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During bubble boiling f rom a hor izonta l  cyl inder ,  the heat  t r a n s f e r  is invest igated located in a 
bed of solid pa r t i c l e s  fluidized with water  and underheated to the sa tura t ion  t empe ra tu r e .  Nu- 
m e r i c a l  e m p i r i c a l  re la t ions  a r e  given. 

The p r o c e s s  of bubble boiling of liquids underheated to the sa tura t ion  t e m p e r a t u r e  is widely used for the 
eff icient  cooling of t he rma l ly  s t r e s s e d  instal lat ions.  In this  pape r  the possibi l i ty  is cons idered  of intensifying 
the heat  exchange dur ing su r face  boiling by means  of a fluidized bed of a solid d i spe r sed  ma te r i a l .  

We have made an a t tempt  to obtain exper imen ta l  data  about the effect  of the fluidized pa r t i c l e s  of a solid 
on the intensi ty of the heat  t r a n s f e r  dur ing su r face  boiling and to c o r r e l a t e  the data obtained. The analyt ic  de -  
t e rmina t ion  of the hydrodynamic  c h a r a c t e r i s t i c s  during boiling, under fluidized conditions, and the c o r r e s p o n d -  
ing h e a t - t r a n s f e r  coeff icients  is imposs ib le ,  s ince the mechan i sm of the h e a t - t r a n s f e r  p r o c e s s  has  not been  
explained. 

Apparent ly ,  the only paper  assoc ia ted  with the subject  of this p resen t  invest igat ion is [1], in which the 
authors  studied the p r o c e s s  of the nonsteady cooling of a copper  cyl inder  in a fluidized bed of copper  spheres ,  
undercooled by water .  The boiling p r o c e s s  in this case  occur red  in both the fi lm and bubble r eg imes .  The e f -  
fec t iveness  of the fluidized bed was shown by the authors  as a cooling medium,  although numer i ca l  r e c o m -  
mendat ions  were  not obtained. 

An exper imen t  to de t e rmine  the heat  t r a n s f e r  was conducted at  a tmospher i c  p r e s s u r e  on a faci l i ty  made  
of s ta in less  s tee l  in a c losed-c i rcu i t  scheme.  The hydrodynamical ly  s tabi l ized flow of wate r ,  fed by a pump 
f rom a d i scha rge  tank, fluidized the bed of d i spe r sed  m a t e r i a l  in a ve r t i ca l  channel of rec tangula r  c r o s s  s e c -  
t ion with d imensions  of 32 • 200 m m  and a height of 800 ram. The dis t r ibut ing grid was a pe r fo ra ted  plate  
with a d i a m e t e r  of the holes  of 4.1 m m  and a r e l a t ive  a r e a  of the holes of 29.3~ 

The h e a t - r e l e a s i n g  e lement  was hor izonta l ly  posit ioned,  t r a n s v e r s e  to the flow, at  a d is tance  of 220 m m  
f rom the dis t r ibut ing grid;  it was a sect ion of a tube of 12KhISNgT s ta in less  s teel ,  with an outside d i ame te r  
of 5.44 ram, wall thickness of 0.27 ram, and a length of 200 ram. The sur face  roughness of the tube cor responded to 
c lass  5-6 according  to All-Union State Standard (GOST) 2789-73. The tube was heated up by an a l ternat ing low-vol tage 
e lec t r ic  cur rent .  In avoiding end effects  the intensi ty of the heat re leas  e was de te rmined  by the voltage drop on 
the cen t ra l  sect ion of the hea t e r  with a length of 100 m m .  The cu r r en t  s t rength  and the voltage drop were  
m e a s u r e d  with Class -0 .2  accuracy  ins t ruments .  The ave rage  t e m p e r a t u r e  of the tube sur face  was de te rmined  
by the read ings  of a c o p p e r - C o n s t a n t a n  thermocouple  by  the p rocedure  of [2]. The wa te r  t e m p e r a t u r e  at  the 
inlet  and outlet of the exper imenta l  channel was measu red  by two s imi l a r  thermocouples .  The emfs  of all  
the rmocouples  we re  recorded  by  an F30K digital  m e a s u r e m e n t  a s s e m b l y  with a Class-0 .05 accuracy .  The 
sa tura t ion  t e m p e r a t u r e  was de te rmined  by the b a r o m e t r i c  p r e s s u r e  and the volume feed ra t e  of the cooling 
med ium by the p r e s s u r e  d rop  at  the m e a s u r e m e n t  d iaphragm.  

Altmdmn of th ree  f rac t ions  with d = 0.95, 1.54, and 2.33 ram, density p = 3590 k g / m  3, and poros i ty  of 
the immobi le  filling ~0 = 0.46 se rved  as the m a t e r i a l  of the solid component  pa r t i c les .  

The p r o g r a m  of the p r e s en t  invest igat ion included exper imen t s  to de t e rmine  the intensi ty of the convec-  
t ive  heat  exchange both in the absence  of boiling and with sur face  boiling of the cooling medium.  The e x p e r i -  
men ta l  data  for the s ing le -phase  convective heat  exchange of the water  coincide with the dependence in [2]. 

S. M. Ki rov  Urai  P01yteehnic I n s t ~ e ~ - S v e r d l o v s k .  Trans la ted  f rom Inzhenerno-Fiz ichesk i i  Zhurnal ,  
Vol. 36, No. 3, pp. 389-394, March,  1979. Original  a r t i c l e  submit ted Apri l  3, 1978. 
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Fig. 1. Genera l ized  expe r imen ta l  data  for  
the convect ive heat  exchange without bo i l -  
ing, according to Eq. (1)-" 1) d = 0.95; 2) 
1.54; 3) 2.33 m m .  

The expe r imen t s  we re  conducted in sequences  cha rac t e r i zed  by  a constant  ve loci ty  and m e a n - m a s s  t e m -  
pe r a tu r e  of the wa te r  with a gradual ly  increas ing  t h e r m a l  loading in the s t eady - s t a t e  t h e r m a l  r eg ime .  The 
r anges  of va r i a t ion  of the pr inc ipa l  p a r a m e t e r s  were  as  follows" q = 55-2560 kW/m2; w = 0.06-0.235 m / s e e ;  
t f l=9-60~ d = 0.95-2.33 m m ;  e = 0.633-0.914. The content of technological  impur i t i e s  in the wa te r  c o m -  
p r i sed  r e s idua l  carbonate  ha rdnes s  of 2.6-2.8 m g - e q / l i t e r ,  alkal ini ty of 1.3-1.5 m g - e q / l i t e r ,  chlor ide 15-20 
m g - e q / l i t e r ,  and oxygen 0.02-0.03 r a g / l i t e r .  The data on the the rmophys ica l  p r o p e r t i e s  of the coolant used 
for  p roces s ing  the expe r imen ta l  da ta  we re  taken  f rom the tab les  in [3]. 

In o rder  to p r o c e s s  the r e su l t s  on the intensity of the convect ive hea t  exchange without boil ing,  a p r o -  
cedure  s im i l a r  to that of [4] was  used. For  the c h a r a c t e r i s t i c  veloci ty,  the speed of f i l t ra t ion  of the fluidizing 
med ium in a na r row sect ion  divided by  the ave r age  poros i ty  of the fluidized bed was used. As the c h a r a c t e r i s -  
t ic  s ize ,  the equivalent  d i ame te r  of the pore  channel D was chosen,  which was fo rmed  by  pa r t i c l e s  of the solid 
component  [5]. F igure  1 shows the exper imen ta l  da ta  for  the intensity of convect ive heat  exchange,  which were  
p r o c e s s e d  by  the l e a s t - s q u a r e s  method and led to the following s imi l a r i t y  equation: 

= 1 Refl Prfl (Prfl/Prs) �9 . (1) Nufl 0.I o.72 o,~6 o .05 

The m e a n - s q u a r e  deviat ion of the expe r imen ta l  points in Fig. 1 f r o m  the s t ra igh t  line, accord ing  to Eq. (1), 
amounts  to 6.4%. Equation (1) was obtained in the following r anges  of va r i a t ion  of the de te rmin ing  c r i t e r i a :  
Bel l  = 80-5000, Pr f l  = 3-10, and P r f l / P r  s = 1.13-1.70. 

In [6] the au thors  used the ave rage  f i lm t e m p e r a t u r e  t fm , de te rmined  by  the expres s ion  t fm = i ts  + 
tfl ) / 2 ,  for  p roces s ing  the hea t -exchange  data  with forced convection and for  the c h a r a c t e r i s t i c  t empe ra tu r e .  
In this paper ,  Eq. (1) can be  r e p r e s e n t e d  in the fo rm 

0,72  0 . 6 3  
Nu fm = 0.109 l~efm Pr~m , (2) 

and the de te rmin ing  c r i t e r i a  a r e  found in the following ranges :  Refm = 100-6000, P r f m  = 3.5-8. 

In o rde r  to c o r r e l a t e  the expe r imen ta l  da ta  for  the heat  t r a n s f e r  with the s imul taneous  exis tence  of bo i l -  
in.g and forced convection,  the method proposed by  Kutate ladze [7] was used, which was modif ied by  Pokhvalov 
and c o - w o r k e r s  for  the conditions of forced flow of  underheated wa te r  in the tubes [8]. In [8] t h e  re la t ion  

! ' 

was used for  p roces s ing  the exper imen ta l  da ta ,  where  

= t s ~ tsat (4) 

Aq = q ~ a (tsat ~ tfl). (5) 

For  the conditions of the p re sen t  exper iment ,  a was calculated by Eq. (1). As a r e s u l t  of p roces s ing  the ex-  
pe r imen ta l  data,  for  the value of the wal l  superheat ing with a developed su r face  of boiling ~0 the expres s ion  

~}o = 4.44 hq ~ (6) 

was  obtained. In this  expres s ion ,  the effect  of superheat ing,  the speed of f i l t r a t ion ,  and the par t ic le  s ize  of the 
solid component  on ~0 is mani fes ted  through the value of Aq by re la t ion  (5). The exper imen ta l  da ta  for the 
t e m p e r a t u r e  r e g i m e  of the hea te r  in the fo rm of the dependence of the r e l a t ive  excess  t e m p e r a t u r e  of the wal l  
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Fig. 2. Change of re la t ive  excess  t empera -  
ture  of the heater  wall for boiling with un- 
derheating. The curve corresponds  to Eq. 
(3) for m = 2. 
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Fig. 3. Dependence of thermal  flux density q 
(W/m 2) on the wall superheating ,.~ (~ with 
boiling in a fluidized bed of Alundum particles,; 
e = 0.784, p = 0.098 MPa for different values of 
underheating, a) d = 1.54 ram: 1) At = 39.3~ 
w = 0.149 m / s e c ;  2) 59 and 0.148; 3) 78 and 
0.144; 4) At = 31.5~ w = 0.1213 m / s e c ;  p = 
0.294 MPa; 6 = 11.43 mm [9]; 5, 6, 7) large 
volume, p = 0.201 MPa, 5 = 1.6 mm, At equal, 
respect ively,  to 1.67; 39.4 and 82.3~ [10], and 
with different values of the speed of f i l trat ion and 
par t ic le  sizes of the solid component, b) At = 
59~ 1) d = 0.95 ram; w = 0.117 m/sec ;  2) 1.54 
and 0.148; 3) 2.33 and 0.185. 

in the function on the value of the complex A q / c ~  0 are  shown in Fig. 2, in which the curve corresponding to Eq. 
(3) is also shown for m = 2. 

Figure  3a shows the experimental  points for the effect of underheating on the curves  of surface boiling 
in a fluidized bed of Altmdum par t ic les  with a diameter  of 1.54 mm. It can be seen that with the exception of 
large  values of wall superheating, where the effect of underheating is small ,  the thermal  flux density for iden- 
t ical  values of ~ depends significantly on the tmderheating. The boiling curves  have fiat sections in the region 
of small  wall superheating, but with higher superheating their  re la t ively small  magnitude leads to a sharp in- 
c r ease  of the the rmal  flux density. 

In this same figure the resul ts  of this present  paper a re  compared with the data of [9] for the boiling of 
water  in the case  of t r ansver se  flow around a cylinder of s tainless steel,  and with [10] for water  boiling at the 
surface of ahorizontal  tubeof stainless steel  in a large volume and with different underheating values. Com-  
par ison with [9] allows one to notice that with ve ry  slightly differing values of w and At, the thermal  flux 
densi ty corresponding to identical values of superheating, in a sys tem with a fluidized bed, is higher by a fac-  
tor of ~ 2. The authors of [10], based on a compar ison  of the boiling curves  with underheating in a large vol -  
unle and in conditions of forced convection in tubes, draw the conclusion that the curves  for surface boiling 
with forced convection cannot be based on the data for boiling with saturation in a large volume, but ra ther  
should be based on actual data for forced convection. Obviously, this conclusion is valid also for the resul ts  
of the present  paper.  

Figure 3b shows the experimental  points of the boiling curves  for different values of the filtration speed 
and par t ic le  s izes  of the solid component. It can be concluded that these pa rame te r s  do not have such a signif-  
icant effect on the location of the boiling curve as the underheating. 

Analysis  of the data of the present  investigation allows an initial representa t ion to be compiled of the 
physical  pat tern  of surface boiling in a fludized bed. The par t ic les  of the solid component introduce in the 
boundary layer  an additional mass  of underheated liquid, which leads to a reduction of superheating of the heat -  
t ransfer  surface and the boundary layer  of liquid and, as a consequence, to deactivation of the s team-format ion  
centers .  Moreover ,  condensation of s team bubbles takes place more  intensively because of the turbulent r e -  
mixing. In these conditions the mos t  active centers  of s team formation r eac t  but their  number is small. How- 
ever ,  with increase  of superheating, new centers  a re  activated and even a small  change in their number makes 
a significant contribution to the total heat-exchange intensity and the thermal  flux density increases  sharply. 
The conclusion drawn is confirmed also by Eq. (6), in accordance  with which Aq ~ ~.14. 
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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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