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Abstract—A two resistance model is proposed for the heat transfer between a coaxially mounted heater

and a three phase fluidized bed.

Effects of gas and liquid velocity and particle size on individual heat transfer resistances in the heater and

in the fluidized bulk zones have been determined.

“The optimum bed porosity at which the maximum heat transfer coefficient occurred coincided with the
bed porosity at which the boundary layer thickness around the heater attained a minimum value. The fluidiz-
ed bed resistance attained its minimum value when the maximum heat transfer coefficient is achieved in two

and three phase fluidized beds.

The heat transfer in the zone adjacent to the heater is found to be the rate controlling step since the contri-
bution of fluidized bed resistance was found to be less than 10% of the heater zone resistance in two and

three phase fluidized beds.

The heat transfer resistances in liquid and three-phase fluidized beds have been represented by a modi-
fied Stanton and Peclet numbers based on the heat transfer resistances in the heater zone and in the fluidized

bulk zone in series.

INTRODUCTION

In tubular reactors such as a fluidized bed reactor,
the reaction temperature has been efficiently controll-
ed by cooling or heating the wall of the column. In
either a continuous or batch reactor, it is possible to in-
stall a heating or cooling element in the bed to main-
tain the desired bed temperature.

Dockwer[1] examined the heat transfer me-
chanism in bubble column reactor using the sur-
face renewal model and the isotropic turbulence the-
ory.

Lewis et al.[2] have proposed a simple mathema-
tical model for heat transfer in a bubble column using
the concept of unsteady state heat diffusion.

Chen and McMillan[3] suggested the analogy bet-
ween the axial heat transfer and the axial dispersion of
liquid phase in a batch bubble column. In gas-liquid
system, it has been generally known that the unsteady
state heat diffusion takes place from the fluid elements
adjacent to the heater wall.

In a liquid fluidized bed, a series model for wall-to-
bed heat transfer was proposed by Wasmund and
Smith [4]. These authors found that the wail thermal
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resistance increased with the increase in bed porosity.
Richardson et al.[5] have correlated the jfactor in
terms of a modified Reynolds number and reported
that the presence of particles might improve the heat
transfer in liquid fluidized beds since the particles tend
to disturb the boundary layer at the heat transfer sur-
face.

From wall-to-bed heat transfer data, Patel and
Simpson{6] suggested that the principal mechanism
of heat transfer in liquid fluidized beds is the fluid ed-
dy convection, in contrast to the particle carrier
mechanism for gas fluidized beds. The heat transfer
coefficient was found to be independent of the height
above the distributor. In three phase fluidized beds,
heat transfer characteristics have been studied on wall-
to-bed[7-11]1 and on heater-to-bed[12-14] systems.
Muroyama et al.[11] have determined the wall-to-bed
heat transfer coefficient based on an axial dispersion
model. The unsteady state heat diffusion model[14,
15] was used to analyze the heat transfer between the
immersed heater and the three phase fluidized beds.

In the present study, a two-resistance model based
on the radial dispersion of a continuous liquid phase is
presented to describe the heat transfer mechanism in
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three phase fluidized beds.

HEAT TRANSFER MODEL

The radial temperature profile in the zone adjacent
to the heater is much steeper than in the fluidized bulk
zone[10].

This may imply that there are two resistances for
hea: transfer in three phase fluidized beds, nam-=ly
heaer surface resistance and the fluidized bed resis-
tance in a manner similar to the heat transfer mecha-
nisra in liquid fluidized beds[4,6,16].

The similar trend in the radial temperature profile
between liquid and gas-liquid fluidized beds may sug-
gest that a gas injection into the liquid fluidized bed
may reduce the resistances.

A two resistance model is proposed for the analysis
of heat transfer between an immersed heater and
three phase fluidized beds with the following assump-
tions;

1) The thermo-physical properties of fluid and solid are
constant. 2) The heat transfer operation is in a steady
state. 3) The heater surface temperature is uniform. 4)
the coaxial thermal boundary layer thickness around
the heater has an average value in a fully developed
steady state condition. 5) The temperature gradient at
the wall of the bed is negligible. 6) The overall resis
tances of heat transfer consists of a resistance of heater
surface and a resistance of the bulk fluidized bed in
series. 7) The heat conduction is occurs in the thermal
boundary layer around the heater{17]. 8) The velocity
profile in the bed is flat in a steady state condition
[10,18]. The two resistance rmodel can be described as

| S
h o h,
where h, h; and R, are the overall heat transfer coeffi-
cient, heat transfer coefficient in the heater zone and
heat transfer resistance in the fluidized bulk zone, res-
pectively. A schematical representation of the present

mocel can be seen in Fig. 1.
The heat balance of the continuous liquid phase in
the .nfinitesimal annulus of the bed leads to
2
p,% - ri -g; (D,C,, r -%?1 (2)
where U, 2, Cy D, and D, are the liquid velocity, li-
quid density, heat capacity of liquid, radial and axial
dispersion coefficients, respectively.

In Eq.(2), T is a function of both z and r directions.
However, for a fully developed flow in the constant
hear flux, the temperature profiles increase linearly in
the z-direction and T can be split into the sum of a
z-dependent term T,(z) and an r-dependent term T,(r)
as
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Fig. 1. Schematic diagram of heat transfer model.
Ta,z) =T, 20+ T, o) (3)

where TJz) is the cross sectional averaged bulk tem-
perature. Then, the left-hand side of Eq. (2) can be
written as

aT o'T . dT,
| ¢ ~ gL ool
UwpCp a7 D.0,C,, a7? L lplCNdZ
d’T,
- Dzﬂtcm ’EZ (4)

From the steady-state heat balance on the incremental
volume in the axial direction with the assumption of
negligible heat loss through the bed wall, the following
equation can be obtained[19]

dT,
ol dZ

arT, |

iR?=R:) U, p,C gz

- D,0,C

=q/LLa=qn (5)

where R, Ry, Ly, and g, are the column diameter, hea-
ter diameter, heater length and the heat supply per
unit time and unit length of the heater surface.

Since the present model is based on the constant
heat flux, Eq. (5) represents the heat transferred from
the heater surface to the bed in the axial direction due
to the bulk flow of liquid and the thermal diffusion.
The right hand side of Eq. (2) can be written as from
Eq. (3),

l’lagr ‘:DerCplrgTT )= ri adr (DTplelrE. ) i6)
Therefore, from Egs. (4),(5). and (6), the following
equation can be obtained with the following boundary
conditions;

dT, |
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where § is the average boundary layer thickness.
The first boundary condition can be obtained from
the heat balance around the heater surface as

q=h,Ty,-TpA 10

where A, T, and q are the surface area of the heater,
temperature at the thermal boundary layer around the
heater and the heat flux from the heater to the bed.

From the solution of Eq. (7), the temperature pro-
file in the bed and its mean value can be represented
as in Egs. (11} and (12), respectively.

TO-Tu _ oy R 1 o [, Rat )
T~ R g R/ [
— R 2 2 R (R“‘ R),) 'DrC,, £,
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where the subscripts h, w, and m denote the heater
surface, bed wall and the mean values, respectively.
Therefore, the individual and the overall heat transfer
resistances can be written as

1 _AM-Ta) 1, R,
h q hh (Rz_ R:)Drplcpl
R(R*InR-RInR,) ., (R,+8)*
R Riln (R, +8) + —2->
- 7} (3R’+R,§)} 13

The resistance in the fluidized bulk zone can be deter-
mined as

R, R (R*InR- RZInR,,)
R'-R})D,p.C,. R'-R?

2
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Since the average boundary layer thickness around
the heater is very thin relative to the bed radius, the
steady state heat conduction takes place in the boun-
dary layer as

R,=

-RInR,+8) +
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h,=k,/8 (15)

where Kk, is the thermal conductivity of the liquid
phase. In three phase fluidized beds, Eq. (13) can be
represented in terms of the dimensionless groups as

11
Sty Stuu

where Sty, Stuy, K and Pe,, are the modified Stanton
numbers in the fluidized zone and the heater zone, a
constant and a modified Peclet number based on the
radial dispersion coefficient of liquid phase, respective-
ly.

+KPe,y (16)

EXPERIMENTAL

Experiments were carried out in a relatively large
QVF glass column of 3 m high and 0.152 m in diame-
ter as shown in the previous publication{13] A cone
shape heater (3.0 cm-OD x 35.6 cm-long) as a heating
source was placed vertically on the distributor plate at
the center of the column.

In order to measure the radial temperature profile
in the bed, five iron-constantan thermocouples were
placed radially 20 cm above the distributor plate. The
first thermocouples was located at 5 mm from the hea-
ter surface and the radial intervals were 5, 10, 20, and
21 mm. Each thermocouple was connected to a digital
thermometer.

The used solids were either 1.7 or 4.0 mm glass
beads with a density of 2500 kg/ cm®.

Air and water were introduced into the bed of
solids with the desired superficial velocities and heat
input. When a steady state was reached, the pressure
profile up to the entire height of the column was mea-
sured using water manometers. The bed height was
taken as the point at which a change in the slope of
the plot was observed [13,20].

At the same time five bed temperatures and heater
surface temperatures as well as the temperature in
radial direction were continuously recorded(Molytek
1701). The heat transfer coefficient was calculated
from the following equation:

q

TR o
in which q is the heat flux from the heater to the bed
and A is the effective surface area of the heater. T, and
T,, are the temperatures of heater surface and fluidized
bed, respectively.

The temperature difference between the immersed
heater and the bed has been determined by;

[U () (To=T (r))rdr

Th=Tn R
["U@)rdr
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Since the flat velocity profile can be assumed in
multiphase fluidized beds[10,18], the values of heat
flux, q, from the power supplier can be evaluated by
the energy balance equation as

q=mC,, (Tp;~Tno (19

where th and C,, are the mass flow rate of liquid phase
and heat capacity, respectively. T,,; and T, are the
temperatures of the inlet and the outlet positions, res-
pectively.

RESULTS AND DISCUSSION

The radial temperature profile in Eq. {11) is a func-
tion of the average boundary layer thickness which
can be obtained from the boundary layer temperature
(Eqgs. 10 and 15). The boundary layer temperature can
be obtained from the intercept of the radial tempera-
ture profile extrapolated to the heater surface since the
boundary layer is a very thin liquid filrn around the
heater. Therefore, the average thickness and the tem-
perature of the boundary layer were determined by a
trial and error method in Eqs. (10),(11) and (15). The
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Fig. 2. Radial temperature profile in liquid and
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radial temperature profiles thus obtained are shown in
Fig. 2 with the experimental data of the radial tem-
perature profiles. For the sake of comparison, the data
in liquid fluidized bed[6] and in three phase fluidized
bed{10] were plotted in Fig. 2. As can be seen in the
figure, the agreement between the values from Eq. (11)
and the experimental values is excellent. This may in-
dicate the temperature gradient at the wall of the bed is
negligibly small.

The heat transfer coefficients in the heater zone,
hy, were calculated from either Eq. (10) or (15) with the
obtained values of the average boundary layer thick-
ness and its temperature. The calculated heat transfer
coefficients in the heater zone increased with an in-
crease in gas velocity and in particle size. The average
boundary layer thickness around the heater decreased
with increasing gas velocity and particle size(Fig. 3A,
3B) since the heater zone heat transfer coefficient is in-
versely proportional to the average boundary layer
thickness under the assumption that the heat conduc-
tion is the predominating heat transfer mechanism in
the heater zone [17].

The average boundary layer thickness around the
heater can also be determined experimentally from
the measured boundary layer temperature, Ty, which
was determined by extrapolating the radial tempera-
ture profile to the heater surface as the way done by
Wasmund and Smith[4] and Patel and Simpson[6] in
liquid fluidized beds using Egs. (10) and (15). Thus, the
obtained heat transfer coefficient in the heater zone
and the average thermal boundary layer around the
heater are shown in Fig. 3. As can be seen, the experi-
mental values agree well with the theoretical values. It
may suggest that the addition of gas into the liquid
fluidized bed enhances the intensity of turbulence due
to the vigorous bubbling motion in the bed which re-
sults in the decrease of average boundary layer thick-
ness around the heater in a three phase fluidized bed.
This may induce an increase of fluid element velocity
which may provide the increased contacting frequency
between the fluid element and the heater surface
which in turn may results in a decrease in the average
boundary layer thickness in the bed. The increase in
heat transfer coefficient in the heater zone with parti-
cle size may be attributed to the reduction of boundary
layer thickness around the heater[10,12,13].

The average boundary layer thickness around the
heater exhibited a minimum value with liquid velocity
in two and three phase fluidized beds as shown in Fig.
4B in which the solid line is the model line. In this
figure, the minimum value of the thickness can be at-
tained at liquid velocity of 8 cm/s for 1.7 mrn particle
whereas the minimum value of the thickness was at-
tained at liquid velocity of 10 cm/s for 4 mm particle

Korean J. Ch. E. (Vol. 5, No. 2)
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Fig. 3. Effect of gas velocity on the average thermal
boundary layer thickness and the heat
transfer coefficient in the heater zone.
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since the larger particle has the higher minimum flui-
dizing velocity [20,21]. At the given gas velocity, an in-
crease of liquid velocity may promote the mobility of
particles in the heater zone which may results in hig-
her contacting frequency between particles and the
heater surface. Moreover, the fluid element velocity
may also increase with liquid velocity. However, at
higher liquid velocity, in contacting frequency of solic

with the heater surface may be reduced due to the
considerable decrease in the solid concentration or
phase holdup in the bed[13]. The reduction of solid
phase holdup also causes the decrease in the tur
bulence which is generated by the fluidizing solid par-
ticles [22]. Therefore, the average boundary layer
thickness around the heater increased at the higher li-
quid velocity. The similar trend has been observed by
Richardson and Mitson[23] and Wasmund and Smith
[4] in liquid fluidized beds. Since the heat transfer
co fficients in the heater zone is inversely proportional
to he boundary layer thickness(Eq. 15), the coeffi-
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mal boundary layer thickness and the heat
transfer coefficient in the heater zone.

O A O e a B —
dg(mm): 17 1.7 1.7 40 40 4.0 model
Ugemis): 00 40 80 00 4.0 80

cient exhibits a maximum value with liquid velocity as
shown in Fig. 4A.

The average boundary layer thickness around the
heater goes through a minimum value with the varia-
tion of bed porosity in two and three phase fluidized
beds (Fig. 5) where solid lines represent the calculated
values. The data of Wasmund and Smith{4] in liquid
fluidized beds also exhibit the same trend as shown in
the figure. Since the heat transfer coefficient in the
heater zone, hy, is a function of gas and liquid veloci-
ties, it can be represented in terms of a modified Stan-
ton number in the heater zone, Styy, as defined in Eq.
(16). The modified Stanton number in the heater zone
decreased linearly with increasing bed porosity in two
and three phase fluidized beds of different particle
sizes (Fig. 6).

The heat transfer resistance in the fluidized bulk
region, R,, can be determined from Eq. (14) with the
knowledge of the boundary layer thickness around the
heater and the radial dispersion coefficient of liquid



On the Heat Transfer Mechanism in Three Phase Fluidized Beds 159

0.20 \ .
L J
T \ /'
E 0.16+ \Q\o/ ..
)
A
0.14 A B
-
\w/v
0.12 I | |
0.45 0.55 0.65 0.75 0.85

Eg +&;
Fig. 5. Effect of bed porosity on the average thermal
boundary layer thickness in liquid and three-
phase fluidized beds.

O O m a&a A v & —
dgmm): 1.7 1.7 1.7 4.0 40 40 1.09 model
Ug(cmls): 0.0 40 80 0.0 40 80 0.0

¥ ——

Wasmund & Smith
{4]

present study

phase, D,, in the beds.

Recently, Kang and Kim[24] proposed a correla-
tion for radial dispersion coefficient in three phase flui-
dized beds which is based on the isotropic turbulence
theory;
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In the present analysis, the above correlation has
been employed since the present experimental condi-
tions are within the range of validity of the above Eq.
(20). Thus obtained heat transfer resistance in the flui-
dized bed zone(Eq. 14) is shown with the experi-
mental data (Table 1) in Fig. 7B.

The overall heat transfer resistance or the heat

Table 1. The average thermal boundary layer thickness around the heater, heat transfer resistances both in the
heater and in the fluidized bulk zones and the overall heat transfer coefficient from the model equation

dpx 103 Uy x 102 U, x 102 D, x 10% ox 103 (1/hy) x 104 Rp x 10° heat.
(m) (m/s) (m/s) {m?/s) {m) (m2sK/J) (mZsK/J) {(/m?sK)
1.7 0.0 4.0 1.8 0.179 3.00 1.97 3130
1.7 40 4.0 34 0.169 283 1.00 3413
1.7 4.0 8.0 5.1 0.142 238 0.70 4085
1.7 4.0 10.0 45 0.152 2.55 0.79 3810
1.7 8.0 10.0 6.0 0.136 2.28 0.59 4279
4.0 0.0 8.0 3.0 0.145 243 1.19 3926
4.0 4.0 8.0 48 0.138 2.31 0.74 4223
4.0 8.0 8.0 6.2 €126 2.11 0.57 4615
4.0 8.0 10.0 6.9 0.125 2.09 0.52 4662
4.0 8.0 12.0 6.2 0.129 2.16 0.57 4511

* Kang and Kim [24]
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transfer coefficient between an immersed heater and a
three phase fluidized bed can be determined from Eq.
(1) based on the two resistance model. The overall
heat transfer coefficient in the bed increased with an
increase in gas velocity and exhibits a maximum value
with increasing liquid velocity as shown in Figs. 7A
and 8A. However, the fluidized bed resistance decreas-
ed with increasing gas velocity (Fig. 7B) and exhibits a
minimum value at a liquid velocity(Fig. 8B).

The overall heat transfer coefficient can be deter-
mined experimentally from Egs. (17) and (18) with the
knowledge of the radial temperature profile in the bed.
These experimental values agree well with the values
from the model Eq. (1) within the range of variation of
gas and liquid velocities as shown in Figs. 7A and 8A.
The resistance in the fluidized bulk zone can also be
obtained from the experimentally determined overall
heat transfer resistance and the heater zone resistance
from Eq. (1). The fluidized bed resistance for heat
transfer thus obtained decreased with increasing gas
velocity(Fig. 7B) and exhibits a minimum value at a li-
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quid velocity(Fig. 8B) or bed porosity({Fig. 9B} in two
and three phase fluidized beds. In general, the experi-
mentally determined bed resistances were larger than
those of calculated values(Table 2). However, the re-
sistance in the fluidized bulk zone, R,, is relatively
smaller than that in the heater zone, that is R, values
were in the range of 6-10 % and 3-5 % of the heater
zone resistance in two and three phase fluidized beds,
respectively, as can be seen in Figure 9 and Table 2.
Therefore, the heat transfer in the heater zone is the
rate controlling step for the overall heat transfer in two
and three-phase fluidized beds(Fig. 2). It has been re-
ported that the bed resistance account for about 10-50
% of the total heat transfer resistance in liquid fluidi-
zed beds[6].

This may imply that the bubble dispersion intc the
liquid fluidized bed can reduce the bed resistance ap-
preciably so that the effective heat transfer can be ob-
tained in three-phase fluidized beds.

The predicted overall heat transfer resistances or
the overall heat transfer coefficients were in good
agreement with the experimental values within the
error range of 7%(Table 2). In Eq. (16), the constant K
is approximately unity since it can be written as
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Ugl(cm/s):

layer thickness around the heater, the ratio of the bed re-
e overall heat transfer coefficient between the calculated

d, < 103 Uy x 102 Uy x 102 S cat!® mea. ( R, ) (j,,‘,) hear/ Bmea,

(m) (m/s) (m/s) 1/h, " mea ‘1/h,

1.7 0.0 6.0 1.012 0.088 0.065 1.010
1.7 0.0 8.0 1.006 0.073 0.052 1.014
1.7 0.0 10.0 1.006 0.080 0.056 1.068
1.7 4.0 6.0 0.993 0.048 0.034 1.020
1.7 8.0 6.0 0.993 0.034 0.024 1.017
1.7 4.0 8.0 0.993 0.040 0.029 1.018
1.7 8.0 8.0 0.985 0.034 0.025 1.025
1.7 4.0 10.0 0.992 0.043 0.031 1.018
1.7 8.0 10.0 0.993 0.036 0.026 1.017
4.0 0.0 8.0 0.986 0.068 0.049 1.033
4.0 0.0 10.0 0.994 0.063 0.046 1.024
4.0 0.0 12.0 0.985 0.065 0.050 1.029
4.0 4.0 6.0 0.987 0.050 0.039 1.025
4.0 8.0 6.0 1.004 0.042 0.031 1.003
4.0 4.0 8.0 0.986 0.043 0.032 1.033
4.0 4.0 10.0 1.008 0.040 0.029 1.003
4.0 8.0 10.0 0.992 0.034 0.025 1.017
4.0 4.0 12.0 0.979 0.040 0.031 1.032
4.0 8.0 12.0 0.985 0.036 0.026 1.025
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The agreement between the values from Eq. (22)
and the experimental values are shown in Fig. 10 with
the correlation coefficient of 0.985.

Since the modified Stanton and Peclet numbers
were based on the fluid velocities(U; + Up), Eq. (22)
can be employed in liguid(U; = 0) and three-phase
fluidized beds(Fig. 10).

CONCLUSIONS

(1) A two-resistance model can be used to analyze
the heat transfer mechanism in two and three-phase
fluidized beds. The heat transfer resistance in the hea-
ter zone is found to be predominant over -hat of the
fluidized bulk zone in all the cases studied.

(2) The heat transfer resistances in the heater and
the fluidized bulk zones decrease with an increase in
gas velocity and particle size, whereas the resistances
attained their minimum values as the liquid velocity
and bed porosity in two and three-phase fluidized beds
increase.

(3) The overall heat transfer resistance arid the ave-
rage thermal boundary layer thickness around the
heater decrease with an increase in gas velocity and
exhibited their minimum values as the liquid velocity
and bed porosity in liquid and three-phase fluidized
bed increase.

(4) The optimum bed porosity at which the max-
imum heat transfer coefficient is attained coincides
with the bed porosity at which the boundary layer
thickness around the heater attains its minimum value
in two and three-phase fluidized beds.

ACKNOWLEDGEMENT

We acknowledge a grant-in-aid of research from
the Korea Science and Engineering Foundation.

NOMENCLATURE
A : surface area of heater, m’
Cp  : heat capacity of liquid, J/kg K
D  : column diameter, m
D, : radial dispersion coefficient of liquid phase,

m?/s

September, 1988

D, : axial dispersion coefficient of liquid phase,
m?/s

d, : particle size, m

h . overall heat transfer coefficient, J/m® sK

hy : heat transfer coefficient in the heater zone,
Jim? sK

k;, : thermal conductivity of liquid phase, J/m sK

K . constant

L, : heater length, m

m  : mass flow rate of liquid phase, kg/s

Pe, : Peclet number in radial direction, d,U/D,
Pe,y : a modified Peclet number in radial direction,

RAU; + Up/D,

q . heat flow rate, J/s

qr : heat flow rate from heater surface to bed per
unit length of heater, J/s m

r . radial distance, m

R : radius of column, m

R, : radius of heater, m

R, : heat transfer resistance in fluidized bed zone,
m?sK/J

Sty : amodified Stanton number, h/{C,{U,+ Uy
T . temperature, K

T, : boundary layer temperature, K

T, . heater surface temperature, K

T, : mean temperature of fluidized bed, K
U, : superficial gas velocity, m/s

U, : superficial liquid velocity, m/s

Z . axial direction

Greek Letters

#, : liquid density, kg/cm?

) : average boundary layer thickness, m
;1 : liquid viscosity, mPa.s

€ : phase holdup

Subscripts

b : boundary layer around heater
cal : calculated value

g : gasphase

h : heater

i : input

1 : liquid phase

mea : measured value

M modified

r radial

s solid phase

Z axial direction
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