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An analytical investigation is made of the temperature variation in a 
fluidized-bed furnace, and in a part with low thermal resistance being 
heated in it. 

Fluidized-bed furnaces and baths are charac ter -  
ized by considerably greater  intensity (in comparison 
with radiative and convective furnaces) of heat t rans-  
fer  to the heated part  due to active mixing of the fine- 
grained material  in the bed. This leads to appreciable 
variation of bed temperature with time in batch fur-  
naces .  

Cold parts placed in the bed rapidly remove the 
heat accumulated in it, which results in a drop in bed 
temperature.  Later ,  as the parts  are heated, the bed 
temperature gradually increases due to the heat sup- 
plied by electric heaters or  released in the bed by the 
combustion of gas. 

Quantitatively, heat t ransfer  between the bed and 
the part  is described by two equilibrium equations: 

In the problem examined Qg is assumed to be indepen- 
dent of time, i . e . ,  (dQ/d~-)g = 0. 

The heat lost with the fluidizing agent leaving the 
bed Qf is determined by the mass  flow rate and heat 
capacity of the latter, and also by its inlet and outlet 
temperatures.  

The extremely intense mixing of fine-grained ma-  
terial  in the bed leads to almost perfect uniformity of 
temperature over the thickness of the bed. Therefore 
the temperature of the fluidizing agent at the bed out- 
let is practically equal to the bed temperature.  

We shall reduce the equations to dimensionless 
form: 

6) = tb - -  t i  t c - - t i  V [ c  s GcC c ; 0  . . . .  ; T - - - - ; R  . . . .  , 
t o - -  t i t o - -  t i kF GbC b 

0 ~ - -  Qg Q l ~  x * :  x k F  

V [  c f  (t o - -  ti) GcC c 

Gcccdtc = kF (t b --  tc) d x, (1) 

(Qg - - Q [  --Qloss)dx -- k F ( t  b - - t c ) d T  + 6 b C b d t  b.  (2) 

If the thermal  resis tance of the part  is large,  the 
coefficient k depends on time. For  small values of Bi, 
k is assumed to be equal to the coefficient of heat 
t ransfer  a to the surface of the part  and to be constant 
during heating. This case is considered below. 
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V f c f  (to - t ) is the ratio of thehea t  The quantity T =  kF(t  0 - t  ) 

lost with the outS| gases at v = 0 to the heat 
t ransmitted to the parts  at the same t ime, ff the ini- 
tial temperature  of the parts  t i is equal to that of the 
fluidizing agent entering the bed, tin, and | is the 
dimensionless bed temperature under steady condi- 
tions for a given Qg. Then the heat generated in the 
bed is expended in losses to the outS| gases and 
the surrounding medium (Qg = Qloss + Qf). Om is the 
limiting value to which the bed temperature tends dur-  
ing the heating process  (as r --  oo). When the bed is 
in the steady state until the par t  begins to be heated, 
O m = 1. However, heating of a part  in batch furnaces 
may begin before transition to the steady state. In 
this case O m may differ from unity. 

The remaining dimensionless quantities do not r e -  
quire explanation. 

We shall write (1) and (2) in t e rms  of the new var i -  
ables: 

d ~ /d  T* = @--~, (1') 
1 dO 

- -  -- TO~ + 9 - - (1  + T)O. (2') 
R d~* 

Fig. 1. Dynamics of temperature variation 
for bed (1, 2, 4) and par t  (3) at T = 0.2; 
R = 0.3,  O M = 1.2: 1) ~ according to Eq. (8); 

2) Eq. (5); 3) Eqs. (8), (9); 4) Eq. (12). 

The heat output Qg in the bed depends on the amount 
of fuel burnt or  on the power of the electr ic heaters.  

The boundary conditions are:  at T* -- 0, | -- 1, d --- 
----0. 

We rewrite (2) in the form 

d O / d ~ =  R T ( O ~ - - O ) - - R ( O - - ~ ) .  (2 n) 

During the heating (or cooling) of parts  in the fluid- 
ized bed, i ts temperature  ususally var ies  only slightly~ 
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i. e . ,  | does  not d i f fe r  much f rom unity.  If we se t  
P = RT (O m - | and a s s u m e  P = cons t  in the f i r s t  
a p p r o x i m a t i o n ,  then ins t ead  of (2") we obta in  

dO~d-r*:  P - -  R(O--=~9). (3) 

P h y s i c a l l y ,  th is  s i m p l i f i c a t i o n  m e a n s  that  we neg lec t  
v a r i a t i o n  of the l o s s e s  a s s o c i a t e d  with the outflowing 
f lu id iz ing  agent ,  e i t h e r  b e c a u s e  i t s  t e m p e r a t u r e  does  
not change much  (| = cons t ) ,  o r  b e c a u s e  the  l o s s e s  
t h e m s e l v e s  a r e  s m a l l  (@m >> | 

To so lve  the  s y s t e m  of equat ions  (1 ' ) - (3 ) ,  s p e c i a l  
ana log  s c h e m e s  w e r e  p r o p o s e d ;  t he se  a l lowed us to 
f ind the  r e l a t i o n s  | = f (r*) and d = ~ (r*) fo r  s e v e r a l  
v a l u e s  of the p a r a m e t e r s  P and R. At  the  s a m e  t i m e ,  
th i s  s y s t e m ,  with the boundary  condi t ions  given above ,  
is  e a s i l y  so lved  a n a l y t i c a l l y :  

0 ' [i' P t - -  X 

I + R  I - ! -R  

x {1 - -  exp [ l  (R - -  1)'r } +P~* ,  (4) 

. . . .  x (5)  
l + R  I ~ R  

x { l + R e x p [ - -  (R + 1)~*]) + P(~* + 1). 

The t e m p e r a t u r e  d i f f e r ence  be tween f lu id ized  bed 
and p a r t  is  

Cb Zc P [ 1 P 
t o t i I + R  ~- [ 1 4-R 

) e x p [ - -  (1 -- R)**],(6) 

It is c l e a r  f r o m  (4)-(6) that  in t h e  m a j o r i t y  of c a s e s  
the  t e m p e r a t u r e  | of the f lu id ized  bed  f i r s t  d e c r e a s e s  
f rom uni ty  to @vain, and then  beg ins  to i n c r e a s e  again .  
At  l a r g e  v a l u e s  of r~,  when the exponent ia l  is  equal  
to z e r o ,  the dependence  of | on r ~ b e c o m e s  l i ne a r .  
The  t e m p e r a t u r e  d of the  p a r t  i n c r e a s e s  mono ton i c -  
a l l y ,  while  the d i f f e r ence  | - d t ends  to  the  cons tan t  
va lue  c h a r a c t e r i s t i c  of a r e g u I a r  r e g i m e  of the second  
kind. 

A n a l y s i s  of (5) shows that  the  m i n i m u m  bed te rn-  

i s  a t t a ined  when z* In R [ 1 - -  p-x:  p e r a t u r c  
R 1 R 1 

1 P 
O~in = P + + >( 

R ~ - I  R + I  

x 
R + - - - - ~  P R - r l  , 

m 

(7) 

Equa t ions  (3-7)  a r e  only su i t ab l e  fo r  c a l cu l a t i ng  f u r -  
n a c e s  with e l e c t r i c  h e a t e r s ,  which u sua l l y  o p e r a t e  in 
the  r eg ion  of r e l a t i v e l y  low bed  t e m p e r a t u r e s ,  and with 
With low flow r a t e s  of f lu id iz ing  agen t ,  i . e . ,  low h e a t -  

ing l o s s e s  (| << Ore). 
In f u r n a c e s  in which fuel  is  bu rned  in the  f l u id i zed  

bed ,  the  f low r a t e  of  f lu id iz ing  a i r  d e t e r m i n e s  the 
amount  of fuel  c o n s u m e d ,  i . e .  , the  quant i ty  Qg. The 
l o s s e s  in hea t ing  the  a i r  p r o v e  to be  a p p r e c i a b l e ,  

which m a k e s  i t  n e c e s s a r y  to u se  an exac t  solut ion of  
equat ions  (1) and (2): 

= O. - -  (2D) -x { [1 - -  O. ( n - -  D)] exp [ - -  (n + D) x*l + 
(8)  

+ [OM(n + D) - l l e x p I - -  ( n - -  D)~*]), 

0 = ~ + (2D) -1  ~ [RT OM - -  (n - -  D)] exp [--  (n + D) ~*l + 

+ [D + n - -  R T O d  exp [--  (n - -  D) ~*1 ), (9) 

: - -  " n/2D 
v a b  [ a  

= [ V ] ' ( l o )  

w h e r e  

n = [ R ( l + T ) + 1 1 / 2 ;  D = / n ~ - - ~  

a = I1 - -  (n - -  D)I [RT  O~ - -  (n - -  D)I; 

b = In + D - -  l][n + D--  RTOd. 

(11) 

The r e l a t i o n s  computed  f r o m  (8), (9), and (5) a r e  
p r e s e n t e d  in F ig .  1. I t  can be  seen  that  in th i s  c a s e  
the  exac t  and a p p r o x i m a t e  so lu t ions  fo r  the  bed  t e m -  
p e r a t u r e  ( cu rves  1 and 2) do not  d i f f e r  v e r y  much.  
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Fig .  2. Dependence  of m i n i m u m  bed  t e m p e r a t u r e  on 
the  d i m e n s i o n l e s s  p a r a m e t e r s  T ,  R,  and OM for  R = 
= 1.0 (broken l ine) ,  0 .5  (dash -do t ) ,  and 0 .3  (cont inu-  

ous  l ine):  1) O M = l ; 2 )  ! . 5 ; 3 )  2. 

C l e a r l y ,  the  d i s c r e p a n c y  w o u l d  be  g r e a t e r  a t  h i g h e r  
v a l u e s  of the  p r o d u c t  RT. Al so  shown fo r  c o m p a r i s o n  
(curve  4) i s  the  r e l a t i o n  ob ta ined  u n d e r  the  a s s u m p -  
t ion  tha t  the  t e m p e r a t u r e s  of  the  p a r t s  and of  the  bed  
a r e  i n s t a n t a ne ous ly  equal  a t  r = 0, and tha t  then  the 
p a r t s  and the bed  w a r m  up as  one en t i ty  a s  hea t  i s  
suppl ied .  In th i s  event  

0 = O,~--[OM-- (i + R ) - l l e x p [ - - R T ' ~ * l .  (12) 

Beginning  f r o m  T* = 3, equa t ions  (12) and  (8), (9) g ive  
p r a c t i c a l l y  i d e n t i c a l  r e s u l t s  in o u r  e a s e .  Th i s  i s  b e -  
c a u s e  up to r* -- 3 the  p a r t  i s  h e a t e d  (curve  3) to a 
t e m p e r a t u r e  tha t  is  p r a c t i c a l l y  equal  to tha t  of  the  
bed ,  whi le  subse que n t l y  they  a r e  hea t ed  e s s e n t i a l l y  
s i m u l t a n e o u s l y .  
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Three different kinds of relation | (T*) are possible 
in principle. If ~ n  > (T + 1)/]: or  P > R for equation 
(5), the bed temperature @ increases monotonically 
from 1 to ~ n  (according to (5), to ~), since the 
amount of heat t ransmitted to the part  at the time of 
its immers ion in the bed is less than the difference 
Qg - Qloss - Q[. If 1~ ->(1 - |  + T(1 - @re)J, 
the bed temperature  | decreased monotonically from 
1 to | at T = 0 the bed was strongly overheated as 
compared with | and gradually cooled, releasing its 
excess heat to the parts  and the outflowing gas. 

At all intermediate values of | the function | 
has the charac ter  indicated in Fig. 1 (curve 1). 
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Fig. 3. Dynamics of temperature var i -  
ation for bed (1) and par t  (2) in an ex- 
perimental  furnace with gas heating at 
kF = 20, 9 W/deg, 1~ = 0. 0765, @M = 1. 

The principal advantage o f  fluidized-bed furnaces 
is a 5- to 7-fold increase in heating rate in compar i -  
son With the ordinary convection furnaces;  this is 
par t icular ly important for relatively thin parts  with 
low internal thermal  resis tance.  As our experiments 
on heating connecting rods in a fluidized bed indicate, 
the substantial reduction of heating t ime means that 
the depletion of carbon from the surface and scale 
formation can be almost entirely avoided, especially 
if gas is burned in the bed with insufficient air. When 
heated to 900 ~ C (heating and soaking t ime 3 -5  rain) 
the rod has only a thin film, reminiscent  of burnish- 
ing, on its surface. In industrial conditions, however, 
this advantage can be real ized only if the heating pro-  
cess  is proper ly  organized. 

It can be seen f rom Fig. 1, that by the time the 
bed temperature  reaches  its minimum value, the t em-  
pera ture  of the heated par ts  is pract ical ly  equal to 
that of the bed. Fur ther  heating of the par t  runs para l -  
lel with heating of the bed, i. e . ,  proceeds consider-  
ably more  slowly, since the rate is determined not 
by 'heat  t r ans fe r  between the bed and the part ,  but by 
the heat introduced into the bed. In these conditions 
rapid heating in a fluidized bed may be accomplished, 
in principle, e i ther  by increasing the heat output or  
by pre l iminary  overheating of the bed. 

The f i rs t  alternative is more  suited to furnaces 
with electr ical  heaters ,  the heat output of which does 
not depend on the flow rate of fluidizing agent and may 
be controlled over a wide range. The fact is that an 
increase  of power (i. e . ,  an increase of P in (6} or  of 
| in (9)) leads to an increase in the temperature  
differenc6 between the bed and the par t ,  i. e . ,  to a lag 
of the par t  tempera ture  behind that of the bed during 

heating. This follows part icularly clearly from equa- 
tion (6): the minimum temperature difference between 
the bed and the part  (as T* ~ ~) is directly propor-  
tional to P. 

In order  to attain a specified part  temperature in 
these conditions, we must arrange for the bed to  be 
held at the constant temperature required not only to 
equalize the temperatures  but frequently also to make 
possible phase transitions in the metal. For  maintain- 
ing a constant bed temperature,  the heat output may 
be appreciably reduced. 

In furnaces with gas heating, the power supplied 
can be varied only over much nar rower  limits than in 
electric furnaces, An increase in the amount of fuel 
injected at a specified fuel ratio requires a c o r r e -  
sponding increase in the air  flow r a t e .  This leads to 
an increase in the depth of the fluidized bed and in the 
height to which mater ia l  is ejected from the bed, which 
in the case of a shallow furnace may cause appreciable 
curtainment of the fine-grained material .  

Therefore,  for gas furnaces the second alternative 
is to be preferred ,  especially in heating a few small 
par ts ,  when parameter  R is small. In this case the 
bed is preheated to a temperature such that, after the 
parts  have been inserted,  the minimum temperature  
~ n i n  turns out to be the required heating temperature.  
When the bed attains @rnin, the heat output is lowered, 
so that the bed temperature  remains constant. 

In heating large par ts ,  when R is large,  the heat 
accumulated in the bed may prove to be insufficient to 
heat the parts  to the prescr ibed  temperature.  In that 
case we must  adopt an intermediate scheme, in which 
the bed is preheated to the maximum possible tempera-  
ture,  and after  the parts  are  placed in it and the bed 
temperature  falls below the required value, then the 
bed and the parts  are heated to the prescr ibed tem- 
perature ,  whereupon the heat output is reduced in 
order  to give an isothermal soak. In all cases the ope- 
rating regime of a furnace with gas heating must  be 
so chosen that the minimum temperature  is not less 
than 800 ~ C ,  since stable burning of the gas in the bed 
is difficult at lower temperatures ,  A graph for deter -  
mining the minimum bed temperature ,  constructed on 
the basis  of Eq. (10), is given in Fig. 2. 

Strictly speaking, all the re la t ions  given here are  
valid for thin bodies, when Bi = a r / s  -~ 0, and there~ 
fore k - a .  They may also be used approximately for 
mass ive  parts  if one applies the relation [3] k = a /  
/(1 + (Bi/~)), in which the coefficient ~ depends on the 
body shape. For  example~ for nearly spherical  parts  
~ = 5 .  

The theory was verified in an experimental furnace 
with two-stage burning of bottle gas in a fluidized bed.  
The furnace diameter  was 147 ram, and the distance 
f rom the grid to the second nozzles was 500 ram. Cop- 
per  specimens (diameter 55 ram) were heated in the 
furnace. In reducing the test  data, the (total) heat 
capacity of the fluidized mater ia l  was added to that of 
the chamber walls, whose temperature  pract ical ly  
coincided with that of the bed. On the whole, the ex- 
perimental  data showed good agreement  with theory 
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( F i g .  3). A c e r t a i n  s c a t t e r  o f  t h e  e x p e r i m e n t a l  p o i n t s  
i s  e x p l a i n e d  b y  v a r i a t i o n  o f  t h e  h e a t  c a p a c i t y  o f  t h e  

s p e c i m e n  a n d  o f  t h e  h e a t  t r a n s f e r  c o e f f i c i e n t  w i t h  t e m -  
p e r a t u r e ,  t h i s  n o t  b e i n g  a l l o w e d  f o r  i n  t h e  a n a l y s i s .  

NOTATION 

Cb, Cc, Cr) heat capacity of the fine-grained material, of the 
part, and of the gases flowing out of the bed; F) heat-release surface 
of parts; Ge, Gb) mass of parts and fine-grained material in the bed; 
k) coefficient of heat transfer from bed to part; r) radius of circular 
or half-thickness of flat part; to, tb, ti, t c) respectively, the initial 
and variable temperatures of the bed and the parts; tin) temperature 
of air entering the bed; Qg, Qf, Qloss) heat output in bed, heat ex- 
pended in heating the fluidizing agent, and heat lost to the surround- 
ing medium; Vr) flow rate of fluidizing agent; c~) coefficient of heat 
transfer from part to bed; k) thermal conductivity of material of part; 

r)  part heating time; e = (t c - ti)/(t  0 - ti) and | = (t b -  ti)/(t0 L ti) 
dimensionless temperatures of part and bed; @rain) minimum dimen- 
sionless bed temperature. 
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