
NOTATION 

d, p and e0, diameter,  density of the material ,  and porosity of the immobile filling of particles of the 
component; e, porosity of the fluidized bed; q, thermal  flux density; w, speed of filtration of the fluidizing 
medium; t, average temperature;  v and k, coefficients of kinematic viscosity and thermal conductivity of the 
fluidizing medium; tsat, saturation temperaturei  D = 2ed/3(1 - e),  equivalent diameter of the pore channel; 
a ,  heat- t ransfer  coefficient; Nu = ~D/X, Nusselt cri terion; Re = wD/ev, Reynolds cri terion; Pr ,  Prandtl 
cri terion; $, superheating of the heat- t ransfer  surface; $0,' same, in the case of developed surface boiling; 
Aq, effective thermal  flux; m, a power index; At = tsat - t f l ,  underheating to the temperature of saturation; 
p, pressure ;  5, diameter of the heater.  Indices." fl, s, and fin, temperature of the fluidizing medium, the heat-  
t ransfer  surface, aui film. 
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F I L M  B O I L I N G  W I T H  C H E M I C A L  R E A C T I O N  ON 

A V E R T I C A L  C A T A L Y S T  S U R F A C E  

V. A. K i r i l l o v  a n d  B .  L.  O g a r k o v  UDC 536.247 

A mathematical model is given for the film boiling of a liquid on a vert ical  catalyst surface. 
The effect of the parameters  of the mathematical description on the process is investigated. 

There have been many works and review papers on film boiling on heated surfaces,  reflecting the main 
features of the phenomenon [1, 2]. Exothermal chemical reaction on a catalyst surface between vapors of the 
vaporizing liquid leads to heating of the catalyst surface and film boiling. An important character is t ic  of this 
type of boiling is the dependence of the heat fluxes and the surface temperature both on the rate  of the reaction 
and on the intensity of vaporization processes  at the gas- l iquid interface. It is of interest  to write a mathe-  
matical description of laminar film boiling on the vert ical  surface of a catalyst plate of length L and thickness 
2b. 

The physical model of the process is shown in Fig. 1, where 2 is the liquid flowing past a vapor film 1 at 
some constant ra te  U~. As a resul t  of heating of the metal-catalyst  surface 3, the liquid vaporizes,  and its 
vapors reac t  on the active catalytic surface, maintaining its temperature at a level sufficient for stable film 
boiling. In deriving the mathematical description, it is assumed that mass and heat t ransfer  in the vapor film 
in the longitudinal plate direction occurs as a resul t  of the convective flux and mass and heat t ransfer  in the 
t ransverse  direction as a resul t  of diffusion and heat conduction and also the t ransverse  component of the 
vapor velocity. 

Translated from Inzhenerno-Fizicheskii Zhurnal,-Vol. 36, No. 3, pp. 395-401, March, 1979. Original 
ar t icle  submitted March 28, 1978. 
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The hea t - t r ans f e r  equation for the ca ta lys t  plate in the longitudinal and t r an sv e r se  di rect ions  is 

0z83 a az(9~ - I - - - - -=  0. (1) 

The continuity and momen tum- t r ans fe r  equations in the gas phase a re  

aO aP 
a~ ~--3-ff =~ (2) 

aU aU v, L ~ 1 ~ j_ &p 1 
0 T + v ~ - -  ,'2 R Y ' ~ "  a m -  p~ ' Fr ' (3) 

The equations of mass  and heat  t r a n s f e r  through the moving gas film a re  

1 02Ci = [_] OCi aCi 
Pe~, am a~ + ~  aH ' (4) 

1 a201 = 0.7 aot ao, + V (5) Pe,~ OH" O~ OH 

Heat t rmmfer  in the liquid to the phase in ter face  is descr ibed  by the equation 

1 0 ~ 0 ~ _  aO~ 
pe~ an'. a~ (6) 

Boundary conditions must  be added to the sys tem in Eqs. (1)-(6). For  example ,  when 

.~ = o ,  (93 = oo; ~ = I ;  c ,  = i ;  8 = ~o, (7 )  

= I  , aos --0, (8) 
a~ 

H = ~ I ,  aOs --0.  
aH (9) 

The boundary conditions at  the ca ta lys t  sur face  cor respond  to conditions of the fourth kind, but  with sources  at  
the boundar ies  

 hoo ;o, ,1o, a--H-" + DaLe CiA(gad exp = ~ OH ' 

(9, = 03, i l l )  

aHOC' = DaCiexp [ ( 9 ~ ]  , (12, 

D=0, ~'=0; (~:3) 

when H = 6(~) . U ----- 1; (9t = 0; C~ = 1; (9'. = 0; (14) 

when H - ~  co . (92 = 00. i15) 

The second t e r m  in Eq. (10) and the r ight-hand side of Eq. (12) a re  de termined  by the conditions for a 
f i r s t - o r d e r  chemica l  reac t ion  at  the ca ta lys t  surface:  

6 

0(9, X2 0(92 _~_ pe,rja d ~T_/dH. 
a-Y- -  x-T- o~  = - ~  (16) 

0 

Equation (16) cha rac t e r i ze s  the heat - f lux balance at  the phase interface,  and at the same t ime se rves  for the 
calculat ion of the gas- f i lm thickness [3, 4]. 

The solution of the whole problem was fotmd numer ica l ly  on a Minsk-32 computer  by the method of 
equi l ibrat ion over  t ime  [5], for  which the der iva t ive  8@3/~t was added to Eq. (1). Then at  each t ime step, the 
hydrodynamic equations we re  solved on the bas is  of the method proposed in [6], and hence,  for  a known veloci ty  
field, the concentra t ion and t empera tu re  in the gas fi lm and the ca ta lys t  grain were  determined.  The fi lm 
thickness was calculated f rom Eq. (16) for  the heat - f lux values a l ready determined.  It was found that for  a 
m o r e  accura te  solution of the problem integrat ion over  the film thickness at each t ime step is expedient. 

In the course  of numer ica l  analys is ,  the p a r a m e t e r s  of the sys tem in Eqs. (1)-(16) were  var ied  over  the 
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Fig. 1. Physical model of the process:  
1) Vaporfilm ; 2) liquid; 3) metal  cata-  
lyst; Uoo, liquid velocity. 

following ranges: Re = 100-1000; Fr  = 100-1000; PelM = 100-500; PelT = 100-500; Ja = 0.1-5; Da = 
1-5; Le = 0.1-1; AOad = 1 - 5 ; b / L  = 0.1-1; degree of underheating @0 = - 1 - 0 .  Someof the  resul ts  ob- 
tained a re  shown m Figs. 2-4. 

For example) velocity (a), concentration (b}, and temperature  (c) profiles in the gas film and at the cata-  
lyst  grain are  shown in Fig. 2) where ~ is the longitudinal coordinate over the length of the plate; 5 is the film 
thickness. For clari ty,  the coordinates for the determination of U, C, @i) and @3 are  shown for several  values 
of ~. 

It is evident from the given resul ts  that the gas-flux velocity is a maximum at the phase interface, and 
then decreases  linearly to zero;  the concentration is a maximum at the phase boundary and linearly decreases  
with approach to the catalyst surface and with increase in the length ~. The gas-phase temperature  c o r r e -  
sponds to saturation at the phase boundary, and then l inearly increases with approach to the surface. There  is 
little difference in catalyst temperature  at the center of the plate and at the grain surface. The change in tem-  
perature over the length of the plate is more  significant. 

The change in surface temperature and heat f l u ~ s  depends on the intensity of heat liberation (A@ad) 
(Fig. 3). It is evident from Fig. 3 that the heat flux is a maximum in the parts of the grain close to ~ = 0; 
the surface temperature of the catalyst gradually increases with increase in ~ until it reaches the adiabatic 
value, after  which it remains constant. 

The calculated values of the film thickness and mass fhmes over the length of the grain are  shown in 
Fig. 4 as a function of the dimensionless constant Da. It follows from Fig. 4 that, at small Da) 8 ~ ~ ) but with 
increase in reaction rate  this relation becomes nonlinear and the film thickness comes to be proportional to 
~f~. Note that in film conditions on the heating surface in nonflow conditions the film thickness is always pro-  
portional to ~1/4 [3]. As a resul t  of numerical analysis it was established that the effect of Re on the tempera-  
ture and concentration profiles is fairly slight: with increase in Re from 100 to 2000, 8 decreases  by ~5-10%. 
The effect of the density ratio Ap/pi = 100-1000 arid the rat io v2/vl  = 0.1-0.5 on the film thickness is neglibi- 
bly small. But the nature of the process and the numerical values of @) C) and 5 are  most  affected by the 
parameters  of the model characterizing the chemical reactions: Da, Le) A@ad, and Ja. 

On the basis of the numerical analysis, some simplifications may be made in the given mathematical 
model. For example, if 

( l ~  \ L /  

n is a small parameter ,  and the solution of fl~ hydredynamie part  of the problem may be expanded in a ser ies  
in powers of •. Then) confining attention to the zeroth approximation, it is found that 

O. : H .  (18) 
8 

As follows from Fig. 2, this is a fairly good approximation of the solution. 
e 

In view of the linearity of the concentration and temperaOare changes in the film, it may be assumed that 

/ 8~ ac~ 1 - - c ~  ae~ pe~ ( 1 9 )  a o ~  , ~  _ _  ; ~ - - ;  _ _  -----0o 
OH 8 OH 8 az  
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Fig. 2. Velocity (a), concentration (b), and temperature (c) 
profiles over the 
U, C, @I, and @8 
quantities. 

film thickness (~) and the grain length (0.  
are  the ordinates of the corresponding 

If the temperature drop between the surface of the grain and its center is slight (as follows from Fig. 2), 
0@JOH ~ 0. Substitution of the results obtained in Eqs. (10) and (16) yields 

Os = ~  O0 ~ + Pe,rJa ~--,  

Os 
exp[ 'i + , O s ]  

O s = Da Le 8AOad 
Os 

(20) 

(2.l) 

It follows from Eq. (21) that two extreme cases may be considered. 

1. E x t e r n a l - D i f f u s i o n  C o n d i t i o n s  

In this case, the heating of the catalyst is close to adiabatic, and 

r . L Pe~, da d 6  + Lz Oo P----~ = AOadLe (22) 
2b d~ Zt z~ 6 

Let 6 = A ~ .  It follows from Eq. (22) that 

2b ~__~_l/r. Pe2 (9~ [--I  ~ ~ [ k, ~2 L hOadLe Pe,aJa ] 
A = T "  Z, V z " P e ~ a  L + 1 + -~--\-~---) b 0o2 P~ " (23) 

Thus, when the chemical reaction occurs in external-diffusion conditions, the film thickness varies in 
proportion to ~ .  

If the tmderheating @0 = 0, then 

/ AOadLe b (24) 
6 ---- 2 PelrJa L ~ 

2. K i n e t i c  C o n d i t i o n s  

For T << 1 and small heating, exp[@s/(1 + 7@s)] ~ 1 + | Then the equation for the calculation of the 
film thickness takes the form 

2--b--L PelrJa -~-d6 + -~tL~ Oo ~/F Pez~ = Da Le AOad, (25) 

from which the following result  may be obtained: 

Oo + 60 . (26) 6 = 2bL PexTJal ~ Da Le AOadlf~-~2 ~ -  
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Fig. 3. Change in sur face  t e m p e r a t u r e  and heat  f luxes at  the gra in  
sur face  as  a function of the adiabatic heating: 1) A| = 1; 2) 2; 3) 
3. The p a r a m e t e r  values  a r e  as  follows: Da = 5; Le  = 1; Re = 100; 
F r  = 100; b / L  = 0.1; | =0 ;  Pe lm = 100; Ja  = 1.0. The continuous 
curves  cor respond to | and the dashed curves  to the heat  flux. 

Fig. 4. Change in f i lm thickness and mass  fluxes over  the grain 
length as  a function of the chemica l  r eac t ion  ra te :  1) Da = 0.1; 2) 1; 
3) 5; 4) 2. The p a r a m e t e r  va lues  a r e  as  follows: A| = 3; Re = 
100; b / L  = 0.1; Ja  = 1.0. The continuous curves  cor respond  to 5 
and the dashed curves  to the m ass  fluxes. 

If the underheating | = 0, then 

6= 2DaLeh0ad b ~ 6 
Pe, rJa L ~ + o, (27) 

i .e . ,  the f i lm thickness  is  propor t ional  to the length coordinate.  Analogous r e su l t s  were  obtained numer ica l ly  
in an analysis  of the complete  model  (Figs. 2 and 3). 

If the liquid is underheated to the boiling point, then, depending on the degree  of underheating | f i lm 
conditions may  only exis t  for  ce r t a in  values of the p a r a m e t e r s .  

Thus,  integrat ing Eq. (26) over  the length, it is  found that this is the case  when 

3 DaLeh-------Oad V l / r -P ~  >1.  
8 ~ eo (2s) 

Numerical checking of the region of existence of film boiling in accordance with Eqs. (1)-(16) cortfirms 
that the condition in Eq. (28) is valid. 

NOTATION 

X and y,  coordir~ttes; L and b, tength and hal f - th ickness  of plate;  U~, ve loc i ty  of  t m p e r l ~ b e d  flux; v, 
kinematic  v iscosi ty ;  D and a ,  diffusion coeff icient  and the rma l  diffusivity i ~, t he rma l  conductivity; E,  ac t iva -  
t ion energy  of reac t ion;  R, gas constant;  T, temperaOare; Cp, specif ic  heat ;  K, r eac t ion  r a t e  constant;  C, 
concentrat ion;  rvap,  heat  of phase t ransformat ion;  U and V, flux veloci t ies ;  5, f i lm thickness;  p, densi ty;  Q, 
hea t  output of react ion.  Indices: 1, vapor ;  2, liquid; 3, grain;  00, saturation; 0, r e f e r e n c e  value of the t e m -  
pe ra tu re ,  corresponding to the inflow point; y,  x, d i rec t ions  of change in var iab les ;  T,  M, t he rma l  and mass  
p a r a m e t e r s ;  s ,  g ra in  surface .  Dimensionless  p a r am e te r s :  ~ = x / L ;  H = y /b ;  ~ =  U1/U~;  V = ( V / U J ( L / b ) ;  
Re = U~L/v2;  F r  = U2~/gL; Pe lm = ( U ~ L / D  1) (b2/L2); PesT = ( U ~ L / a  l) (b2/L2); Pc2 = (U~oL/a2) (b2/L2); 
Da = K/D1; Ja  = ( E / R 2 C o ) ( r v a p p l / C p l ) ;  L e  = D t / a l ;  |  [(T -- T 0 ) / I ~ ] E ;  Y = RT0 /E ;  AOad = (Q/Cpl)" 
( E / R ~ ) ;  a = (A~5~/A~) (L2/b2); A p / p l  = (P2 -- Pl)/Pl;  @0 = [(Too -- T0 ) /~T~]E ;  Z = H --5.  
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Expe r imen ta l  data  on the d is t r ibut ion  of  the local m a s s - t r a n s f e r  coeff icients  on the ex te rna l  
su r face  of a spher ica l  pa r t i c l e  in a monod i spe r se  s ta t ic  g ranu la r  l ayer  a r e  considered.  The 
obse rved  r a t e  of chemica l  change for  a nonequiaccess ible  su r face  of the ca ta lys t  gra ins  is 
de te rmined .  

It  is shown in [1-2] that  the f r ee  volume of a fixed layer  of pa r t i c les  through which a gas or  liquid flows 
is nonuniform - t h e r e  is flowing region which is a jet ,  and a nonflowing reg ion  si tuated in the neighborhood of 
the points of contact  between the pa r t i c l e s .  This  hydrodynamic  si tuat ion leads  to nonequiaccess ibi l i ty  of the 
ex te rna l  su r faces  of the pa r t i c l e s ,  which has been  exper imenta l ly  studied in a number  of pape r s  [2-8]. In this 
pape r  we inves t igate  the flow and t r a n s f e r  p r o c e s s e s  in a s ta t ic  g ranu la r  l ayer  and their  effect  of the r a t e  of 
chemica l  change on the su r face  of the g ra ins  of  ca ta lys t .  For  th is  purpose  we will  use the expe r imen ta l  r e l a -  
t ions between the local  Nusse l t  numbers  on a g ra in  in the s ta t ic  g ranu la r  l ayer  and the Reynolds number ,  
which w e r e  e l ec t rochemica l ly  obtained [3], and we will compare  them with the well-known theore t ica l  r e la t ion  

Nu = A Re ~, 

cor responding  to a ce r t a in  s t r u c t u r e  of the flow and t r a n s f e r  mechan i sm.  Exper imenta l  curves  of Nu = ARe n 
for  ce r t a in  points on the su r face  of the pa r t i c l e  a r e  shown in Fig. 1. It  can be  seen  f rom Fig. 1 that  for  
points I (| = 22 ~ the exponent n = tan ~ = 0.5, which co r r e sponds  to t r a n s f e r  p r o c e s s e s  in the l amina r  bound- 
a r y  l ayer  in the reg ion  of rtuming aga ins t  the flow [9]. For  points II (| = 135 ~ the nature  t~f this dependence 
changes:  as  the Reynolds number  i n c r e a s e s  for  10 < Re < 200, n = 0.5, While for  200 < Re < 2500, n = 0.65, 
which co r r e sponds  to t r a n s f e r  p r o c e s s e s  in the l amina r  boundary l ayer  in the region of separa t ion  for  t u rbu -  
lent bas ic  flow [9]. Fo r  points III (~ = 157 ~ ) up to Re ~ 250 the local  Nusse l t  number  is independent of the 
Reynolds number ,  and it  is then found to inc rease  slightly. In this case  n ~ 0.3, which co r r e sponds  to a v i s -  
cous type of flow around this point, for  which [10] 

~za 
Re z = - - ( <  1. 

u 

The absence  of a dependence of Nu on Re in the reg ion  10 < Re < 250 indicates  a m o l e c u l a r  t r a n s f e r  mechan i sm 
a t  fl~is point. It  follows f rom this that the point considered is in the contact  region between solid par t i c les .  
However ,  as  the Re number  i nc rea se s  this region cont rac t s ,  and the s ame  point will lie in the v iscous  flow 
region.  

For  points IV (| = 225 ~ the Nussel t  number  is independent of the Reynolds number  over  the whole 
range  of number s  10 < Re < 2500, i .e . ,  the point IV is  in the contact  region.  

T rans la t ed  f rom Inzhenerno-F iz ichesk i i  Zhurnal ,  Vol. 36, No. 3, pp. 402-408, March,  1979. Original  
a r t i c l e  submit ted Decem ber  21, 1977. 
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