmined  by 
the re la t ion  dp, H, w _= Q/ rpvS  = f(q, p ,  geomet ry  of the appa ra tu s ,  kind of liquid). 

By v i sua l  obse rva t ion  and photographic  r eco rd ing  of the conditions of motion of the components  and 
phases  in the given d i s pe r s e  s y s t e m  and compar ing  these  with expe r imen ta l  hea tL t rans fe r  data (Figs.  1 and 2), 
i t i s  poss ib le  to e s tab l i sh ,  in the given condit ions,  the c h a r a c t e r i s t i c  values  H = Hlim,  q =- q*, ws. c ~ w(q*),  
~p at which change in the d i s p e r s e - s y s t e m  s t ruc tu re  and the h e a t - t r a n s f e r  laws a r e  obse rved ,  and to develop 
a c lass i f i ca t ion  of the conditions of motion of the components  and phases  during boiling in the given condi-  
t ions.  

Accord ing  to this c lass i f ica t ion ,  shown in Table  2, each of the three  exper imenta l ly  observed  s t ruc tu re  
groups  has  a speci f ic  h e a t - t r a n s f e r  law. F o r  example ,  with inc rease  in height of the d i spe r se  l aye r  f r o m  0 to 
H = Hli m (conditions 1-3 in Table  2), i nc rease  in h e a t - t r a n s f e r  intensi ty  is obse rved ,  while for  H >-- Hl im (con- 
dit ions 4-9) heat  t r a n s f e r  is s e l f - cons i s t en t  with r e s p e c t  to H [2, 4]. The h e a t - t r a n s f e r  intensity when ~ 
Hlim may exceed  by a f ac to r  of 2-3 the h e a t - t r a n s f e r  intensi ty dur ing boiling in f ree  conditions fo r  the s a m e  
q,  p. Approx ima te  evaluat ion of the fo rces  act ing on a vapo r  bubble in the conditions H -< Hli m leads to the 
exp re s s ion  

t t l i  m = V(~/c~g (PL - -  Pv ) - -  c2g (1 - -  m)(pp-- PL )" 

In the given conditions PL 7> Pv,, m ,  pp --- idem,  accord ing  to expe r imen ta l  data ,  Hli m = (6-7NrS-~L. B e -  
cause of the sma l l  p r ac t i ca l  value of mechanica l ly  unstable conditions of t h e r m a l  f luidizat ion with H < Hl im,  
the subsequent  d i scuss ion  r e f e r s  mainly  to data obtained with H -> Hli m. These  conditions co r respond  to 
s t ruc tu re  groups with v a p o r  motion along individual vapo r  channels  (conditions 4-7  in Table  2) and the s t r u c -  
tu re  with c i rcula t ional  t h e r m a l  f luidization of the d i spe r s e  l aye r  (set of conditions 9 in Table  2). The effect  on 
the heat  t r a n s f e r  of p r e s s u r e ,  the kind of l iquids,  the boundary condit ions,  and the m a t e r i a l  and th ickness  of 
the heat ing sur face  is found to be qual i ta t ively analogous to that  obse rved  for  boiling in the s ame  conditions 
without a d i s p e r s e  l ayer  of p a r t i c l e s  (H = 0). This  indicates a ce r ta in  analogy in the o c c u r r e n c e  of the two 
p r o c e s s e s .  Conditions 4-5a and 7 in Table  2 co r r e spond  to boiling curves  of the f o r m  a ~ q2/~ (with d e c r e a s e  
in p r e s s u r e ,  a weak  r i se  in the power  to which q is r a i s ed  occu r s ) ,  conditions 4-6b to a ~q~/2 (Fig. 1), and 
conditions of c i rcula t ional  t h e r m a l  f luidizat ion (9 in Table  2) to a ~q0. The ef fec t  of pa r t i c l e  s ize on h e a t -  
t r a n s f e r  intensi ty at  q < q* is c l ea r  f r o m  Fig. 2, accord ing  to which the range ~p = 0.8-1.3 is opt imal  f r o m  the 
point of view of intensifying heat  t r a n s f e r .  At q > q*, h e a t - t r a n s f e r  is s e l f - cons i s t en t  with r e s p e c t  to d'p. 
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TABLE 1. 

Heating Heating 
condi- } surface 
tions { shape 

i 

Direct :Horizontal 
electrical plate, 100 x 
heating 15 rnra 

Convee- I~0fizontal 
ave tube, 10 mm 

diam., L -- 
620 m m . 

" Horizontal 
five-row . 
tubgbundle 
F = 0.1? m z 

Exper imental  Conditions 
l 

Material a n d  
Ra ' l . . thickness of 

h~ating su~ ].m i IZqu~d 
face 

copper, 0.I mrr 0,2~ #ater 
Kh18N10, �9 0,12 gthanol 
Nichmme, 0,1~ 
0.2 mm 

copper. 1.0-  0,27 ~rater 
1.5 mm 0,27 .Xhanol 

Kt/18N10 i ;ol'n of 
1.0 tara NaCI 

0--20% 

sovn of 
C2H204. 
2O% 
xeast  
suspen- 
sion 

�9 copper, I~ Water 
L0 ram 

SoP n of 
NaCt 

0-~2O% 
Seawate 
n% 

p0 bar 

),035--1, 
0,1--1, 

~ ,035- -0 ,  
0,1~1,, 

~,035--0, 

~,35--0,5 

b.035--0.i 

0,1--0,5 

0,2 

0,2 

c le  . ShaPe 
p a t t i -  d. r (sd, ) .  

mater. I mm 
r 

Glass Sphere 0,624(0,027) 
" , - ~ 1,33(0,072) 
- �9 2 ,28(0 ,16)  

- 3,42(0.28) 
alurai �9 2,77(0,93) 
nosili, 
cal:~ �9 
~ullil 5,61(0,24) 

Mullil " 9,24(0,43) 

Co~- Irteg- 0,1 
andun ular 
Cor- " 0,05 
mdun 

silica " 0,002 

Glass Sphere, 2,77(0,93) 

Visual  observat ions  indicate that during boi l ing in conditions of channel format ion the fract ion of the 
heating surface covered by a vapor - l iqu id  l aye r  is close to unity and r i ses  with increase  in q,  tending to 
unity. The boiling curves  are  then the upper l imits  for  the boiling curves  in conditions 1-3 and 8-9 of Table 2 

(Fig. 1). 

On the basi's of the high hea t - t r ans f e r  intensity (curve 1 in Fig. 1), the smal l  pulsation amplitude T w, 
and also the stable (without overheating) operat ion of the thin-walled heating surface at q = const which are  
observed in conditions of channel format ion  (conditions 4-7 of Table 2), it may be concluded that under the 
v a p o r - l i q u i d  l ayer  visually fixed at the heating surface (Table 2) there is a thin nonsteady liquid film. Be-  
tween this f i lm and the l iqu id- immersed  par t ic les  there  is a v a p o r - l i q u i d  l aye r  including layer  par t ic les  
in the s t ruc ture  or  not including them (in conditions 5 and 6 of Table 2, with removal  of the layer). The t h e r -  
mal  res i s tance  of the v a p o r - l i q u i d  layer  is due to the hydraul ic  d rag  on the vapor  motion Aph. d (hydrodyna- 
mic  depression) and may be taken into account  in the value of ATh.  d" In the conditions considered above, 
Aph. d << p, and hence ATh.d --- 0. The hea t - t r ans fe r  law in these conditions is determined to a considerable 
extent by the the rma l  res is tance  of the ~iquid fi lm at the wall,  as in the case of the s imi la r  " c o a l e s c i n g -  
bubble" conditions for  f ree  conditions [6]. 

In conditions of circulat ional  thermal  fluidization (9 in Table 2), the hea t - t r ans f e r  intensity is due to the 
combined effect  of heat t r ans fe r  in the vaporizat ion of the film at the wall and of convective heat t r ans fe r  to a 
fluidized d isperse  layer .  Following [6, 7], the mean heat flux for  the given conditions is wri t ten as the resul t  
of summing heat t r ans f e r r ed  f rom the heating surface in the vaporizat ion of the liquid microf i lm and the heat 
t r an s f e r r ed  convectively f rom the free par t s  of the surface to those with the microf i lm:  

_ 1 ~'efATF dFdz -- f q--"~ 8 ~ "~176 ) 
0 F F -  0 F c o n v  

The presence  in the liquid of a d isperse  par t ic le  layer  may affect both components of the total heat flux in 
Eq. (1), both because of the change in geometr ic  conditions of the occur rence  of t r ans fe r  p roces se s  (~, ~conv) 
and because of the change in effective t r ans fe r  proper t ies  of the d i sperse  system (-~ef) in compar ison  with the 
p roper t i es  of a homogeneous liquid. Consider  now the data for end methods of determining the effect ive 



TABLE 2. Class i f ica t ion  of Conditions of Motion of Components  
and P has e s  in D i s p e r s e  Sys tem on Boil ing 

N Experimental 
M conditions 

,! 
2 

3 

4 
I 

6 

a 

2 

E 

V 

E 

2 

State of particle 
layer 

>A Molionle~ 

0,2--1,5 I Umtable thermal 
fluidization 

< O, 2 Suspension 

Motionless 

0,2-------~ Partial removal 
from surface by 

] vapor cavities 

<0,-----~- Complete removal 

dPopt ~- 
0.8-1.3 

Type of vapor motion 

through layer at surface 

Isolated bubbles 

a) q<q* 
Periodically ap- / vapor- liquid 
pearing vapor / layer of coalesc- 
channels !ng vapor cavities 

b) q > q* 
constantly open Practically con- 
vapor channels tinuous vapor flow 

I along heating 
surfa ee 

w < Ws. o = 0.3 m/sec: motionless particle state, 
periodically appearing vapor channels 

Ws.o - Ws.c = 1.4 mlsec: beginning of thermal 
fluidization of particle layer 

w >Ws.c: stable circulational thermal flnidization; 
at the center of the evaporator, upward motion of 
vapor--liquid mixture with particles and at the wall, ' 
downward motion of dense immersed layer. The 
vapor passes through the central region as individual 
bubbles. 

I 

c h a r a c t e r i s t i c s  6, s andAT in the l imi t ing  case  when ~F = 1, ~conv = 0. Then Eq. (1) takes  the f o r m  

i 

( ? w  - - AT .d - a % . d ) .  
6 (2) 

Evaluat ion of the effect ive l iquid-f i lm th icknesses  6 p r e sen t s  the g rea t e s t  difficulty. A r igorous  ma thema t i ca l  
approach  is p rac t i ca l ly  imposs ib le  in this case .  T h e r e f o r e ,  s t ruc tu ra l  dependences for  6 in the given condi-  
t ions a r e  obtained f r o m  an ana lys i s  of l i t e r a tu re  dependences for  the th ickness  of the m i c r o f i l m s  fo rming  in 
the re la t ive  mot ion of a solid wall  and vapor  (gas) phase  in a liquid [8-11]. Despi te  the d i f ference  in o r g a n i z a -  
tion conditions and the p r o c e s s e s  in [8-11], it may be concluded that  in these  cases  

6-~6(v  L, d, a, gPL, m or % (3) 

In conditions of motion along a solid sur face  by a vapor -bubb le  meniscus  [10, 11], the init ial  m i c r o f i l m  
th ickness  6 0 ~w W2, where  7 is the t ime f r o m  in i t i a lbubb le  format ion.  In [6], the effect ive f i lm th ickness  in 
bubb le -coa lescence  conditions is taken to be 5-~ u~2v i/2 1/2,,~. , , i /2  = YL t~/w I �9 

One of the d i f fe rences  a r i s ing  when a d i spe r se  par t ic le  l ayer  is p r e sen t  is the de te rmina t ion  of the quan-  
t i ty d, a l inear  d imension  cha rac t e r i z i ng  the geome t r i c  s t ruc tu re  of the d i spe r se  s y s t e m  in the region at  the 
wall.  In conditions when cap i l l a ry  f o r c e s  have the p redominant  influence on m i c r o f i l m  fo rma t ion ,  which are  
untypical  of the major i ty  of t h e p r e s e n t  e x p e r i m e n t s  (small  q, c o m p r e s s e d  l aye r  grid with smal l  ~p), the 
ana lys i s  y ie lds  an exp re s s ion  6 = 6(d). Fo r  the case  of negligibly smal l  cap i l l a ry  fo r ce s  (large q and dp), 

= 6-(VL, l/w"). When cap i l l a ry ,  v i s cous ,  and iner t ia l  fo rces  a re  c o m m e n s u r a t e ,  5 = 6-(a/gpL, d, UL, l/w'i). 
F r o m  dimens ional  cons ide ra t ions ,  taking the mos t  common value 1/2 for  the power  to which v L is r a i s e d ,  the 
following th ree  exp re s s ions  a re  obtained for  the th ree  cases  jus t  cons idered:  

~ d " ;  6-.. (v L -7, /  ; 3 _ ( v  L _ ~ )  (d/ValgpL)," (4) 
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Fig. 1. Boil ing curve  at a heat ing  sur face  in a d i s -  
p e r s e  l ayer  of p a r t i c l e s :  1) boiling curve  with H - 
I~li m in conditions of channel fo rmat ion ;  2) boi l ing-  
curve  region in conditions of t h e r m a l  fluidization; 
3) boiling curves  in f r ee  conditions (H = 0). 
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z ~ 6 8 1o -1 z ~ 6 8 1o ~ dp 

Fig. 2. Effect  o f f ,  a r t i c l e  s ize  on heat  t r a n s f e r  dur ing boiling 
in the conditions H -> Hl im:  1) wa te r ;  2) ethanol;  3) 20~0NaCl; 
4) 20~  C2H204; 5) y e a s t  suspension.  Surface mater ia l :Khl8N10,  
N i c h r o m e ,  and copper ,  p = 0.035-1 ba r ;  I, IT) comple te ly  and 
par t i a l ly  r em oved  pa r t i c l e  l aye r ;  III) mot ion less  l ayer .  

As the defining d imension  d fo r  the case  of a mot ion less  pa r t i c l e  l aye r  (conditions 4 and 7 in Table  2, c o m -  
p r e s s e d  l aye r  grid) ,  the c h a r a c t e r i s t i c  d imension  of the th resho ld  space  in the region at the wall  should be 
chosen to be dt = 2mdp/3(1 - m).  In conditions of a comple te ly  r e m o v e d  l a y e r  (6 in Table 2), the max imu m l a y e r -  
r emova l  height  d 2 = [1 - (1 - m0)/(1 - mmin) lHl i  m m a y b e  chosen as d, where  m 0 is  the poros i ty  of a r andom c o v e r -  
ing, mini  n is the min imum poss ib l e  p o r o s i t y _  The  coicidence of boil ing curves  for  d i = d 2 conf i rms  the c o r r e c t -  
ness  of this choice.  In s y s t e m s  with H >-- Hli m f o r m e d  f r o m  pa r t i c l e s  with s i m i l a r  physica l  p r o p e r t i e s ,  the 
exis tence  of a definite d i s p e r s e - s y s t e m  s t ruc tu re  is de t e rmined  by the value of dp (Table 2), which v a r i e s  
ove r  broad l imi t s  in the p r e s e n t  invest igat ion.  F o r  these  condit ions,  in accordance  with Fig. 2, the complex 
( d / ~ g p L )  a may  be wr i t t en  o v e r  the whole of the range  ~p -< 2 in the f o r m  of a continuous function ~0' (dp) : con-  
stant  in conditions of a complete ly  r emoved  l aye r  (~p -~ 0. 2), dec r ea s ing  when 0. 2 --< dp -< ~Popt, and r i s i n g  in 
conditions of a mot ion less  pa r t i c l e  l a y e r  dpopt ~ dp -< 2. The min imum ~0' (dp = ~Popt ) co r r e sponds  to the 

conditions of m a x i m u m  h e a t - t r a n s f e r  in tens i ty  in Fig.  2. 

In conditions of l iqu id- f i lm fo rma t ion ,  as a r e su l t  of the coa lescence  of the men i sc i  of adjacent  vapo r  
bubbles (q < q*), ~ m a y  be defined as a quanti ty p ropor t iona l  to the c h a r a c t e r i s t i c  t ime  in terva l  f r o m  the 
appearance  of vapor  bubbles to t he i r  coa lescence  T = I/w". Here  I is the c h a r a c t e r i s t i c  d is tance between 
ac t ive  cen te r s  [6, 7]. Accord ing  to [12-14], I ~ ~' ( ~ s / r P v ~ T )  k, where  ~' depends on the m a t e r i a l  and th ick-  
ness  of the hea t ing  su r face  and the means  of heat ing,  while k is 1-1 .5  at p r e s s u r e s  of the o r d e r  of a tmospher ic .  
Substi tuting 5 ~ (vLl/w") I/2 into Eq. (2), with I - (oTs/ rPv~T)  (i. e. , k = 1), leads  to a s t r uc tu r a l  dependence 
fo r  the hea t  t r a n s f e r  f r o m  which it follows that ~ ~ q0.6?p0.12, which is in good a g r e e m e n t  with the p re sen t  e x -  
p e r i m e n t a l  data for  hea t  t r a n s f e r  at p r e s s u r e s  c lose  to a tmospher i c .  

F o r  the m i n i m u m  p r e s s u r e s  invest igated,  the e m p i r i c a l  dependence fo r  the heat  t r a n s f e r  takes  the f o r m  
~ q0.~Sp0.5. Within the f r a m e w o r k  of the model  adopted,  this pa t t e rn  of change in the f o r m  of the dependence 

of ~ on q and p has  a na tura l  explanation: with d e c r e a s e  in p r e s s u r e ,  the number  of act ive  cen te r s  and the 
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Fig. 3. Effect of particle-ma- 
terial heat conduction on the effec- 
tive heat conduction of the dis- 
perse-system wall region: I, II, 
Ill) calculation from Eq. (7) for 

kp >> kL,  )~p -~ XL, kp << ~L; the 
points give the data of e l ec t r i c a l  
model ing for  hp -~ )t L. 

distance I between them depend more strongly on (~Ts/rPvAT). For example, change in k as I changes from 
1 to 3 leads to change in the approximating structural dependence of the form ~ ~qnpS from ~ ~qO.eZpO.12 to 
a ~ q0.SpO.45. It may be supposed that the existence of well-founded data for k allows calculational relations 
for the heat transfer to be obtained within the framework of the model adopted. Since there are no data on 
I and k for the given case at present, the relation I ~ ~' (cTTs/rpvAT) k for thermodynamically similar liquids 

[15] is taken in the form 

..~ { c;T,s ~ /, (p) (5) l 
\ rPvAT / 

which leads to the appearance  of the e m p i r i c a l  functions f and r in the resu l t ing  dependence - Eq. (9). 

With inc rease  in AT, l d e c r e a s e s .  However ,  if at  AT = AT*(q*) a p rac t i ca l ly  continuous vapor  flux 
a r i s e s  at the wal l ,  then fu r the r  change in I with inc rease  in AT > AT* cannot have any signif icant  effect  on 
the fo rma t ion  of the liquid f i lm at the wall.  F o r  these  condit ions,  l is taken to be the c h a r a c t e r i s t i c  value 
which it has at the point of change in the hydrodynamic  condit ions,  i . e . ,  l =/(AT*). Following [15], it may be 
a s s u m e d  for  the rmodynamica l ly  s i m i l a r  liquids that  AT* ~ Tc r f "  (p) and 

I ~ (  oTs ) f (~),, .  
rpvr~t~ (~) (6) 

Thus ,  the lack of informat ion on the pa t t e rns  of dis t r ibut ion and act ivat ion of v a p o r - f o r m a t i o n  cen te r s  at the 
heat ing sur face  means  that  it is n e c e s s a r y  to r e s o r t  to the concept  of approx imate  the rmodynamic  s imi l a r i t y  
in o r d e r  to close the s y s t e m  of in t e r re l a t ions  in the given m o d e l  It  mus t  be emphas ized  that  genera l iza t ion  
of the expe r imen ta l ly  obtained informat ion on the h e a t - t r a n s f e r  laws in the invest igat ion conditions is a l so  p o s -  
sible us ing only the concept  of t he rmodynamic  s imi la r i ty .  However ,  invoking a model  of the detai led p r o c e s s  
c h a r a c t e r i s t i c s  (6, d, kef) p e r m i t s  a m o r e  wel l - founded t r e a t m e n t  of the influence of the d i s p e r s e - l a y e r  c h a r -  
a c t e r i s t i c s  on the heat  t r ans f e r .  

P a s s i n g  now to the ana lys i s  of ~ef - see E q. (2) - note that in conditions of r emova l  of the l ayer  a h o m o -  
geneous liquid f i lm r e m a i n s  at the sur face ,  and her = kL. In the case  of a mot ion less  d i s p e r s e  l a y e r ,  the re  
is a liquid m i c r o f i l m  w i t h p a r t i c l e s  pa r t i a l ly  i m m e r s e d  in it at the wall.  P a r t i c l e s  leaving the su r face  m i c r o f i l m  en te r  
the v a p o r -  liquid l aye r .  P r e l i m i n a r y  e s t i m a t e s  of~ f rom expe r imen ta l  h e a t - t r a n s f e r  data indicate that,  for  the 
inves t igated l aye r s  of mot ion less  pa r t i c l e s  (Table 2), 6 does not exceed 0. 2dp, and the l a r g e r  pa r t  of t h e - s u r -  
face of the par t i c le  l aye r  at the wall  is then found to lie in the region of intense v a p o r - l i q u i d - m i x t u r e  mot ion,  
the t e m p e r a t u r e  of which is close to T s. Analys i s  of the quas i s teady  h e a t - t r a n s f e r  p r o c e s s  in a r e p r e s e n t a -  
t ive cell  of the l aye r  at the wall  was  c a r r i e d  out in [3] under  the assumpt ion  that  the t e m p e r a t u r e  of the e x t e r -  
nal f i lm sur face  and of the pa r t i c l e s  e scap ing  f r o m  it is Ts .  Then heat  t r a n s f e r  occurs  in the d i rec t ion  n o rma l  
to the heat ing su r face ,  and heat  t r a n s f e r  radia l ly  over  the f i lm may  be neglected,  while fo r  5/dp -< 0. 2 

~L = 1 + ?  - -  - ~ p  , 

(7) 
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Fig. .  4. Generalization of experimental data on heat transfer during 
boiling on heating surfaces in a disperse layer of solid particles with 

>-- Hlim. The continuous curves correspond to calculation from 
Eqs. (9)-(11). The experimental points are as follows. For water,  
q = const: 1, 2) corundum, dp = 0. 05, 0.1 ram; 3, 4,  5, 7)' glass, 
dp = 0. 62, 1 .33 ,  2 .28 ,  3 .42 mm; 6) aluminosil icate, dp = 2 .77  ram. 
F o r  water,  convective heating (c.h.), copper, Kh18N10: 8) corun- 
dum, dp = 0. 1 mm; 9, 10, 11, 13) glass, dp = 2.77 ram; 12) alumino- 
s l l i ca te ,dp=  2.77 mm;  14) mul l i te ,  dp = 5.6 mm. F o r  NaCI solu-  
t ion,  c . h . ,  copper ,  glass ,  dp = 2 .28  ram: 15) 20% NaCI; 16) 10~ 
19) 5% NaCI. F o r  C2H204 solution (20%), c . h . ,  Kh18NI05:  20) glass ,  
dp = 2 .28  mm. F o r  suspension,  c . h . ,  copper :  17) a luminosi l ica te ,  
dp = 2.77 ram. F o r  ethanol ,  c .h . ,  copper :  18) glass ,  dp = 2.28 mm. 
F o r  ethanol,  c . h . ,  Kh18N10: 21) glass ,  dp = 2.28 mm;  22) corundum, 
dp = 0.1 mm. 

where  7 = ~ when kp >> kL and 7 = -~r when ~p << kL (Fig. 3). This  a ssumes  the resu l t  of e l ec t r i ca l  modeling 
that d is tor t ion of the t empera tu re  field in the film is observed  only in the vicinity of the point at which the 
par t i c les  touch a sur face  of radius r5 = [d~/4 - (dp/2 - ~)2]i/2. F o r  the p resen t  case (~p ~ kL), e l ec t r i ca l  
modeling of the heat  t r an s f e r  in a r ep reseh ta t tve  cell  was c a r r i e d  out on an EGDA-9/60 e lec t r i ca l  integrator .  
In contras t  to [3], heat  t r an s f e r  was modeled in an ax i symmet r i c  volume cell. The e l ec t r i ca l -mode l ing  data 
a re  approximated to Eq. (7) with 7 = - 1 . 4  (Fig. 3). It follows f rom Fig. 3 that for  the given conditions (kp --- ~'L, 

< 0, 2dp), the deviation of ~ef f rom hL is less  than 20~a T h e r e f o r e ,  hef = kL is assumed below in genera l iz -  
ing the exper imenta l  data. 

Good agreement  is found if ,  taking Eq. (7) into account ,  the p resen t  exper imenta l  data for  a compound 
g lass -par t i c le  l aye r  (~p ~ kL, d p =  0.2) with c~ ~ q0 a re  compared  with the data of [16] on boiling in a l aye r  of 
Monel pa r t i c l e s  (~,p >> kL). This  may be taken as conf i rmat ion that the h ea t - t r an s f e r  model adopted is ade-  
quate and Eq. (7) is sufficiently accura te .  

According to Eqs. (1) and (2), AT = Tw - Ts - ~Tc .  d - ATh. d In conditions of channel format ion ,  
the hydraul ic  d rag  of the v a p o r - l i q u i d  at the wall  and the vapor  channels APh.d is considerably less  than the 
p r e s s u r e  above the vaporizat ion meniscus  p. In this case,  ATh. d may be neglected in calculating AT.  This  
conclusion is in good agreement  with exper imenta l  data on the se l f -cons i s tency  of r with r e spec t  to H for  

H - HUm [2]. 

On the basis of the given analys is ,  in accordance  with Eqs.  (2)-(7), s t ruc tura l  express ions  may be ob-  
tained for  determining the h e a t - t r a n s f e r  coeff icient  for  the following conditions: 

1) when capi l lary  fo rces  have the predominant  effect  on ~, i .e . ,  when par t i c les  of smal l  dimension a re  
mot ionless  ove r  the whole bulk of the l aye r  (these conditions a re  cha rac te r i s t i c  of [16], for  example ,  and for  
a whole s e r i e s  of the p resen t  exper iments  with compres sed  smal l  par t ic les ) ,  

c ~ _ A ~ e f [  3 ( l _ _ m ) ] a ' ;  (8) 
2mdp 

2) when capi l lary ,  v i scous ,  and Iner t ia l  fo rces  a re  comparable  (conditions 4-6a and 7 In Table 2) with 
q < q * ,  



~L 6Ts 

(9) 

3) for  conditions in which cap i l l a ry  fo r ce s  a r e  negligible (conditions 4-6b in Table  2) with q > q*,  

( ~ T c r  ~l/2ql/~ 
"= A2~fz k VL~T s / (10) 

The .boundary value q -- q* s epa ra t i ng  these  two se t s  of conditions is de te rmined  by equat ing c~ in Eqs.  (9) and 
p_o): 

q* t ALlcr 
= k VLCT s / kAi-~-t~ ] " 

Here  r ~o, and f a r e  cor responding  power  functions of the p a r a m e t e r s  r  ~o,, f , ,  and f" introduced e a r l i e r  
and re f l ec t  the influence of the hea t i ng - su r f ace  c h a r a c t e r i s t i c s ,  the re la t ive  l a y e r - p a r t i c l e  s ize dp, and the 
re la t ive  p r e s s u r e  ~. The values  of A t and A 2 and the expl ici t  f o r m  of the functions fl ,  f2, ~0, and ~ a re  found 
by compar ing  Eqs.  (9) and (10) with e x p e r i m e n t a l  data. The value of r de te rmined  f r o m  the expe r imen ta l  data 
fo r  copper  and s t a i n l e s s - s t e e l  su r faces  a lso  depends on the re la t ive  p r e s s u r e  in the range p--< 10 -3. The effect  
of the su r face  on the h e a t - a s s i m i l a t i o n  coeff icient  ew is taken into account  for  the exper imenta l ly  obse rved  
se l f - cons i s t ency  conditions for  ~ with r e s p e c t  to the hea t i ng - su r f ace  wal l  th ickness  6 w. In determini.n~ the 
f o r m  of ~, by analogy with [8, 17], it is a s s umed  that  ~ is re la ted  to eve by a smooth dependence ~ ~ e~ ,  where  
the constant  ~t > 0 for  t h i c k w a l l s  5 w > 5Wlim , fo r  which ~ is s e l f - cons i s t en t  with r e s p e c t  to 6w, and n = 0 
when 5 w << 5Wlim. The e x p r e s s i o n s  fo r  e s t ima t ing  A,  ~0, ~, and f de te rmined  f r o m  approx imate ly  600 e x p e r i -  
menta l  va lues  of r~ take the f o r m  

fi = 0,34 1.54 0,098 : [2 = 0.015 
lO~ + 5 lO~ + 8 (n)  

q~ = 0.79 _ 0.24 sin (2,82@-- 1,55); 

~ =  1 + 0 . 5  - ~  - �9 (e w -  1)[1 th(.%5 10~p§ 1.58)1; 

A t = 0.62, A 2 = 0.45 for  a wall  of th ickness  of 0.1-0.2 m m  and q = const;  A 1 = A  2 = 1, n = 0.3 fo r  a wal l  of t h i ck -  
ness  1 m m  or  m o r e  and convective heating. 

Accord ing  to Fig. 4, the m a x i m u m  s c a t t e r  of the e x p e r i m e n t a l  data with r e s p e c t  to the approx imat ing  
dependences  (9) and (10) obtained taking Eq. (11) into account does not exceed *25%. 

Equations (9)2~11) m a y  be r ecommended  for  calculat ions of the heat  t r a n s f e r  on boil ing in conditions of 
channel fo rmat ion  (H - Hlim) for  w a t e r ,  aqueous solut ions ,  e thanol ,  and the rmodynamica l ly  s i m i l a r  liquids 
at  heat ing su r f aces  in a d i s pe r s e  l aye r  of p a r t i c l e s  dp -< 2 with p = 1.6" 10-4-1.6 �9 10 -2 and q = 103-105 W/m 2. 

In [18], model  concepts  and calculat ional  dependences  for  hea t  t r a n s f e r  based on e a r l i e r  expe r imen ta l  
data [2-4] w e r e  proposed .  It  is of i n t e r e s t  to cons ider  the c o r r e c t n e s s  of the model  concepts  and dependences 
of [18] on the bas i s  of the whole weal th  of expe r imen ta l  data under ly ing Eqs.  (9)-(11). The concepts  of [18] 
coincide in p a r t  with the a s sumpt ions  of [4, 5] cons idered  in the p r e sen t  work.  The bas ic  f ea tu res  of the model  
in [18] a re  that  boiling at a hor izonta l  sl i t  of width s and length b is taken as an analog of boiling in a l a y e r  at 
a wal l ,  and that  the ra te  of onset  of p a r t i c l e - l a y e r  f luidization is taken as one of the bas ic  p a r a m e t e r s .  It is 
i n c o r r e c t  to use  these  a s sumpt ions  in the given ease  (H > Hlim) , s ince it leads to cons iderable  qual i ta t ive and 
quanti ta t ive d i sc repancy  between the calculat ional  dependence of [18] and the expe r imen ta l  data of the p r e s e n t  
work .  F o r  example ,  in the given case  the r e l e a s e  of vapo r  genera ted  at the hor izontal  sur face  through the 
g ranu la r  l aye r  (in con t ra s t  to a sl i t  sys tem)  m a y  occur  with equal  probabi l i ty  f r o m  any point of the heat ing 
sur face .  T h e r e f o r e ,  the d imens ions  o f  the heat ing sur face  may not appea r  in a number  of s ignif icant  p a r a m -  
e t e r s ,  which is conf i rmed  by exper iment .  In [18], a l so ,  it was  concluded that  q ~ b and Hli m = (2-3)b, where  
b is  the plate  width or  the tube d i ame te r .  E x p e r i m e n t  indicates  that  q and Hlim a re  independent of b, and that  
Hlim depends signif icantly on the phys ica l  p r o p e r t i e s  of the liquid. The calculat ional  dependence of [18] was 
cons t ruc ted  on the bas i s  of the data of [2-4] for  the case  H > Hli m. I t  was  shown above that  fo r  these  condi-  
t ions d (s in [18]) is a complex function of dp, which co r r e sponds  to the p r e s e n c e  of an e x t r e m u m  on Fig. 2. 
In [18], s(d) ~ dp was a s s u m e d  without jus t i f ica t ion  for  the en t i r e  r e g i o n o f  Fig. 2, and fo r  qual i ta t ive a g r e e -  
ment  with e x p e r i m e n t  (Fig. 2), the ra te  of onset  of f luidization was  a r t i f ic ia l ly  introduced. However ,  e x p e r i -  
men t  indicates  that  the motion of components  of the s y s t e m  with H - Hl im {Table 2) is absolute ly  d i s s i m i l a r  
in f o r m  to f luidizat ion in the f i l t ra t ion  of liquid through the l ayer .  In [181 it was  a lso  a s s e r t e d  that in boiling 



at a horizontal tube bundle, q depends on b, and no account is taken of the influence on q of the geometry of the 
bundle and the apparatus, and the layer height, the effect of which on the heat t ransfer  is significant [5, 19]. 
The calculational dependence of [18] also disagrees with experimental data on the influence of the beating-sur- 
face characteristics on the heat t ransfer ,  approximated by Eq. (11). 

Attempts to calculate heat t ransfer  from the dependence of [18] and comparison with direct experimental 
data show that the discrepancy amounts to a factor of 10 3. By introducing correction factors into the calcula- 
tion (assuming, e. g., that nonsystem units, kJ, have been used instead of J in [18]), the calculation c a n  
be made to agree with experiment in order of magnitude, but even in this case the discrepancy reaches a 
factor of 3-5. Thus, in contrast to Eqs. (9)-(11), the calculational dependences introduced in [18] are neither 
qualitatively nor quantitatively in agreement with known experimental data. 
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is the specific heat; 
are the linear dimensions; 
is the mean particle dimensiou; 
is the part icle-layer height; 
is the porosity; 
is the pressure;  
is the heat-flux density; 
see Fig. 1; 
is the specific heat of vaporization; 
is the mean-square deviation of fraction-particle diameters from dp; 
is the temperature;  
is the reduced vapor velocity; ~ -  P/Pcr; d P -  dp /v~ ' /~ ;  H = ~ ;  
is the heat- t ransfer  coefficient; 
is the thickness; 
is the heat-assimilation coefficient; 
is the thermal conductivity; 
is the kinematic viscosity; 
is the density; 
is the surface tension; 
is the time; ~ w  - ~v/~wK~sNl0; 
is the number of given conditions of motion. 

S u b s c r i p t s  

h. d is the hydrodynamic depression; 
L is the liquid; 
c.d is the concentrational depression; 
cony convective; 
cr critical; 
llm limiting; 
s saturated; 
v vapor; �9 
w is the heating wall; 
p is the particle material;  
ef effective. 

A bar above a symbol denotes the mean. 
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MASS T R A N S F E R  IN A H O R I Z O N T A L  G A S -  L I Q U I D  F L O W  

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

UDC 532.529.5 

A method and results are presented for  local mass t ransfer  from a wall to a two-phase gas- 
liquid flow; electrochemical  techniques are used. 

Much research is currently being done on two-phase flows, mainly to provide a detailed description of 
the turbulent- transport  processes  and to provide an adequate physical model, which can ensure the develop- 
ment of better methods of calculating two-phase systems. This research  on purely hydrodynamic charac-  
ter is t ics  such as the velocity distribution or the local gas content should be accompanied by research  on the 
turbulent heat and mass t ransport ,  in view of its considerable interest,  An important aspect is the analogy 
between the t ransport  of momentum,, heat, and mass in a two-phase flow. The ra ther  scanty data on heat 
t ransfer  in two-phase flows [1-7] are largely incomparable (see, e.g., [7]). 

A detailed study has been made [8, 9] of the frictional s t ress  at the wall in a horizontal two-phase g a s -  
liquid flow; we have examined the behavior of the mass - t r ans fe r  coefficient under s imilar  conditions at large 
values of the Schmidt number. An electrochemical  method was used [10] with an apparatus described in [8]. 
The working section was a horizontal tube of internal diameter  19 mm and length 6 m. The reduced velocity 
of the liquid varied over the range 0.1-4 m/sec,  while the same for the gas was 0-110 m/sec.  

The mixture was produced in a T-shaped mixer ,  with the liquid supplied through an annular slot of 
variable width under various conditions. The following flow conditions were implemented: stratified, bolus, 
bubble, and dispersed-annular  {Table 1). 

The working section of Fig. la was used to measure the local mass - t rans fe r  coefficient; this was a 
nickel block of length 230 mm with a hole of diameter  19 mm separated into two electr ical ly insulated sec-  
tions. The smaller  section of width 6 mm acted as the cathode, while the la rger  part ,  which occupied the 
res t  of the per imete r  of the tube, was the anode. The part  of the cathode adjoining the anode was insulated 
with a film of foam plastic of thickness 30-50 ~m. The cathode contained local mass - t rans fe r  transducers 
(nickel wire of diameter 2 mm and plates of size 0. 2 • 2 ram). These transducers were cemented into holes 
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