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Introduction

For the effective contacting among gas, liquid and solid
phases in the beds with low density materials, inverse fluid-
ization technology has been adopted in the chemical, bio-
chemical, food and environmental processes such as ferrous
iron oxidation, wastewater treatment, food fermentation pro-
cesses, etc.1–6 Because of rapidly growing applications, sev-
eral investigations have been carried out on the three-phase
inverse fluidized-bed reactors or contactors. The hydrody-
namic characteristics such as bubble properties, flow regime,
bed expansion, minimum liquid fluidization velocity, and
transition velocity for the uniform fluidization have been
examined.7–11 Gas–liquid and liquid–solid mass transfer and
liquid mixing in three-phase inverse fluidized beds have been
also studied for the more practical applications in the indus-
trial processes.12–16

Wastewater with floating materials and liquid phases in
biochemical, pulp, and food processes have been generally
viscous. In addition, low density suspension materials are fre-
quently encountered in those processes. Moreover, sometimes
the low density media particles with high porosity have been
inserted into the continuous liquid medium for more efficient
contacting, reaction, absorption, or adsorption in those hetero-
geneous processes. For the practical applications of three-
phase inverse fluidized bed, of course, relevant information

on the heat transfer in the bed with viscous liquid medium is
essential, because the temperature in the reactor or process
has to be controlled effectively in spite of complicated
viscous heterogeneous contacting systems.17,18 It has been
understood that temperature control within a plausible level
would be a fatal in the fields of food, biochemical, or waste-
water treatment engineering employing the various kinds of
microorganisms. However, there has been little attention on
the heat transfer phenomena in three-phase inverse fluidized
bed systems.11

In the present study, therefore, heat transfer phenomena
were investigated in viscous three-phase inverse fluidized
beds. Effects of gas and liquid velocities, liquid viscosity and
particle density, and bed porosity on the immersed heater-
to-bed heat transfer coefficient were determined. The heat
transfer coefficients were correlated by means of dimension-
less groups to be utilized for the design and scale-up of the
system.

Experimental Studies

Experiments were carried out in an acrylic column 0.152 m
in diameter and 2.5 m in height, as shown in Figure 1. A
perforated plate, which contained 237 evenly spaced holes of
diameter 3 mm, served as a liquid distributor with a stainless
steel screen of 300 mesh.11,15 The liquid distributor was in-
stalled at the top of the main column. The liquid phase was
introduced to the liquid calming section through a 2.54-cm
pipe from the liquid reservoir. The liquid distributor was sit-
uated between the main column section and a stainless steel
box from which the liquid phase was withdrawn downward.
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At the bottom, the gas was fed to the column through four
evenly spaced 0.63-cm distributor pipes that contained 28
holes (1 mm).

The flow rates of gas and liquid phases were measured by
flow meters and regulated by means of globe valves on the
feed and bypass lines. A cartridge heater (2.54 cm OD 3 1.5 m
length) was installed vertically at the center of the bed in
the test section. As a heating source, a cone shape vertical
heater was used. The heater was constructed from a copper
rod (1.50 m height 3 0.03 m ID) axially drilled to accom-
modate a cartridge heater (1.33 m length 3 0.012 m ID).
Eight 1-mm diameter iron–constantan thermocouples were
mounted in 2.0-mm wells and soldered in place, flush with
the heater surface. The eight thermocouples were positioned
908 apart at the distance of 15-cm intervals from the top of
the heater. The temperature of the heater surface was almost
uniform and the effect of heater dimension could be
neglected.19 The temperature at the fluidized-bed proper was
measured by the eight iron–constantan thermocouples (J-
type), which were mounted at the center between the heater
and the column at 0.15-m height intervals from the liquid
distributor.

The heat transfer coefficient was determined by Eq. 1
from the knowledge of amount of heat supply and the mean
temperature difference between the heater surface and the
fluidized-bed proper.11

h ¼ Q

AðTh � TBÞ
(1)

Twelve pressure taps were mounted flush with the wall of
the column at 0.125-m height intervals from the liquid dis-
tributor. The extended bed height was taken as the point at
which a change in the slope of the pressure drop plot was
observed.1,20 Bed porosity was determined from the know-
ledge of pressure drop, bed height, and properties of liquid
and solid.21,22 Throughout this study, aqueous solutions of
carboxy methyl cellulose (CMC), whose apparent viscosity
was varied from 1.0 to 38.0 3 1023 Pa s, was used as the
continuous liquid phase; compressed filtered air as the gas
phase; and either polyethylene (PE) or polypropylene (PP)
bead or plate, each with a density of 966.6, 877.3, 896.4, or
846.2 kg/m3, respectively, as the solid phase. The contact
angle of each particle with water was measured by means of
an Erma contact angle meter (model G-1, Japan). The con-
tact angle of PP was 848 and that of PE was 858, respec-
tively.15,23 The apparent viscosity of liquid phase was deter-
mined with a Brookfield Synchrolectric Rotational Visco-
meter.22,24 The properties of solid materials and liquid phase
with fluid flow rate range are summarized in Tables 1 and 2,
respectively.

Results and Discussions

Solid materials can be floated and fluidized by only gas
flow in three-phase inverse fluidized beds of batch system
(UL 5 0). In the batch system, effects of liquid viscosity on
the heat transfer coefficient (h) can be seen in Figure 2, with
the variation of gas velocity. In this figure, the value of h
decreases gradually with increasing liquid viscosity (lL), but
increases with increasing gas velocity (UG) in all the cases
studied. It is understood that the thickness of thermal bound-
ary layer around the heater surface could increase with
increasing liquid viscosity.18,21,22 In addition, the contact
time between the microeddy and the heater surface could
increase with increasing liquid viscosity25; this, in turn, could
lead to the decrease in the contacting frequency between
them. Thus, the heat transfer coefficient decreases with
increasing liquid viscosity. Deckwer25 pointed out that the
motion of microeddy is directly related to the heat transfer
from the heater surface to the bed. The increase of gas velo-
city results in the increase in the amount of gas bubbles
flowing upward as a discrete phase; thus, the turbulence
between the immersed heater surface and the bed could
increase. This consequently results in the increase of heat
transfer coefficient in the beds.26,27

Effects of gas velocity (UG) on the heat transfer coefficient
in the continuous three-phase inverse fluidized beds can be
seen in Figure 3. Note that the h value increases almost
linearly with increasing UG in all the cases studied. The rea-

Figure 1. Experimental apparatus.

1. Liquid calming section, 2. Liquid distributor, 3. Gas dis-
tributor, 4. Heater, 5. Thermocouples, 6. Pressure taps, 7.
Temperature indicator, 8. P-sensor, 9. Amplifier, 10. Low-
pass filter, 11. A/D convertor, 12. Computer, 13. Vent line,
14. Control valve, 15. Reservior, 16. Gas flowmeter, 17.
Liquid flowmeter, 18. Air compressor, 19. Liquid pump.

Table 1. The Properties of Solid Materials Used in
This Study

Particle Shape Average Diameter Density (kg/m3)

Polypropylene Spheres 4 mm ID 877.3
Polypropylene Plate 4 3 4 3 1 mm 846.2
Polyethylene Spheres 4 mm ID 966.6
Polyethylene Plate 4 3 4 3 2 mm 896.4
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son why h increases with increasing UG can be that the bub-
bling phenomena become more vigorous with increasing UG.
It has been understood that the turbulence in the bed
increases with increasing UG, by increasing the breaking, co-
alescence, and splitting of bubbles due to the increase of gas
holdup in three-phase inverse fluidized beds.11

Effects of liquid velocity (UL) on the heat transfer coeffi-
cient can be seen in Figure 4. In this figure, h exhibits a
maximum with increasing liquid velocity. This trend is very
similar to that in the conventional three-phase fluidized
beds.1,20 The reason can be explained by means of solid
holdup and solid flow regime. In other words, in the lower
range of liquid velocity, the bed expands slowly and the tur-
bulence resulting from the contacting among gas bubbles,
solid materials, and liquid could increase, with increasing
UL; therefore h increases with increasing UL. However, the
solid holdup decreases significantly with a further increase in
UL, in the higher range of UL. These result in insufficient
contacting between the fluidized materials or fluid elements
and the heater surface in the bed, and thus the liquid thin
film around the heater surface cannot be eroded effectively.
Therefore, h decreases with a further increase in UL. In gen-
eral, the gas is a dispersed phase and the liquid is a continu-
ous phase to fluidize solid particles in three-phase inverse
fluidized beds. Therefore, liquid flow may govern the flow
structures in the bed. In addition, the fluidized materials may

have a turbulence generating potential by hindering the con-
tinuous flow of the fluid element of liquid phase and rising
bubbles.17

Effects of liquid viscosity (lL) on the heat transfer coeffi-
cient can be seen in Figure 5. In this figure, the heat transfer
coefficient decreases gradually with increasing liquid visco-
sity. In three-phase inverse fluidized beds, the increase of liq-
uid viscosity may lead to the decrease of bubble movement.
This directly results in decrease of bubble holdup and turbu-
lence causing from the bubbles. Moreover, the retardation of
solid movement becomes considerable with increasing lL,
which does not let the solid materials attack the thermal
boundary layer around the heater surface and does not break
the bubbles effectively in the bed.20 Therefore, h decreases
with increasing lL.

Effects of density of solid materials (qp) on the heat trans-
fer coefficient can be seen in Figure 6. In this figure, h
increases with increasing density of solid materials. The
increase of solid density could lead to the increase of turbu-
lent intensity in the bed. The increase of turbulence intensity
may come from the interruption the down flow of continuous
liquid phase as well as the upward flow of dispersed gas
phase by means of fluidized solid materials. Therefore, the
contacting frequency between the fluid element and the
heater surface increases and thus the contact time of them
decreases, with increasing solid density. Based on the iso-

Table 2. Liquid Physical Properties and Fluids Flow Rate Range

lL,app 3 103 (Pa s) rL 3 103 (N/m) qL (kg/m3) UG 3 102 (m/s) UL 3 102 (m/s)

Pure water 0.96 72.9 1000 0.2–0.8 1–6
Aqueous solution of CMC 0.1 wt % 11 73.2 1001 0.2–0.8 1–6
Aqueous solution of CMC 0.2 wt % 24 73.3 1002 0.2–0.8 1–6
Aqueous solution of CMC 0.3 wt % 38 73.6 1003 0.2–0.8 1–6

Figure 2. Effects of gas velocity and liquid viscosity on
h in viscous three-phase inverse fluidized
beds (UL 5 0).

Figure 3. Effects of gas velocity on h in viscous three-
phase inverse fluidized beds.
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tropic turbulence theory, the heat flux from the heater surface
to the fluid element is inversely proportional to the mean
contact time of fluid element at the heater surface.25

Effects of bed porosity (eG 1 eL) on the heat transfer coef-
ficient in three-phase inverse fluidized beds can be seen in
Figure 7. In this figure, h exhibits a maximum with the
increase in the bed porosity in the beds. The bed porosity at
which h can attain its maximum increases with increasing
UG in the bed. It is noted that the bed porosity corresponding

to the maximum h value is higher in the beds with the rela-
tively denser solids (polyethylene) than that in the beds with
the relatively lighter solid materials (polypropylene).

Since heat transfer would occur by means of the contact-
ing of fluid element at the heater surface, the heat transfer
can be controlled by the rate of renewal of fluid element of
continuous phase, which may depend on the intensity of tur-
bulence. Therefore, the average heat flux during the contact
time y of the liquid eddy at the heater surface can be written
as25

q ¼
ffiffiffiffiffiffi
aL
ph

r
qLCPLðTw � TiÞ (2)

Figure 5. Effects of lL on h in viscous three-phase
inverse fluidized beds.

Figure 6. Effects of solid density on h in viscous three-
phase inverse fluidized beds (lL 5 24 mPas).

Figure 7. Effects of bed porosity on h in viscous three-
phase inverse fluidized beds (lL 5 24 mPas,
UG 5 0.002 m/s).

Figure 4. Effects of UL on h in viscous three-phase
inverse fluidized beds.
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From the comparison of Eq. 2 with the common definition
of heat transfer coefficient yields the following relation:

h / ðkLqLCPL=hÞ1=2 (3)

Here, the contact time y can be related to the length g and
velocity scale x of the microscale eddies based on the Kolmo-
goroff’s isotropic turbulence theory,28 with an assumption that
relative turbulence intensity is roughly constant over the cross-
section of the inverse fluidized bed within this experimental
conditions.29 Then, the contact time can be expressed as:

h ¼ g=x (4)

The length and velocity scale of microeddies can be corre-
lated with the kinematic viscosity and the energy dissipation
rate by means of dimensional analysis as Eqs. 5 and 6,
respectively

g ¼ ðm3L=PmÞ1=4 (5)

x ¼ ðmLPmÞ1=4 (6)

From Eqs. 3–6, the heat transfer coefficient can be
expressed as

h / kLqLCPLðPm=mLÞ1=2
h i1=2

(7)

Since the energy dissipation rate per unit mass of continu-
ous phase in the three-phase inverse fluidized beds can be
written as Eq. 8,

Pm ¼ ðUL þ UGÞðqLeL þ qGeG þ qSeSÞ � ðUGqGÞ½ �g=ðeLqLÞ
(8)

the heat transfer coefficient in three-phase inverse fluidized
beds can be represented by substitution of Eq. 8 into Eq. 7 as

h ¼ C½kLqLCPLf½ðUL þ UGÞðqLeL þ qGeG þ qSeSÞ

� ðUGqGÞ�g=eLlLg1=2�1=2 (9)

where C is the proportionality constant, which can be deter-
mined from the heat transfer coefficient data obtained in the
present study. From the multiregression, the value of C was
0.058, as can be seen in Figure 8, with a correlation coeffi-
cient of 0.94.

For the practical application, the heat transfer coefficients
between the immersed heater and the bed have been also
well correlated in terms of dimensionless groups (Eq. 10).
The correlation coefficient of Eq. 10 is 0.92 (Figure 9).

Nu ¼ hdpð1� eSÞ
kLeS

¼ 38:52
CPLlL
kL

� �0:870 dpqLðUG þ ULÞ
lLeS

� �1:018

(10)

Concluding Remarks

The heat transfer coefficient between the immersed heater
and the bed in three-phase inverse fluidized beds increased
with increasing gas velocity or density of solid materials, but
it decreased with increasing viscosity of continuous liquid
medium, whereas it showed its maximum value with the var-
iation of liquid velocity or bed porosity. The bed porosity at
which the value of heat transfer coefficient attained its maxi-
mum increased with increasing gas velocity. The bed poro-
sity corresponding to the maximum h value was higher in
the beds with the relatively denser solid materials than that
with the relatively lighter solid materials. The heat transfer
coefficient was well analyzed and correlated by means of

Figure 8. Determination of the proportional constant
C from Eq. 9 in viscous three-phase inverse
fluidized beds.

Figure 9. Correlation of heat transfer coefficient in vis-
cous three-phase inverse fluidized beds.
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energy dissipation rate in the bed based on the surface
renewal concept at the heater surface. In addition, the heat
transfer coefficient was well correlated in terms of dimen-
sionless groups based on the isotropic turbulence theory.

Notation

A5 surface area of heater, m2

CPL5heat capacity of liquid phase, kcal/(kg K)
dP5particle diameter, m
g5 acceleration due to gravity, m/s2

h5heat transfer coefficient in three-phase
inverse fluidized bed, W/(m2 K)

kL5 conductivity of liquid phase, W/(m K)
Pt5 specific energy dissipation rate, m2/s3

Q5heat flow, W
q5heat flux, W/m2

TB5boundary layer temperature, K
Th5heater surface temperature, K
Ti5 internal bed temperature, K
Tw5wall temperature, K
UG5 superficial gas velocity, m/s
UL5 superficial liquid velocity, m/s

Greek letters

a5 thermal diffusivity, m2/s
e5phase holdup
g5 length of microeddy, m
l5viscosity, Pa s
m5kinematic viscosity, m2/s
p5 the circular constant
y5 contact time, s
q5density, kg/m3

x5microeddy speed, m/s

Subscripts

G5gas phase
L5 liquid phase
S5 solid phase
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