Liquid Holdup and Heat Transfer Coefficient in
Liquid-Solid and Three-Phase Fluidized Beds

Liquid holdups and wall-to-bed heat transfer coefficients in three-phase fluidized
beds with glass beads and cylindrical y-alumina particles were determined ex-
perimentally. It was found that the product of heat transfer coefficient and liquid
holdup in three-phase fludized beds is equal to that in corresponding liquid-solid
fluidized beds. A generalized correlation equation for heat transfer coefficients
in both liquid-solid and three-phase fluidized beds was proposed based on the above

relationship.
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SCOPE

This study investigates the relationships between liquid
holdup and heat transfer coefficient in three-phase fludized
beds and proposes a correlation equation which can be used for
both liquid-solid and three-phase fluidized beds. Both liquid-
solid and gas-liquid-solid fluidized beds are used in the chemical
industry. The former are used for crystallization, ion exchange,
hydrometallurgical operations, and so on. A three-phase fluid-
ized bed as defined in the current study is a bed of particles
fluidized by the cocurrent upward flow of gas and liquid. Both
liquid and gas flow through the bed and maintain the expanded
bed of solid particles in a continuous random motion. The liquid
phase forms a continuous medium, and the gas is dispersed as
discrete bubbles. One of the most important features of a
fluidized bed is its good heat transfer characteristics. Note-
worthy applications of three-phase fluidized beds with cocur-
rent upward flow of gas and liquid are in catalytic reactors, gas
absorbers, and fermenters. In these applications the addition

or removal of heat through the retaining walls of the bed or
immersed surface is often of prime importance. A knowledge
of the value of wall-to-bed heat transfer coefficient is essential
for the estimation of heat transfer area.

Heat transfer in liquid-solid fluidized beds has been exten-
sively studied and substantial experimental data have been
accumulated. Although several correlating equations are re-
ported in the literature, their accuracy is limited to a narrow
range of published data. It is only in recent years that a suffi-
cient number of papers have become available on the topic of
heat transfer in three-phase fluidized beds to attempt general-
ized correlations.

Phase holdup is one of the important hydrodynamic phe-
nomena in three-phase fluidized beds. It affects the bed volume
and the residence time of the fluid phase. In particular, the
liquid holdup plays an important role in correlating heat transfer
coefficients (Kato et al. 1981; Chiu and Ziegler, 1983).

CONCLUSIONS AND SIGNIFICANCE

Liquid holdup was found to decrease with increasing gas
velocity and decreasing liquid velocity for all particle sizes
studied. Gas and solid holdups, on the other hand, exhibit
changes which depend on particle size. Heat transfer coefficient
increases with gas velocity for all particle sizes studied in
three-phase fluidized beds. The product of heat transfer coef-
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ficient and liquid holdup in liquid-solid fluidized beds is equal
to that in three-phase fluidized beds. The heat transfer coeffi-
cients in both liquid-solid and three-phase fluidized beds can
be correlated by Stnz = Stne = 0.127 Re_)3%pr—0.362
uf®®e

The above correlation covers a wide range of particle size,
particle density, particle shape, column diameter, gas and liquid
velocities, and liquid viscosity. It should find use in heat transfer
equipment and reactor design,
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BACKGROUND

Some design aspects of liquid-solid fluidized beds have been
reviewed recently by Josi (1983).

Mathematical models of hydrodynamics in three-phase fluidized
beds have been proposed by (Stergaard (1965), Bhatia and Epstein
(1974), Darton and Harrison (1975), Dhanuka and Stepanek (1978),
and recently by Khang et al. (1983). To apply those models it is
necessary to know either bubble rising velocity or gas holdup data.
Kato et al. (1981) correlated the liquid holdup in three-phase flu-
diized beds by modifying the equation of Garside and Al-Dibouni
(1977). The present authors have reported that the relative increase
in heat transfer coefficient is equal to the relative decrease in liquid
holdup in a three-phase fluidized bed (Chiu and Ziegler, 1983).

Kato et al. (1981) have proposed a correlation equation for both
liquid-solid and three-phase fluidized beds based on the results of
relatively small particles fluidized by water and CMC solution with
air. A correlation equation for large particles fluidized by water
and air was presented by the present authors (Chiu and Ziegler,
1983). A summary of experimental conditions on previous heat
transfer investigations in three-phase fluidized beds was reported
in that study.

EXPERIMENTAL

Hydrodynamic experiments were carried out in a cylindrical Lucite
column of 0.0508 m dia. with ten pressure taps at 0.127 m intervals. The
column was 1.524 m long, with the first tap 0.1524 m above the distributor.
The top of the column protruded into a concentrically-mounted outlet
header acting as a weir over which liquid flows. This maintained an ap-
proximately constant head in the column. The calming section, 0.3048 m
long, was composed of two compartments. The lower compartment con-
tained a bundle of 0.00953 m O.D. polyethylene tubing, 0.152 n long. The
upper compartment was filled with a 0.0762 m deep bed of 0.003 m dia.
glass beads. On top of the beads a thin ring with attached 0.00015 m and
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Figure 1. Experimental apparatus for holdup measurements.
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0.00025 m clear opening stainless steel screens was placed between flanges
to form the bed support. The beads, bed, and tube bundle were each sup-
ported with 0.00059 m clear opening brass screen similarly installed. The
flow diagram is presented in Figure 1.

Solid particles were glass beads of 0.001 m and 0.003 m dia., and cylin-
drical y-alumina of [dia. (m) X length (m)] 0.003175 X 0.003175, 0.00476
X 0.003175, and 0.00476 X 0.00476. The properties of solid particles used
have been previously described (Chiu and Ziegler, 1983). Air was used as
the gas phase, and tap water was used as the liquid phase.

Liquid from the storage tank was pumped to the column and passed
through one of the rotameters and a valve on the bypass connecting the
pump discharge to the storage tank. Prior to entering the column, laboratory
air passed through one of the rotameters, a gas meter, and a distributor
below the calming section. Both liquid and gas were passed through the
calming section. When a steady state was reached, the dynamic pressure-
drop profile along the column was measured using a carbon tetrachloride
manometer. The bed height was taken as the intersection of the pressure-
drop profile curves on the plot of pressure drop vs. column height. The
phase holdups were determined from the slope of the axial profiles of dy-
namic pressure drop, bed height, and properties of liquid and sohds Further
details may be found in the work of Chiu (1982).

Heat transfer experiments were carried out in a copper column of 0.0508
m dia. The column was heated with electric heaters at constant heat fiux.
To avoid including any thermal entrance length effects, the difference
between measured wall temperature and bulk stream temperature of the
bed at the level of the main heater was used rather than an integrated or
logarithmic mean temperature difference to calculate the heat transer
coefficient. The details of the experimental setup and data treatment are
discussed elsewhere (Chiu and Ziegler, 1983).

RESULTS AND DISCUSSION

Liquid Holdup

Extensive data on the individual phase holdups, in particular,
for spherical particle systems have been reported in the literature.
The present experimental results show that liquid holdup decreases
with increasing gas velocity and decreasing liquid velocity for all
particle sizes studied. The behavior of liquid holdup is unlike gas
and solid holdups which exhibit different behavior for different
particle size. Kato et al. (1981) proposed the following equations
to correlate the liquid holdup in three-phase fluidized beds.

€13 =€ (u,;) " (1)

T r v 0.00476x0003175 ¥-Alumina
=0.128mss
o 0.001 m Glass Beads
U = 0.09 mvss
¢ 0.003 m Glass Beads
U= 0096 mss

Solid Line Kato et al Correlation
0.00476 X 0.00476 7¥-Alumina

L\'\'\H—Tﬁ\ u=0128 m/s
6 r U =0.096 mss
o ° x x

» u,.=0.063 mss

Liquid Holdup
o

4 1 1 1 1 b b . L L 1 . ]

0 .02 04 .06 .08 A 12
Gas Velocity m/s

Figure 2. Representative liquid holdup variations in three-phase
fluldized beds with gas and liquid velocity.
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Figure 3. Effect of bed porosity on the heat transfer coefficient in
liquid-solid fluidized beds.

where €} is the extrapolated value of the liquid holdup atu; = uy.
It can be correlated as

€1 =1 — 9.7(350 + Rel1)—0-5K0.092 (@)
where K is defined by
K= prud
go

The value of n can be calculated by the following equation

5.1(1 + 16.9K0255) — n
n—2.7

Liquid holdups observed in three-phase fluidized beds by Chiu

(1982) were compared with Kato’s correlation. Some results are

shown in Fig. 2. It can be seen that the liquid holdup values ob-

served in the present work are in agreement with Kato’s correla-

tion.

=0.1(1 + 4.43K%165)Re2?  (3)

Heat transfer In Liquid-Solid Fluidized Beds

Figure 3 presents heat transfer coefficients vs. bed porosity data
for the five particle types. It can be seen that heat transfer coeffi-
cients pass through a maxima as bed porosity is progressively in-
creased. In addition, the bed porosity at the maximum value de-
creases with increasing particle size. It is also found that the max-
imum heat transfer coefficient value increases with increasing
particle size for a given particle material. This might suggest that
heat transfer via particle carrier is not the main path for heat
transfer in liquid-solid fluidized beds. When heat transport occurs
via a particle carrier mode, an inverse relationship between heat
transfer coefficient and particle size is expected, since the smaller
the particles the greater the number per unit wall surface area, and
consequently the greater the heat transferred by their turnover.

Wall-to-bed heat transport in a liquid-solid fluidized bed is
thought to occur through two zones in series; i.e., total resistance
consists of a wall resistance and bed resistance, as per Wasmund
and Smith (1967), and Simpson (1973). The shift of the controlling
thermal resistance from the wall to bed occurs with a progressive
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decrease in either particle size or superficial liquid velocity. The
maximum heat transfer coefficient observed in Figure 2 might
result from the competitive influence of a situation which increases
wall resistance and decreases bed resistance simultaneously.

Heat Transfer in Three-Phase Fluidized Beds

The details of the experimental result and discussion have been
reported previously (Chiu and Ziegler, 1983). In the previous study,
it was found that heat transfer coetficients in three-phase fluidized
beds increase with gas velocity at a given superficial liquid velocity
and particle size. Heat transfer coefficients in three-phase fluidized
beds are higher than those of comparable gas-liquid systerns except
for small spherical particle size situations at high gas velocity. Plots
of heat transfer coefficient vs. bed porosity or liquid velocity pass
through a maximum as either the bed porosity or liquid velocity
is progressively increased. The bed porosity at which the maximum
value occurs decreases with increasing particle size.

DATA CORRELATION

Richardson (1971) suggested that a modified Reynolds number
be used to correlate pressure drop data. The modified Reynolds
number had previously been used to correlate heat transfer data
by Hamilton (1870) and was used later by Richardson et al. (1976).
In the modified Reynolds number, velocity is taken as the velocity
of fluid relative to the particles, and the linear dimension of char-
acteristic length is expressed as the volume of pore space per unit
surface of particles. Therefore, the modified Reynolds number for
liquid-solid fluidized beds can be expressed as

urLpL

S(1 — eLour @
where § is the surface area of particle per unit volume and S = 6/d,,
for spherical particles or § = 2(2L + dy,)/d,L for cylindrical
particles.

1t is known that liquid holdup is changed when gas is introduced
to a liquid-solid fluidized bed. For three-phase fluidized beds,
characteristic velocity is given by u; /€, 3, and the characteristic
length is expressed as €3/S(1 — €3). Then the modified Reynolds
number for three-phase fluidized beds can be expressed as

Rem2 =

uppPLES (5)
S(1 — €a)eLan
Similarly, the modified Stanton number is given by

Rems =

Stma = L ©)
pLCprur,
for liquid-solid fluidized beds, and
St = —ELS_ M
prCprur,

for three-phase fluidized beds.

Heat Transfer in Liquld-Solid Fluidized Beds

In the present study, the following dimensionless groups are
proposed to correlate the heat transfer coefficients in liquid-solid
fluidized beds.

Stm2 = f(Remz,PT,UR,¢3) (8)

Where uj, is the ratio of minimum fluidization velocity in liquid-
solid fluidized beds to terminal velocity, and ¢, is shape factor.
The effect of liquid viscosity on the heat transfer coefficients in
liquid-solid fluidized beds has been studied by Romani and Rich-
ardson (1974), Richardson et al. (1976), Kato et al. {1981), and Kang
et al. (1983). The test fluid of the first two reports was dimethyl
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TABLE 1. COMPARISON OF PUBLISHED DATA WITH CORRELATIONS
BY PRESENT STUDY AND BY KATO OF HEAT TRANSFER
COEFFICIENTS IN LIQUID-SOLID FLUIDIZED BEDS

Published Data Kato's* Present Test
Source Correlation Correlation Fluid
Baker et al. (1978) 5.9% 5.42%  Water
Kang et al. (1983) 5.65% 3.9% Water
Kang et al. (1983) 30.9% 17.2% CMC solution
Richardson et al. (1976)  39.9% 3.9% Dimethyl phthalate
Wasmund and 13.5% 441% Water

Smith (1967)
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Figure 4. Correlation for heat transter coefficlents in liquid-solid

fluidized beds.

phthalate; CMC solution was used as test fluid by Kato et al. and
Kang et al. A multiple linear regression method was employed to
correlate the present data and those of Richardson et al. (1976) with
Eq. 8. The latter data were used for considering the effect of liquid
viscosity on the heat transfer coefficients. The following correlation
equation was obtained with a 0.984 Pearson correlation coeffi-
cient.

St = 0.127 Re;3354Pr—0.362 02665 =1 ©)

The validity of Eq. 9 may be inferred from Figure 4. The average
error of the present correlation is within +10%.

Equation 9 can be rearranged for spherical particles, noting
that:

he  _ hzdeuLngL)‘l(CpL#L)‘l (10)
CrLpruL k \ 179 k
3nd 6
== 11
S a4 (11)

® Kato et al. (1981).

to give

l -
Nug = h—Z’:—ie = (.762 Re 2516 Pr0-638u%266¢;'1—-6 €2 (12)
L2

Kato et al. (1981) proposed an equation to correlate heat transfer

‘coefficient based on the results of relatively small size glass beads

fluidized by water and CMC solution. A comparison of the average
absolute error of the present correlation equation with that of Kato
et al. for the results of Richardson et al. (1976), Baker et al. (1978),
Kang et al. (1983), and Wasmund and Smith (1967) is shown in
Table 1. The average absolute error defined in the current study
is the ratio of the difference between the calculated values of Nug
and those experimentally observed to the experimental values. A
summary of the various experimental conditions is presented in
Table 2.

The larger average absolute error for Kang’s work with CMC
solution may be due to the pseudoplastic fluid behavior of CMC
solution. It should be noted that the present correlation equation
is not expected to apply to bed porosities greater than 0.85 at high
viscosities (>10 cp = Pa-s), because the modified Reynolds number
Re g is not usually found to be relevant at high bed porosities.

The data of Wasmund and Smith for Aluminum spheres are well
estimated with the present correlation equation. It is well known
that the thermal conductivitiy of aluminum particles is much
higher than that of glass beads (relative thermal conductivity about
250). However, there is no term which includes solid thermal
conductivity in the present correlation equation. Therefore,

TABLE 2. SUMMARY OF VARIOUS AUTHORS’ EXPERIMENTAL CONDITIONS

Column Ug Particle
Authors dia. m m/s dia. m
Baker et al. 0.24 0.04-0.126 0-0.238 0.001, 0.003, 0.005
(1978) glass beads
Kang et al. 0.152 0.002-0.16 0-0.12 0.0017-0.008
(1983) glass beads
Kato et al. 0.052 0.005-0.11 0-0.1 0.00042--0.0022
(1981) 0.12 glass beads
Richardson 0.102 0.047-0.282 — 0.009 glass spheres
(1971, 1976) 0.009 X 0.009
glass cylinders
0.003 steel spheres
Wasmund & 0.0523 0.015-0.225 — 0.000635-0.001981
Smith (1967) aluminum
Present work 0.0508 0.063-0.15 0-0.137 0.001-0.003 glass
beads
0.003175X

0.003175, 0.00476X
0.003175, 0.00476X
0.00476 y-alumina
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Figure 5. The relationship between St,,, and St,,3.

wall-to-bed heat transfer coefficients in liquid-solid fluidized beds
probably are independent of solid thermal conductivity. Further,
the present correlation equation predicts that heat transfer coef-
ficients of a system with spherical particles are slightly less than
those of cylindrical particle systems of the same material with the
same effective diameter. This trend was previously observed by
Richardson et al. (1976), and may be due to sharp edges causing
greater attrition of the boundary layer in the case of cylindrical
particles.

The data examined in the present work cover column diameters
in the range 0.0508 m to 0.24 m. The effect of column diameter
on heat transfer coefficient does not appear explicitly in Egs. 9 and
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Figure 8. Comparison of Nujex, With Nugc, In three-phase fluldized
beds.
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TABLE 3. COMPARISON OF AVERAGE ABSOLUTE PERCENT
DEVIATIONS FOR NUj; VALUES OF KATO’S CORRELATION WITH
PRESENT STUDY CORRELATION

Kato's* Present Test
Reference Correlation Correlation Fluid
Baker et al. (1978) 28% 6.14% Air and water
Kang et al. (1983) 64.5% 10.64% Air and CMC
solution

* Kato et al. (198)).

14. However, €1 is influenced by column diameter via wall effects.
The wall effect on terminal velocity is slight for systems of relatively
small particles. The effect of column diameter on heat transfer
coefficient should therefore be slight in the case of systems with
relatively small particles. However, Kato’s results for heat transfer
coefficient observed in a column of 0.052 m dia. are about 30% less
than those observed in a 0.12 m LD. column with relatively small
glass beads. The reason is not clear.

Heat Transfer in Three-Phase Fluidized Beds

In the previous study, it was found that the modified Stanton
number, St,,3, is independent of the modified Reynolds number,
Reys, and the relative increase in heat transfer coefficient is equal
to the relative decrease in liquid holdup, i.e.,

’_l{é = L2 (13)
hs €3
or
Stms = St (14)

The values of St,,3 vs. St,p,2 for the results of Baker et al. (1978),
Kato et al. (1981), Kang et al. (1983), and those of the current study
are presented in Figure 5. Baker’s values agree well with Eq. 14.
Those of Kato et al. and Kang et al. agree with Eq. 14 to within
+15%.

Combining Egs. 9, 10, 12, and 14 leads to

Nug = 0.762 Rel,516py0638, 0,266 4 -1 176—’4 (15)
L3
A comparison of Nus obtained in the present experiments with Nug
calculated from Eq. 15 is shown in Figure 6. The values of €, 3 are
equal to those of €2 at zero gas velocity. According to Egs. 13 and
14, St,,s is identical with St,,,5. Thus, Eq. 15 is a generalized cor-
relation equation for heat transfer coefficient in liquid-solid and
three-phase fluidized beds.
Kato et al. (1981) also proposed a correlation equation for the
heat transfer coefficients in three-phase fluidized beds. The
equation proposed by Kato et al. (1981) is as follows:

hedy €13 (d uLpLCPL)0.78 (gug)o.n
= 0.044 P 21— 16
k(1 — erq) k(1 — €13) + d,, (16)

The value of €13 becomes the liquid holdup of the liquid-solid
fluidized bed at zero gas velocity.

It was found that the calculated values of heat transfer coefficient
with Kato’s correlation are considerably higher than those exper-
imentally observed. A comparison of average absolute percent
deviations for Nug values of the present correlation with those of
Kato’s correlation for the results of Baker et al. (1978) and Kang
et al. (1983) is made in Table 3.

The effect of gas velocity on the heat transfer coefficient does
not appear explicitly in Eqs. 14 and 15. However, €3 and St s,

AIChE Journal (Vol. 31, No. 9)



which includes €, 3, which includes €5, are functions of gas ve-
locity.

The effect of bed temperature on the correlation, Eq. 15, has not
been studied in this investigation. Some thermal expansion effects
are to be expected, so that liquid holdup in three-phase systems
should correspond to liquid holdup in two-phase systems measured
or estimated at the same temperature. It should be noted that the
data compared with Eq. 15 in this study have all been generated
from surface-to-bed heating rather than bed-cooling situations.

CONCLUSIONS

The following conclusions are drawn from the current study:

1. Liquid holdup decreases with increasing gas velocity and
decreasing liquid velocity for all particle sizes studied.

2. The liquid holdup values observed in the present work are
in agreement with Kato’s correlation.

3. The heat transfer coefficient in a liquid-solid fluidized bed
passes through a maximum as bed porosity is continuously in-
creased.

4. Heat transfer coefficients in three-phase fluidized beds in-
crease with gas velocity at a given liquid velocity for all particles
studied.

5. The values of haers are equal to those of hgers.

6. Heat transfer coefficients in both liquid-solid and three-phase
fluidized beds are well correlated by Eq. 15 in terms of Nug, the
modified Reynolds numbers, Re,,z, the ratio of minimum fluid-
ization velocity to terminal velocity, the shape factor, and Prandtl
number.

NOTATION

Cp;, = liquid heat capacity, k] /kg-K

d, = particle diameter, m

k = liquid thermal conductivity, w/m.K

K = group defined in Eq. 2, dimensionless
hs = heat transfer coefficient in liquid-solid fluidized beds,

W/m2.K

hs = heat transfer coefficient in three-phase fluidized beds,
W/m2K

g = acceleration due to gravity m/s?

L = particle length, m

Nup; = Nusselt number in liquid-solid fluidized beds, =
hod,, /k

Nus = Nus';elt number in three-phase fluidized beds, =
hed,/k

Pr = Prandtl number, = Cpy y; /k

Reps = modified Reynolds number in liquid-solid fluidized beds,
defined in Eq. 4

Rens = modified Reynolds number in three-phase fluidized beds,
defined in Eq. 5

S = surface area of particles per unit volume, m~!

Stms = modified Stanton number in liquid-solid fluidized beds,
defined in Eq. 6

Stms = modified Stanton number in three-phase fluidized beds,
defined in Eq. 7

uc = superficial gas velocity, m/s

u; = superficial liquid velocity, m/s
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Ur = ratio of minimum fluidization velocity to terminal ve-
locity
Greek Letters

pr = density of liquid, kg/m?
ML = viscosity of liquid, kg/s-m?

€ = bed porosity in three-phase fluidized beds
€2 = liquid holdup in liquid-solid fluidized beds
€3 = liquid holdup in three-phase fluidized beds
o = shape factor

c = liquid surface tension, N/m
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