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Abstract 
       Heat transfer from an immersed heating surface to a liquid-solid and liquid-liquid-
solid fluidized beds have been studied. The experiments were carried out in a (0.22) m 
column diameter fitted with an axially mounted cylindrical heater heated electrically. 
The fluidizing medium was water as the continuous phase and kerosene as the 
dispersed phase. Low density (Ploymethyl-methacrylate) particles were used. Previous 
published heat transfer correlations, obtained for fluidized beds containing high-
density particles, gave significant deviations compared with the present data. New 
correlations were developed to predict the heat transfer coefficients in liquid-solid and 
liquid-liquid-solid fluidized beds. The new correlation is, 

( ) ( ) ( ) 96.605.456.1 1RePrRe164.0 ε−= dlNu

The heat transfer coefficients obtained from the present work were compared with 
those estimated from other correlations reported in the literature. The comparison 
shows a good agreement with the data obtained for the gas-liquid-solid fluidized beds 
using low-density particles. 
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Nomenclature: 
A,  Cross sectional area of the 
bed, m2. 
Cp,  Specific heat, J/kg. K. 
Dc,  Column diameter, m. 
de,  Equivalent hydraulic diameter 

of particle, m. 

dp,  Particle size (diameter), m. 

g,   Acceleration due to gravity, 

m/s2. 

h, Overall heat transfer 

coefficient ,W/m2K. 

hs , Heat transfer coefficient at the 

heater surface ,W/m2K. 

ker, Effective radial thermal 
conductivity, W/m K. 
ul, Superficial liquid velocity 
m/s. 
z, Axial distance, m. 
 
Dimensionless Groups 
Fr ,  Froud number ( pgdu /2 ). 
Nu , Particle Nusselt number 
( lp Khd / ). 
Re , Reynolds number based on 
column diameter, ( )lcluD µρ / . 

Pr , Prandtl number in the radial 
direction, ( )lll kCp /µ . 
 

leR ′ , Modified Reynolds numbers, 
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Greek Letters 
ε , Bed voidage. 

dε , Dispersed phase holdup. 

cε , Continuous phase holdup. 

sε , Solid phase holdup. 
µ , Viscosity of liquid, Pa.s 

lρ , Density of liquid,kg/m3. 

lσ , Surface tension of the liquid, 
N/m. 
ν , Kinamatic viscosity of liquid, 
m2/s. 
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Subscripts 
c, Continuous phase. 
d, Dispersed phase. 
e, Effective. 
l, Liquid. 
r, Radial. 

Introduction 

Liquid-liquid-solid fluidized bed can 
be defined as a bed of particles 
fluidized by the co-current flow of two 
immiscible liquids in the bed. These 
types of fluidized beds are utilized 
recently as a solution to major 
problems taking place in bioreactors 
and in the development of an 
extractive fermentation process.  

The studies on liquid-liquid-solid 
fluidized beds are generally limited in 
the literature. However, the 
hydrodynamic studies of liquid-liquid-
solid fluidized beds tend to stimulate 
the operation with that of gas-liquid-
solid fluidized beds because the 
mechanisms are expected to be the 
same. Several workers 
(Dakshinamurthy, et al. (1979), 
Dakshinamurthy, et al. (1984), Kim, et 
al. (1988), Kim, et al. (1989), Kim, et 
al. (1993) and Kim, et al. (1994)) 
studied the hydrodynamics of these 
beds and correlated the holdups, 
porosity as functions of the light and 
heavy liquids flow rates and to the 
particles diameters. 

The traditional biotransformation 
processes are mostly performed in 
stirred tank reactors, in which the 
microorganisms and the desired 
product are suspended in an aqueous 
phase. After the biotransformation, the 

product is recovered from the mixture 
by subsequent downstream processing. 

This overall production manner, viz., 
batch biotransformation and 
subsequent downstream processing of 
the desired product, may result in a 
low overall productivity. Three 
problems may take place in this 
process; the first is when the substrate 
strongly decreases the production rate 
and a small amount of product is 
formed, the second problem is when 
the product inhibits biotransformation 
so that the amount of product is 
limited. The third problem facing 
some of these processes is in the 
biotransformations that suffer from 
unfavorable thermodynamic 
equilibrium, the case in which 
substrate is partially converted, and 
production halts due to the approach of 
thermodynamic equilibrium. 

A possible solution to the problems 
mentioned above is direct removal of 
the product from the reaction 
environment (in case of product-
inhibited or thermodynamically 
controlled biotransformation). In case 
of substrate-inhibited transformations, 
a controlled supply of substrate to the 
reaction phase can overcome the 
limited productivity. Supply can be 
arranged by using an organic solvent 
(liquid 1) with controlled supply of 
substrate (liquid 2) from a solid carrier 
(solid). Kinetic or thermodynamic 
product inhibition in bioconversion 
processes can be reduced by 
integrating the conversion with an 
extraction process in the liquid-liquid-
solid fluidized bed. The catalyst can be 
freely suspended in a solid support. 
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The development of the advanced 
biological fluidized reactors which use 
light catalyst particles of densities 
range from 1050 to 1300 kg/m3 
directed some of these studies towards 
the low-density particles fluidized 
beds. The studies began to project 
highlight upon the fundamental 
characteristics (hydrodynamics, heat 
and mass transfer) in three-phase 
fluidized beds containing low – 
density particles (Tang and Fan, 1990, 
Nore et al., 1992, Nore et al., 1994, 
Abdul Wahab, 1997 and Van Zeen, 
2003). 

The present study focused on the heat 
transfer characteristics of the low-
density liquid- liquid- solid fluidized 
beds heated by immersed heater. A 
cylindrical shaped heater was used to 
study the heat transfer characteristics 
of these beds. The effects of 
continuous and dispersed liquid flow 
rates on the heat transfer resistance in 
the region adjacent to the heater 
surface and that in the bulk of the bed 
were examined experimentally. The 
equations describing the process were 
obtained and solved numerically by a 
finite difference technique. The 
solution of the energy equation gave 
the radial and axial temperature 
distributions for the whole fluidized 
bed over a wide range of operating 
conditions. 

Experimental Work 

The experimental work was performed 
using Q.V.F. glass test column of 0.22 
m inside diameter and 2.25 m height. 
The column has a hemispherical 
bottom and consists of three sections, 
namely the working section, 

accumulation section and the liquid 
outlet header. The overall combined 
height of these sections was 2.25 m. 

The general arrangement of the 
equipment is shown in Fig.1 and the 
schematic diagram of the equipment is 
shown in Fig. 2. Working section of 
the column (1.0 m height) was located 
between the distributor and the 
accumulation section. Eight taps were 
used for mounting thermocouples 
axially. The taps were cemented to the 
column body using an adhesive (which 
has high thermal resistance) to prevent 
leakage. The accumulation section (0.7 
m height) acted as a reservoir to 
accumulate large quantity of fluid.  

The top of the accumulation section 
protruded into a concentrically 
mounted outlet header (which was a 
Perspex box of 0.25 m ×  0.25 m ×  
0.75 m). The header thus acted as a 
weir over which the liquid flowed, 
thereby maintaining an approximately 
constant head in the column. The 
liquid exited from the outlet header 
through three hoses, which were valve 
to enable varying proportions of the 
flow to be either returned to the feed 
reservoir or sent to the drain. 

Solid particles were supported on a 
perforated plate (like mesh) of spaced 
holes of 1 mm diameter, which served 
as a continuous phase distributor. The 
distributor was situated between the 
main column section and the entrance 
of the continuous phase which was 
introduced through a (2.54) cm pipe 
from liquid reservoir. Polymer 
(polymethyl-mthacrylate) particles 
(0.00317 m average diameter) were 
selected as packing. 
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The dispersed phase (kerosene) was 
fed to the column through a ring type 
distributer formed by a copper pipe of 
(0.01) m i.d. and (0.001) m thickness. 
Kerosene flows from the distributor 
through fifty- three holes of (0.002) m 
diameter each. The physical properties 
of the dispersed and continuous liquid 
phases are given in Table 1. The flow 
rates of the continuous and dispersed 
phase were measured by calibrated 
flow meters and regulated by means of 
globe valves on the feed and bypass 
lines.  

The heater assembly (shown 
schematically in Fig. 3), was installed 
vertically at (30) cm above the 
distributor as a heat source in the 
immersed heater-to-bed system 
consisted of a copper cylinder of 
(0.065) m outside diameter and (0.4) 
m height. Two U-Shaped heating 
elements of (0.013) m diameter, (0.3) 
m length and (3000) W power (U 
shaped) were located in wells drilled 
inside the cylinder. The space between 
the heating elements and the cylinder 
was filled with lubricating oil to give a 
good heat distribution and to prevent 
the damage of heater. 

Two copper-constantan thermocouples 
(Type-J) were imbedded in the copper 
cylinder to measure the surface 
temperature of the heater. They were 
positioned at the ( 0.15) m and (0.25) 
m from the bottom of the heater 
respectively.  A (0.005) m long Teflon 
cone was attached to the bottom of the 
heater. Its purpose was to promote a 
fully developed thermal boundary 
layer at the heater surface and to 
prevent eddies.       

Thermocouples were connected to an 
interface system. The local bed 
temperature (Bulk temperature) was 
taken by averaging five measurements 
continuously for each run. These 
temperature measurements were 
recorded after ensuring that steady-
state was reached (i.e. monitoring the 
variation of the temperatures with 
time). 

Results and Discussions 

The model of series thermal 
resistances is used to characterize the 
resistance in the fluidized bed. The 
overall heat transfer coefficient in the 
bed depends on the effective radial 
thermal conductivity (ker) and the 
apparent surface heat transfer 
coefficient (hs). In the present liquid-
liquid-solid fluidized beds, the 
existence of radial temperature profile 
in the region adjacent to the heater 
surface and that in the bed interior 
indicates that two resistances 
connected in series can be represented 
by a series thermal resistance model. 

Heat Transfer Coefficient  
The heat transfer coefficient (h) 
between the immersed heater and the 
bed can be influenced by the resultant 
flow behavior of dispersed droplet, 
fluidized particles and the continuous 
medium. Thus, the effect of individual 
flow behavior on the heat transfer 
coefficient has been determined. The 
overall heat transfer coefficients (h) 
calculated from experimental 
measurements of temperature 
differences are plotted versus the 
velocity of dispersed liquid for various 
values of continuous liquid velocities. 
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Figures (4-7) show these plots for 
different values of heat flux from the 
heater. It is shown clearly that the heat 
transfer coefficient generally increases 
with both uc and ud. The corresponding 
values of h at the same values of uc 
and  ud show an increasing trend with 
the increase of heat flux from the 
heater. This increase in h values can be 
attributed to the effect of heating level 
on the physical properties of both 
dispersed and continuous liquids in the 
bed. 
Figures (8-11) present the 
experimental values of overall heat 
transfer coefficients versus continuous 
liquid velocity for various dispersed 
liquid velocities for different heat 
fluxes from the heater. These plots 
show the existence of a maximum in 
heat transfer coefficient at certain 
values of uc and ud.  As can be seen, h 
exhibits its maximum value with a 
variation of uc. In the relatively lower 
range of uc, turbulence intensity in the 
bed increases with increasing uc; 
however turbulence intensity 
decreases with a further increase in uc 
due to the reduction of solids holdup 
in the bed. 
Since the bed porosity is a 
proportional function of uc , the 
variation of h with uc is very similar to 
that with bed porosity, as can be seen 
in Fig.(12). The maximum value of 
heat transfer coefficient with respect to 
bed porosity can be attributed to the 
variation of effective turbulence 
related to solid phase holdup in the 
beds. The turbulence intensity attains 
its optimum value for heat transfer at 
the intermediate bed porosity and the 

corresponding continuous liquid-phase 
velocity conditions.  
Figure (12) shows a comparison 
between the results of the present 
study with the previous studies. Baker 
et al. (1978) used high density 
particles (2450 kg/m3) as fluidized 
beds in gas-liquid-solid system in a 
(0.24) m diameter column, and Kim et 
al. (1999) studied the effect of bed 
porosity on heat transfer coefficient in 
liquid-liquid-solid fluidized bed 
system using particles of density (2500 
kg/m3) and (0.102) m column 
diameter. The deviation in the result is 
normal since the experimental 
conditions are different for each work 
regarding the particle sizes, particle 
densities and column diameters. 

Correlation of Experimental Results 

The heat transfer in the three-phase 
fluidized beds is mainly affected by 
the heat transfer coefficient near the 
heater surface region which is 
controlled by conduction through the 
liquid boundary layer covering the 
heater surface. In the liquid-liquid-
solid fluidized beds the heat transfer 
coefficient is considerably affected by 
the liquid velocity. The dispersed 
phase velocity has additional effect on 
the heat transfer coefficient. Good 
representation of the experimental 
results in the present study can be 
attained by the following equation: 

 
Nu = 0.164 (Rel Pr)1.56 (Red)4.05(1-ε)6.96 

The correlation coefficient is (0.93), 
and standard deviation is (33.0).  

Conclusions 
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1. The heat transfer coefficient (h) 
between the immersed heater and 
the bed is strongly influenced by 
the resultant flow behavior of 
dispersed phase, fluidized 
particles and the continuous 
medium. 

2. The heat transfer coefficient 
generally increases with both uc 
and ud. The corresponding values 
of  the coefficient  at the same 
values of uc and  ud show an 
increasing trend with the 
increase of heat flux from the 
heater. 

3. The heat transfer coefficient in 
liquid-liquid-solid fluidized beds 
can be correlated in terms of the 
following dimensionless groups. 

 Nu = 0.164 (Rel Pr) 1.56 (Red) 4.05(1-ε)6.96 
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Table (1) Physical Properties of the Continuous and Dispersed Phases 

 
 
 

 
 

Figure (1) General Arrangement of the Experimental Setup 

 

Liquid 

Phase 

Density, 

(kg/m3) 

Viscosity, 

 (m Pa. s) 

Thermal 

Conductivity, 

 (W/m K) 

Heat Capacity  

[ Cp ×10-3 ] ,     

(J/kg K) 

Water 1000 1.0 0.60 4.18 

Kerosene 780 2.5 0.15 2.10 
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Fig. 3.2 Schematic Diagram of The Equipment.
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Figure  (3) The Heater Assembly 
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Heating 
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Figure (2) Schematic Diagram of the Experimental 
Setup 
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Figure  (4) Variation of Overall Heat Transfer Coefficient with uc and ud  

 

 

 
Figure  (5) Variation of Overall Heat Transfer Coefficient with uc and ud 

 

 

Q = 561 W 

Q = 1050 W 
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Figure  (6) Variation of Overall Heat Transfer Coefficient with uc and ud 

 
 
 

 
 Figure  (7) Variation of Overall Heat Transfer Coefficient with uc and ud 

 

Q = 1989 W 

Q = 2515 W 
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Figure  (8) Heat Transfer Coefficient vs. Continuous Phase Velocity for 

Different Values of ud 

 

 

 
     Figure  (9) Heat Transfer Coefficient vs. Continuous Phase Velocity 

 for Different values of ud 

Q = 561 W 

Q = 1050 W 
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 Figure  (10) Heat Transfer Coefficient vs. Continuous Phase Velocity  

for Different values of ud 

 

 

 
 Figure  (11) Heat Transfer Coefficient vs. Continuous Phase Velocity 

 for Different values of ud 

 

Q = 2515 W 

Q = 1989 W 
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 Figure  (12) Overall Heat Transfer Coefficient vs. Bed Porosity Compared  

with Previous Studies 
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