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THE MECHANISM OF HEAT TRANSFER OF PARTICLES IN A FLUIDIZED BED
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The relationship between the contact and convective-conductive
components of the heat flux in the heating of particles in a fluidized
bed is examined.

In the conduction of various continuous processes
in a fluidized bed the material fed into the bed is heated
to the mean temperature of the bed. Each particle of
material obtains heat by direct contact with other par-
ticles, by the convective-conductive transfer of heat
through the gas interlayer, and by thermal radiation.
In a number of cases where the bed temperature is low
radiative heat transfer can be neglected. To elucidate
the mechanism of heat transfer to a particle contained
in a fluidized bed we consider the relationship between
the contact and convective~conductive components of
the heat flux. This relationship determines the heating
of particles in the bed.

We consider an idealized model of a uniformly
luidized bed composed of smooth elastic spherical
particles of the same radius. We will assume that each
particle undergoes collision with only one particle at
one time, Heat transfer in the case of brief contact of
two bodies with constant temperature on the contact
surface was examined in [1]. If the period of contact
is sufficiently brief the bodies can be regarded as
infinitely produced in the direction of the heat flux.

In this case the temperature tc on the contact surface
during the time of contact will remain constant and on
the surface of the two bodies on the side opposite their
contact surface the temperatures will remain the same
as the initial temperatures of each body (Fig. 1).
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Fig. 1. Diagram illustrating heat

transfer during the brief contact
of two bodies (I and II) at 7 = 0.
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The duration of contact for which the above con-
ditions are fulfilled can be determined on the assump-
tion that the maximum change of temperature on the
side opposite the contact surface is 3%. In this case,

as was shown in [1], the maximum duration of centact
is
Te. max = 381 .5 dz/a. (1)

As the conducted calculations showed, 7, is almost
always < T, max.

Fig. 2. Deformation of spherical
particles on collision.

In the case of a central collision of spherical
particles the contact surface is a plane and the region
of contact is circular. The conditions of the problem
are formulated thus: On the surface of a plane body
with initial temperature t;, the temperature increases
instantaneously to t, when v = 0. The amount of heat
transferred during the time of contact r¢ of the two
bodies has to be determined. The solution of the prob-
lem posed in [1] gives the following expression for
the amount of heat transferred by the brief contact of
two bodies:

Qo= = Vgl Vil =10 @

To compare the heat flux transferred by contact and
the convective-conductive heat flux through the gas
interlayer we will relate the amount of heat to the sur-
face of the particle Fp = 7d? and the time 7 between
two collisions:

Je== Qfl ‘}‘mcmvm X
XV T (te— 1t/ } @ Fprg. 3)
If the bed is uniformly fluidized we can assume that the

mean distance between the centers of the particles (in
the case of cubic packing of the spheres) is [2]

[ ==0.807d/ (1 —e)s=d (z+1). 4)
Then the time between collisions is expressed by:
T = ({—d) W= dz;’wp. 5)
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Table 1
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Values of m=qo/qg for Particles of Different Material and Size

vPorosity e of bed
. Partjcle Particle )
Part;(;!el diameter velotity, 0.5 0.6 0.7 0.8
materia; d, mm m/sec ‘
Values of m

Glass 0.5 10—3 0.1015-10—2 0,828.10—4{ 0.193.10—%| 0.611.10—%
10—2 0.51.10—' | 0,41.10—2 | 0.891.10~% [ 0.246-10—3
10— 0.256-10* 0,206.10° 0.46.10—t | 0.123.10—
100 0.128.10% 0,103.102 0,237.10* 0.614-100°

» 1.0 10~2 0,11-10—3 | 0,151.10—% | 0.565.10—5% | 0.276.10—3
10—2 0.534-10—2 | 0.815.10—3 { 0.264-10—4| 0.97-10—5
10— 0.27.10° 0.357-10—1 } 0,12-10—1 | 0.456.10—2
100 0.134-102 0,1795.10" | 0.604.100 0.23.100
» 2.0 10—3 0.286.10— | 0.397-10—5% 0,16-10—5 | 0.825.10—¢

10—2 0.1295-10—2 0.16.10—3 | 0,703-10—%{ 0.262-10—4
10— 0.648:10—1 1 0,921.10—2| 0,324.10—2 | 0.122.10—2
10° 0.323-10t 0.462. 100 0,162.100 0.61-10—1

Steel 1.0 103 0.778.10—3 | 0.105.10~3| 0,401-10—4) 0.184-10—*
102 0.359.10—1 | 0.5-10—2 0.178-10—2 | 0.6%4.10—3
10— 0.18-10t 0.231-100 0.887-10—1 | 0.337.10—!
100 0.91.102% 0.126-10% 0.444.10! 0.169.10

Lead 1.0 10—3 0.194.10—2% | 0,297-10—2 | 0.129.10—2 | 0.788-10—
10—2 0.95-10—1 | 0.132.10—1| 0.472.10—2 | 0.188.10—2
10— 0.477-101 0.652- 100 0.229. 100 0.863.10—!
100 0.238.10% 0.327-102 0.114.102 0.432-101
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In the general case the temperature on the contact
surface can be determined from the expression [3]

(ty— 1Mt —t) =V Mev: 1V G e,  (6)

where the subscripts 1 and 2 refer to the two contact-
ing bodies. In this case the material of the two bodies
is the same and, hence, we can write from (6)

f = (t,+ fo)2. @

To determine the surface of contact f and the dura-
tion of the collision 7, we use Hertz's theory of
elastic collisions of spherical bodies, which is ex-
pounded in [4]. The basic assumptions of this theory—
the elastic nature of the collisions and the identical
nature of the static and dynamic interaction of the
bodies—have been confirmed experimentally. For
the collision of two spheres of the same radius and of
the same material the time of contact is

%n2 (1—p) % d
2 7o @)
8 (1—2u 2w o™

To = 2.9432 [

The velocity v of propagation of a compression wave
in a material is equal to the velocity of sound in the
material and ean be determined from the expression

o= VE (T—m /vl +8) (1 —2p). (9)

The maximum deformation of the particles (half of
the maximum linear approach of the particle centers)
is

Smax = Ty m'p/29432 (10)

The area of contact varies during the approach of the
particles from 0 to f and corresponds at each instant
to the deformation s of the particles (Fig. 2). The
instantaneous diameter of the area of contact is de~
termined from geometrical considerations:

a,=2y"sd —s. (11)
Hence, the instantaneous area of contact is
fo=nai/4=n(sd —s?). (12)

The mean area of contact during the time of collision
Te of two particles is

(13)

Since the deformation smax of the particles is extreme-
1y small, the second term in the right side of expres-
sion (13) can be neglected, and then

fz ‘IL d Spax - (133)
2
We put

G2 — L L
g |2 !‘)1 L k-0
T8 (207 %0
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Then
7. = kBd/wg*, (8a)
= =d*Bw /2. (13b)

Substituting the values of tz, 7, and f from Eqgs. (7),
(82), and (13b) in Eq. (3), we obtain

B0}V Egfim,
2Vndz

ge= (ty—1to)- (14)
Thus, the contact heat flux increases with reduction in
Young's modulus E and particle diameter d, and with
increase in particle velocity wp and the coefficient of
thermal activity (\p,Cpyym)Y .

We consider the transfer of heat to the particle
through the gas interlayer due to convection and mo-
lecular heat conduction of the gas. The equation of the
heat balance of the particle can be written as

nd?

Cor¥Vm df =ond® (tb—— tyds. (15}
We separate the variables and integrate both sides of

the equation

1

*
Covmd _ dE [ﬁ dv. (16)
6o, —t J
to 0
Hence
ty— t = (ty— to) exp (— b7), an
where
b= 6a/cm\>md.
The mean heat flux during the period 771 is
Tf
qg = L a(ty— 0 d. (18)
Tf

0

Substituting (t, — t) from Eq. (17) in Eq. (18) and
integrating, we obtain

= b exp— b —t). (19)

g 6 Tf
Putting p = 6 /CmYme we determine the ratio of the
contact and convective-conductive heat fluxes by using
expressions (14) and (19),

m = qe/gy= Awp’/(1 —exp(—p2)), (20)

where
A=3BVakBd .

From formula (20) we calculated the values of m
for glass (d = 0.5,1.0, 2.0 mm), steel (d = 1.0 mm),
and lead (d = 1.0 mm) spherical particles for dif-
ferent values of porosity of the bed and particle ve-
locity wp. For each material and size of particle we
determined the Re number corresponding to the given

porosity from the interpolation formula [5):
Re = Argd /(18 + 0.6 V' Are' ™) . (21

To calculate the coefficient of heat transfer between
the particles and gas for glass spheres of diameter
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0.5 mm we used the formula obtained in [6] and suitable
for the region 5 < Re < 70:

Nu = 0.021 Re'". (22)

In the remaining cases the heat transfer coeffi-
cient o was calculated from the formula recommended
by Vasanova and Syromyatnikov [7] for the region 40 <
< Re < 500:

Nu = 0.316 Re?®. (23)

The results of calculation for wp = 1073,1072,107,
and 10’ m/sec are given in Table 1.

The table shows that the value of m = qc/qg for the
same porosity increases from a value of the order 10~
to 10! with increase in particle velocity. Hence, while
the contact heat flux for a particle velocity of 1 mm/sec
is an insignificant fraction of the convective-conductive
flux, for a particle velocity of 1 m/sec the contact
heat flux can in some cases be tens of times greater
than qg. Thus, the transfer of heat to particles with
different velocities is effected by different mechanisms.
It is convenient to determine some mean velocity of
the particles in the bed for a given gas velocity w
in order to establish the main mechanism of heat
transfer in particular conditions.

With reduction in particle size, as Table 1 shows,
the value of m increases. Hence, small particles are
apparently heated mainly by contact with other par-
ticles. With increase in porosity for a given material
(i. e., with increase in the gas velocity) the value of
m decreases rapidly. For materials of low elasticity
(lead, for instance) the fraction of heat transferred
by contact is much higher than in the case of highly
elastic materials (steel).

It should be noted that the obtained results differ
from the results of experimental investigations of
the heat condition of dispersed materials in vacuum
and at atmospheric pressure [8—11]. In these in-
vestigations the experimental data showed that con-
tact heat transfer in stationary heaps is negligibly
small in comparison with other methods of heat
transfer. However, in the case of a fluidized bed the
distribution of the different kinds of heat fluxes is
altered. First of all, in the case of sufficiently high
particle velocities the area of the contact region is
different from that in a stationary heap. The ratios
f/fs of these areas are given in Table 2, The value of
fo was calculated from the formula obtained in [10].

The table shows that the area of the contact region
is a fluidized bed may be tens of times greater than
the corresponding area in a stationary heap. In ad-
dition, heat transfer during the brief contact of
spherical particles is of quite a different nature from
that in the case of a steady-state heat flux. This is
evident from the nature of the change of temperature
in the contact region for these two cases (Fig. 1). The
temperature gradient at the point of contact in a flu-
idized bed is evidently much greater.

We calculated the ratios of the amounts of heat
transferred in the same interval 7 in the case of brief
contact (Qe) and in the case of contact in a stationary
heap Qc, (Table 2). It is obvious that at high particle
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velocities (especially for material of low conductivity)
this ratio is much greater than 1. It should be noted
that the data obtained for lead at high particle velocities
and low porosities are less reliable, since the time of
contact is comparable with the period between two col-
lisions (Table 2). This will presumably reduce the
validity of the assumption of constant temperature in
the period 7, for this case. In the majority of cases

Te is a few per cent of 7¢ and, hence, the assignment
of the heat flux to the period between the collisions and
the assumption of constant temperature in the period
Te are quite permissible. In practice 7¢ is a compo-
nent part of the period 7, since the mean particle
velocity is obtained by averaging not only over all the
particles, but over the time too, i.e., the time of
contact is included.

Thus, we can expect a different kind of heat transfer
in a fluidized bed from that in a stationary heap—the
role of contact heat transfer will be greater. This idea
has already been expressed in [2]. The considerable
effect of contact heat transfer is important in the con-
sideration of the mechanism of heating of particles
entering a fluidized bed and the mechanism of heat ex-
change of particles with surfaces.

NOTATION

tg,t are initial and instantaneous temperature of par-
ticle, introduced into bed; t;, is the mean temperature
bed; te is the temperature on contact surface; d is the
diameter of particles; 7 is time; 7, is the time of con-
tact; 7o imax is the maximum time of contact: Tf is
the time between two collisions of particles; Fp is the
area of surface of particle; ¢y, Ym» Am» @ are the heat
capacity, density, thermal conductivity, and thermal dif-
fusivity of particle material; fy, f are the instantaneous
and mean area of region of contact, respectively; [ is
the distance between centers of particles; z = 0.807/
/1 — &%—1 is porosity function determining the dis-
tance between particles; wp is the velocity of particles
inbed; qc, qg are the contact and convective-conductive
components of heatflux, respectively; E is the modulus
of elasticity of first kind; p is the Poisson's ratio; v
is the velocity of propagation of compression wave in
material; s, S5 are the instantaneous and maximum
deformation of colliding particles; ax is the instan-
taneous diameter of area of contact; « is the coef-
ficient of heat transfer from particles to gas; ¢ is
porosity of bed; Re = wgd/ v is the Reynolds number;

Ar = -g—fa— Jm jg the Archimides number; Nu = ad/)g

¥ "{g
is the Nusselt number; v, }‘g’ v are the kinematic vis-
cosity, thermal conductivity, and density of gas; wg
is the gas velocity; fj is the area of region of contact
in stationary heap; Qg, Q¢, are the amounts of heat
transferred in brief contact in fluidized bed and in a
stationary heap.
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