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The unsteady-state heat transfer equations which include the plug and backmix
flow in particular cases are derived, and the analytical solutions are obtained un-
der the conditions of initial uniform temperature of solid particles and constant
inlet gas temperature. Furthermore these results are extended to the case of the
temperature gradient existing within the solid particles.

INTRODUCTION

The unsteady-state heat transfer between particles and gas in fluidized
bed is concerned with heating, cooling and drying products. In this paper
general equations containing plug and backmix  flow are shown and these re-
sults are extended to the case of the temperature gradient existing within the
spherical particles.

THE BASIC EQUATIONS AND THEIR SOLUTIONS

Assumptions
1) The thermal properties of the gas and solid particles are independent

of temperature.
2) The temperature gradient within the particles is negligible compared

with surface-film gradient. Due to sufficient mixing of particles, it can be as-
sumed that at any given time the temperature of the solid is uniform
throughout the bed.

3) Heat losses are negligible.
4) The rate of heat transfer from gas to solid at any point is propor-

tional to the average difference in temperature between gas and solid at that
point.

5) Mass mixing of gas in the flow direction conducts the heat in the
same manner as ordinary conduction. Therefore total heat conductivity can
be derived from these two heat conduction methods.

These assumptions 1 to 4 have also been suggested by Warmsley and Jo-
hanson  (1954). In the majority of fixed bed the heat energy transport by the
conduction are negligible compared with the enthalpy transport. However in
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fluidized bed the mixing of gas caused by fast forward and backward
ment of particles is so violent that the heat transportation by mixing
be neglected except in plug flow.

Basic equations

move-
cannot

Taking a differential height of bed dx, a heat balance at any time 8 gives

heat input by enthalpy
) (

heat output by enthalpy_
and conduction of gas and conduction of gas )

heat transferred
= to solid )(

+ heat accumulation
by gas >

,

(1)

Neglecting heat accumulation by gas in the same manner as suggested by
Warmsley and Johanson (1954) and Donnadieu (1961),  Eq. (1) is reduced to

(2)

The heat accumulated by overall solids of the bed balances to the heat
transferred at every point in the bed. This gives

!..
Cp.W+Sczh~ (t,-t,)dx.

0
(3)

Eq. (2) and Eq. (3) are the basic equations of this problem.

Initial condition

Boundary conditions

fSEfS0  t e = o . (4)

Converting rational boundary conditions derived by Yagi and Miyauchi
(1953) on the analysis of the residence time curve of the reactor into the
heat transfer of this problem, the following equations are obtained.

B.C. I &t.--t,) =(yq(L,--f.,).  x-o,

B.C. II &(t,-t.,) =o, x=L. (6)

Solutions

t,-ti,I=(t,o-tt,,)e-“o  ( (7)

t,---t,c=  C&o- t,J (l-ar(x)>e-=@

= (r&7 t,,) oe-ga  , w

where
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0(X) =CAea”+CBeQX, (91
c,=_ (a+P>B@

a2eLa -Be2 I.8 9 (10)

(11)

CPEWE=c,,w (1-W)) ,

B=(g+/(%i;jq~. (14)

Plug flow

The following results can be proved mathematically in the case where k,
approaches zero.

lim=oo ,
.kp-O (15)

lim= ___!!!  -l
A#4 C,,G L  ’

!$ E= c,, w
.5Gd? (&+$) ,

-hAI
E 0(x) =e %WL .

These results agree with Donnadiew’s results.

Backmix flow

The following results can also be proved.

Em_cu=lim  /3=Q,
RR’”

lpl0(X)  =-c*h,- ,
BE

lim E=-- @B _.-?c w
Lp-_ C,,W (C,,w+hA)  ’

These agree with Warmsley-Johanson’s results.

(16)

(17)

(18)

(19)

(20)

(21)

EXTENSION TO THE CASE OF TEMPERATURE GRADIENT
WITHIN SOLID PARTICLES

Eq. (2) holds true in the case of uniform temperature of solid, and the
same initial and boundary conditions.
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t,=(1-@(X))&(R)  +@(x)t,j. (22)

Laplace  transformation gives

F,== (l-@(x))F,(R)  + $x)t,,  . (23)

In place of Eq. (3) the following equation is derived by Duhamel’s theorem
of heat conduction and convolution theorem of Laplace  transformation (Cars-
law and Jaeger, 1959).

E;,(R)  =FS(R)  (&‘gdx)  .
0

(24)

The solutions of Eq. (23) and. Eq. (24) are derived as follows by assuming
a sphere of isotropic solid particles.

where the r,,‘s are the non-zero positive roots of

rcotr+Rh’E-l=O.

The temperature of gas t, can be obtained by
ture of the solid t,(R).

NOMENCLATURE

A : Surface area of solid particles
a : Surface area of solid in unit volume of bed
C* :
c, :
cPz? :

c*s :
E :
F, :
F, :
FS :

Defined in Eq. (10)
Defined by Eq. (11)
Specific heat of gas
Specific heat of solid
Defined by Eq. (12)
Laplace  transform of gas temperature
Laplace  transform of solid temperture

f :
G :
h :
h’ :
k, :
L :
P :
R :
r :

(26)

Eq.  (22) from the tempera-

Laplace  transform of solid temperature in which the
initial temperature is zero, while radiation takes place
into a medium at temperature unity
Void ratio
Mass velocity
Heat transfer coefficient
Relative heat transfer coefficient
Total heat conductivity
Bed height
Variable of Laplace  transform
Radius of solid sphere
Radial coodinate  in sphere

Lm21
Cm2/m31
II-1
L-1
[kcal/kg”C]
[kcal/kg’C]
[ hr-‘1
r-1
C-l

l-1
c-1
13g/m2hrl
[kcal/m2hr”C]
IIm-7
[kcal/mhr”C]

::;
Cm1
Cm1
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s : Cross sectional area
t, : Temperature of gas
tsi : Inlet temperature of gas
t, : Temperature of solid particles
tso : Initial temperature of solid particles
w : Weight of solid particles
w : Mass flow rate of gas
x : Coordinate

Greek

~~ ; :

i; :
n :

Defined by Eq. (13)
Defined by Eq. (14)
Defined by Eq. (26)
Time
Thermal diffusivity of solid
Specific weight of gas
Defined by Eq. (9)
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