
N O T A T I O N  

Nu=/d/D(co--Cr~; 0Nu= 2(Nui--Nua0~ 8=k/~; C, concentration; D, diffusion coefficient; Re=~v; 
i = l  

d, diameter of a grain; j~ specific flow of the material  to the surface of the grain; k, reaction rate constant; 
s, external surface of the grain; AS (Nu), distribution function of the local mass- t ransfer  coefficients on the 
external surface of the grain; u, rate of flow referred to the whole cross section of the layer; w, rate of 
chemical reaction; $, minimum useful cross section (0.17); fi, mass- t ransfer  coefficient; and v, coefficient 
of kinematic viscosity. Indices: f and K, front and rear  parts of the surface; av, average value; max, maxi- 
mum value; r, surface; and o, free volmne of the layer. 
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The results of the experimental investigation of the components of complex external heat ex- 
change in a high-temperature fluidized bed, by means of a radiometer and two a calorimeters 
with a different degree of surface blackness, are given. 

In order to separate complex heat exchange into radiant and conductive-convective components, in this 
paper the combined heat-transfer coefficients to two ~ calorimeters,  differing only in the degree of surface 
blackness, were measured. Each ~ calorimeter was a box with dimensions of 80 x 80 • 40 ram, made of 
Nichrome with a thickness of 5 mm, and filled inside with kaolin wadding. 

The heat-transfer coefficients were determined by the heating or cooling rate of the side walls of the 
calorimeter,  in which a thermocouple was calked. In order to reduce thermal inflows from the end walls of the 
c~ calorimeter,  which could be heated up differently than the side walls because of differences in their flow 
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| o i . .  ~ ~  Fig. 1. Dependence of the degree  of su r face  
o,8 ~._o_ ~ I ~ b lackness  on the t e m p e r a t u r e  ts)  ~ 1} for 
o,2 . . . .  polished plat inum [4] ; 2} for  the '~vhite" c a l -  
o , / ~ ~ ~  ~ ' o r i m e t e r ;  3} for oxidized Nichrome [1] 

'2 - - - - - - - - - -~l  ( ' b l ack"  ~ ca lor imeter} .  The points a r e  the 0 
zoo 3oo 5oo zoo 9oo #s expe r imen ta l  data.  
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Fig. 2. Effect  of  t e m p e r a t u r e  of hea t -exchange  
sur face  ts ,  ~ on the apparen t  deg ree  of b l ack -  
ness  of the fluidized bed. The solid l ines  a r e  
the data  obtained by means  of the b lack  and 
white ~ c a l o r i m e t e r s ;  the dashed l ines (drawn 
through the expe r imen ta l  points} a r e  the data  
obtained by means  of the r ad iome te r .  The 
f igures  near  the cu rves  a r e  t f l . b ,  ~  d = 0.5 
m m ;  w = 1 m / s e c .  

conditions, the m e a s u r e m e n t  sect ion with d imension of 50 x 50 m m  on the side wal l  was  isolated by  g rooves  
with a 0 .5- ram width and a 4 . 5 - r am  depth. 

The su r faces  of one of the ~ c a l o r i m e t e r s  ( 'b lack"} were  given a high degree  of b lackness  (eb l )  by 
m e a n s  of a spec ia l  hea t  t r e a t m e n t  [1], and the su r faces  of the other ('White") were  covered  with a l aye r  of 
plat inum, 50 ~m thick,  with a low degree  of b lackness  (ew) , by  the p l a s m a  deposi t ion method [2]. The values  
of  ebl and s w for  su r f ace  t e m p e r a t u r e s  of up to 700~ were  exper imenta l ly  determined* by  means  of a r a d i -  
a t i o n p y r o m e t e r  [3]. The functions obtained, a s = f(ts) , we re  ex t r apo l a t ed toh ighe r  t e m p e r a t u r e s  as  n e c e s s a r y .  

The values  of the deg ree  of b lackness  of the oxidized sur face  of Nichrome (Fig. 1, b lack  points) found 
exper imen ta l ly  ag ree  quite well  with the da t a  f rom [1] (curve  3). The expe r imen ta l  va lues  of e w (open points} 
l ie somewhat  higher  than the dependence (curve 1) r ecommended  in [4] for  polished plat inum, which is obvi -  
ously due to the roughness  [5] of the sensor  sur face .  

The heat  exchange was studied in equipment  with a c r o s s  sect ion of 460 x 250 m m ,  a height of the filled 
bed of 300 m m ,  and a d is tance  f rom the bubb le -cap  d is t r ibut ion  grid to the center  of s y m m e t r y  of the ~ c a l o r i -  
m e t e r  of 150 m m .  In one equipment ,  due to combust ion of the na tura l  gas in the fluidized bed,  t e m p e r a t u r e s  of 
800-1200~ were  mainta ined,  and the other  bed was fluidized with a i r  at  a t e m p e r a t u r e  of 50~ P a r t i c l e s  of 
white corundum, with a s ize  of d = 0.5 ram,  magnes ium oxide 0.8-1.2 and 2.5-3.0 ram,  and Alundtun spheres  
with a d i a m e t e r  of 5-7 m m  w e r e  used as the bed ma te r i a l .  

The r a t e  of t e m p e r a t u r e  change of the side wal l  of  the c~ c a l o r i m e t e r  was de te rmined  over  in terva ls  of 
50~ within the l imi t s  of  which i t  can be cons idered  as  p rac t i ca l l y  constant .  F o r  i nc rea sed  accu racy  the t e m -  
p e r a t u r e  m e a s u r e m e n t s  we re  r eco rded  by an ]~PP-09M3 po ten t iomete r  whose l imi t s  of  m e a s u r e m e n t  w e r e  0-  
50~ Since the t e m p e r a t u r e  d i f ference  "bed  - body ~ as  a ru le  exceeds  50~ the signal f r o m  the di f ferent ia l  
the rmocouple  was pa r t i a l ly  compensa ted  by means  of a PP-63  potent iometer ,  used as  a control led  vol tage 
sou rce  with s tepwise  switching. 

in o rde r  to inc rease  the a c c u r a c y  of the expe r imen t s  at low sur face  t e m p e r a t u r e s ,  expe r imen t s  we re  
conducted by  a s t e ady - s t a t e  p rocedure  by means  of a wa te r - coo led  coil ,  coated galvanical ly  by  means  of a 
l ayer  of nickel  with a th ickness  o f  ~10 ~m; the deg ree  of b lackness  of th is  su r face ,  accord ing  to the da ta  of 
[1, 4], was ew = 0.05 at  a t e m p e r a t u r e  of  t s = 100~ After  the s e r i e s  of  expe r imen t s  with the "white" coi l  the 
nickel  coating was r em oved  and the)coil  was  subjected to heat  t r ea tmen t ,  a f t e r  which accord ing  to [1], the d e -  
g r ee  of b lackness  of its su r face  amounted to e.b 1 = 0.77. The s e r i e s  of expe r imen t s  was then repea ted ,  but now 
with the " b l a c k "  coil.  

The rad ian t  and conduc t ive -convec t ive  components  of the h e a t - t r a n s f e r  coeff icient  w e r e  calculated by 
s ta r t ing  f rom the assumpt ion  of the i r  additivity.  The sy s t em of equations descr ib ing  complex  heat  exchange b e -  
tween the fluidized bed and the bodies  i m m e r s e d  in i t  with a d i f ferent  deg ree  of b lackness  has  the fo rm 

*The expe r imen t s  we re  c a r r i e d  out in the thermophys ics  l abora to ry  of the All-Union Sc ien t i f i c -Research  Insti tute 
of  Metrology.  
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Fig. 3. Dependence of h e a t - t r a n s f e r  coe f -  
f icient  a ,  W / m  2. deg K, on the su r face  
t e m p e r a t u r e  ts ,  ~ The b lack  points a r e  
the data  obtained by means  of the b lack  a 
c a l o r i m e t e r ;  the open points,  by means  of 
the white ~ c a l o r i m e t e r .  The dashed l ines 
a r e  the calculated va lues  of  the c o n d u c t i v e -  
convect ive hea t -exchange  components .  In 
the upper  left  co rne r  is the const ruct ion of 
the a c a l o r i m e t e r .  The f igures  near  the 
cu rves  a r e  tfl .b, ~ a) d = 0.5 ram,  w = 
1 m/sec ;  b) 5-7 ram;  7.8 m/sec .  

/(§ ) abl = CZcc ~- r r ad.bl~ ~cc ~- ~z rad.o - -  ~ l , (1) 
p ebl 

/(Q+Z_l). ~w ~-~ C~cc ~- a rad.w: ~cc ~- ~ rad.o, e~ 

The rad ian t  h e a t - t r a n s f e r  coeff icient  be tween two blackbodies  is de te rmined  by the fo rmula  

rad.o= % (Ti.b--Ts')/(Tfl.b--- Ts)" (3) 

From the joint solution of Eqs. (1)and (2), neglecting the possible effect on the quantities ~cc and Cap p of the 
degree of surface blackness of heat exchange, we obtain the expression for calculating the apparent degree of 
blackness of the fluidized bed [6], taking into account the geometry of the bed of radiating particles and the ef- 
fect of cooling of the particles at the heat-exchange surface: 

[ -11 
app ebl/ ew ebl/ ~bl CZbl-- (ZwJ 

The apparent degree of blackness was determined also by means of a radiometer with a controlled tem- 
perature of the quartz glass by the procedure described in detail in [7, 8]. The values of eapp, obtained by the 
two independent methods ,  ag ree  well  a t  high t e m p e r a t u r e s  of the su r faces  of the s enso r s  and the quartz  g lass  
(Fig. 2). The d ive rgence  of the cu rves  a t  low values  of t s is found to be  within the l imi ts  of m e a s u r e m e n t  
e r r o r ,  as  the accu racy  of the de te rmina t ion  of s by both methods ,  d e c r e a s e s  with d e c r e a s e  of t e m p e r a -  
ture .  La te r ,  the va lues  of sapp were  used for the calculat ion by Eqs. (D and (2) of the rad iant  and c o n d u c t i v e -  
convect ive hea t -exchange  components .  

F r o m  the da ta  plotted in Fig. 3 for  the heat  exchange of p la tes  i m m e r s e d  ve r t i ca l ly  in the fluidized bed 
(each point is the r e s u l t  of averag ing  five exper iments )  it can be  seen  that  the combined h e a t - t r a n s f e r  coe f -  
f icient  i n c r e a s e s  with i nc r ea s e  of  t e m p e r a t u r e  of the bed and su r face  and a lso  with i nc rea se  of the sur face  
deg ree  of b lackness .  The quantity ~cc in a bed of fine pa r t i c les  i n c r e a s e s  l inear ly  with heat ing up of the 
p la tes  and m o r e  rapidly  the higher  the bed t e m p e r a t u r e .  This  is due to the i nc r ea se  of the conductive hea t -  
exchange component ,  which is p redominant  he re ,  because  of the inc rease  of t h e r m a l  conductivity of the f luid-  
izing medium.  In a bed of c o a r s e  pa r t i c l e s ,  the quantity a c c  , on the con t r a ry ,  d e c r e a s e s  somewhat ,  as the i n -  
tens i ty  of  the convect ive hea t -exchange  component ,  which is predominant  in this case ,  is reduced.  Fo r  e x a m -  
ple,  if in the fo rmula  [9] 

Nu conv ----- 0.009 Ar~176 (5) 

for  the de te rmin ing  t e m p e r a t u r e  we a s s u m e  t = 0.5 (tfl. b + t s ), then the value of aconv d e c r e a s e s  by  a lmo s t  
15% with heating up of the body f r o m  100 to 1000"C in a bed with tfl. b = 1200~ 

The d i f fe rence  between the combined h e a t - t r a n s f e r  coeff icient  and the value of acc  defines the con t r ibu-  
t ion to the heat  exchange of the rad iant  component.  With tfl .b = 50~ the h e a t - t r a n s f e r  coefficients  obtained 
with the b lack  and white a c a l o r i m e t e r s  a r e  a l m o s t  no di f ferent  f rom one another .  This  c l ea r ly  shows that 
the intensi ty  of rad ia t ion  in this case  is v e r y  low and the combined h e a t - t r a n s f e r  coeff icients  a r e  a l m o s t  equal 
to acc .  In a h i g h - t e m p e r a t u r e  fluidized bed, the contr ibut ion of the rad iant  component  to the hea t  exchange b e -  
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Fig. 4. Dependence of radiant  heat-exchange 
component a r a d ,  W /m  2" deg K, on the s u r -  
face t empera tu re  t s ,  ~ (a s = 0.8), d -- 0.5 
ram, w = 1 m / s e c ;  1, 2, 5) tfl. b = 1200~ 
3, 4) tfl.b = 800~ 1) calculat ion without 
taking account of cooling of par t i c les  near  
the heat -exchange sur face ;  2, 3) by the 
method of b lack and white a c a lo r im e t e r s ;  
4, 5) by the rad iomete r  method; 6) by the 
empi r ica l  formula  (7). 

comes  significant and even predominant  in a bed of coa r se  par t ic les .  The main  r ea son  for  the inc rease  of the 
contr ibution of a r ad  to the heat  exchange with increase  of par t ic le  d iamete r  is the reduct ion of the conduc-  
t i v e - c o n v e c t i v e  component,  while the quantity a r a d  remains  a lmost  identical  even in a bed of Alundum 
spheres  of d = 5-7 ram, and in a bed of fine corundum par t ic les  of d = 0.5 ram. The authors  of [16] also did 
not de tec t  the effect  of the par t ic le  d iamete r  (chamotte  with d = 0.35-1.25 ram) on the radiant  hea t - t r ans f e r  
coefficient  for  r -- 850~ It follows f rom this that ,  on the averageB the supercool ing of the surface  of the 
par t ic les  v is ible  f rom the side of the sensor  is a lmos t  identical  in a bed of fine and coa r se  par t ic les ,  despi te  
the f~ct that  the combined hea t - t r ans fe r  coeff icient  in the bed of coa r se  pa r t i c les  is significantly lower.  Obvi- 
ously,  he re ,  just  as in the bed of v e r y  fine (d = 0.043-0.32 ram) par t ic les  [11], with inc rease  of d the average  
t ime of contact  between the par t ic les  and the sur face  of the sensor  inc reases .  The whole of a coa r se  par t ic le  
cannot be cooled, but  only the par t s  of it c lose to the cooled surface.  With la rge  t h e rm a l  fluxes,  the t e m p e r a -  
tu re  gradient  in a coa r se  par t i c le  will  be v e r y  considerable .  

By the equation 
4 4 

�9 VfLb--r~ 

~ . b - - ~  ' 

% 

- -  q -  - -  1 ( 6 )  
Cap p es 

using the exper imenta l  data  for  eapp, the hea t - t r an s f e r  coefficients by radiat ion (Fig. 4, curves  2-5) to a s u r -  
face (~s = 0.8) immersed  in a bed of  corundum (d = 0.5 nun) have been calculated.  The absolute e r r o r  in de -  
t e rmin ing  the quantity a r a d  does not exceed 24 W /m  z- deg K. Curve 1 has  been  plotted without r account 
of cooling of the par t i c les  near  the heat-exchange surface ,  i .e . ,  when the quantity eapp is  equal to the degree  
of blackness  of the f r ee  surface  of the fluldized bed. The effect  of supercooling of the par t ic les  near  the hea t -  
exchange su r face  has  a significant effect  on the quantity a rad  in the case  of a t empera tu re  drop  between the 
bed and the sur face  of m o r e  than 200-300~ which ag rees  with the data  of [12]. 

In a bed of magnes ium oxide par t i c les  the levels  of the coefficients a r a  d a r e  lower than in a bed of 
cortmdum. This is complete ly  natural ,  s ince the degree  of blackness  of magnes ium oxide is less  than for c o r -  
lmdum [4] and ag rees  with the conclusions of [6, 13, and 14] concerning the effect  on the radiant  heat  exchange 
of the deg ree  of b lackness  of the bed mater ia l .  

The dependence of the radiant  hea t - t r ans f e r  coefficier~ on the t empera tu re  of the bed for a constant s u r -  
face t empera tu re  (T s > 800~ was found to be weak (curves  2, 3 and 4, 5), which is due to cooling of the p a r -  
t ic les  near  to the hea t -exchangn surface .  

The specia l  exper iments  showed that  in a h igh - t empera tu re  fluidizedbed, the dependence of the combined 
hea t - t r ans f e r  coefficients  on the angle of slope of the plate is a lmos t  the same as in the low- tompera tu re  
fluidized bed (a detailed analysis  of the heat  exchange of plates in a "cold" bed is given in [15, 16]). The r ad i -  
ant component of the hea t - t r an s f e r  coefficient  in this case  (with fluidization veloci t ies  c lose to the h e a t - e x -  
change optimum) var ied  v e r y  weakly (within l imits  of  10%). It should be noted only that  the lowest  values  of 
~ r a d  were  observed  with the hor izonta l  positioning of the  sensors  above the heat -exchange sur face ,  when the 
contact  t ime  of the par t i c les  with the heat-exchange surface  increased  strongly. For  p rac t ica l  calculations of 
the he a t - t r a n s f e r  coeff icient  by radiat ion to a sur face  im m er sed  in a h igh - t empera tu re  fluidized bed of the 
ma te r i a l s  investigated (era = 0.3-0.6),  the s imple  empi r ica l  formula  

~rad = 7'3~~ (7) 

can be  used. 

It should be noted that  the cubic dependence of a r a d  on the t e m p e r a t u r e  is theore t ica l ly  obtained f rom 
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the Stefan-Boltzmarm law for heat exchange by radiation between bodies having an almost identical tempera-  
ture: 

lira ara d (T, -+ T2) ----- 4~sc T s. (8) 

But in this case the conclusion cannot be drawn from Eq. (7) that the temperatures of the surface and bed of 
radiating particles are eqtml, since the experimentally measured radiant thermal flux when calculating arad 
is not related to the temperature difference between radiating particles and the surface, as was done in Eq. (8), 
but to the temperature difference between the core of the fluidized bed (this temperature,  in contrast to the  
temperature of the bed of radiating particles,  is easily measured and usually is known for calculations) and 
the heat-exchange surface. 

It can be seen from Fig. 4 that the er ror  in the calculation by the empirical formula (curve 6) for t s > 
850~ does not exceed 10%. With small values of the surface te~nperature, in the majority of cases  the role of 
radiation in a fiudized bed can be neglected. 

N O T A T I O N  

e, integrated degree of blackness; t, temperature,  ~ T, temperature,  ~ ~, heat-transfer  coefficient, 
W/m2" deg K; d, particle size, rnrn; w, fluidization velocity, m/sec ;  ~, coefficient of radiation, W/m 2. dog K4; 
Nu, Nusselt criterion; Ar, Archimedes number; Pr ,  l>randtl number. Indices: bl, black sensor; w, white sen- 
sor; s, heat-exchange surface; fl.b, fluidized bed; app, apparent; rad, radiant; cc, conductive-convective; 
cony, convective; m, material;  sc, scaled; o, corresponds to a black body. 
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