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Stable operation of fluidized-bed heat exchangers during freeze concentration is lim-
ited by the rate of ice removal from the cooling surfaces. Operation remains stable as
long as the erosion rate caused by the fluidized particles is equal or greater then the
ice growth rate. An empirical model has been devised to estimate the erosion rate at
different operating conditions. 4 and 5 mm equilateral cylindrical particles made of
stainless steel (SS304) were fluidized in the inside pipe of a vertical double pipe heat
exchanger. Bed porosities of 0.94-0.76, and apple juice concentrations of 12, 16, 18,
and 20 Brix were tested. The new erosion model was developed based on an analogy
between erosion and heat-transfer phenomenon. Experimental values of erosion rate
were obtained for different operating conditions and compared with the values esti-
mated by the model. © 2008 American Institute of Chemical Engineers AIChE J, 54: 2999—
3006, 2008
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Introduction

Fluidized-bed freeze concentration is a novel technique
which can be applied to the freeze concentration of liquid
foods. The scraped surface heat exchanger (SSHE) is the
most expensive piece of equipment in conventional freeze
concentration processes.1 The high quality of concentrated
fruit juice produced by freeze concentration process® has
instigated this work to investigate the applicability of fluid-
ized-bed freeze concentration to concentrate apple juice. This
work contributes to the research underway to make freeze
concentration technology acceptable to the industry. FBHE
can be visualized as a vertical double pipe or a shell and
tube heat exchanger with particles fluidized in the tubes. The
best understanding of fluidized-bed freeze Concentration pro-
cess is achieved by the knowledge of ability of fluidized par-
ticles to remove ice from the cooling surfaces. There is a
maximum cooling duty that can be applied at which the
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growth rate of ice on cooling surface becomes equal to the
rate of ice removal. Exceeding this limit will result in failure
of the operation and freeze up of the fluidized-bed column.
Mathematical models have been engineered for erosion in
Liquid fluidized beds erosion caused by fluidized bed during
freeze concentration. In these models, the system was con-
sidered to be in particulate mode and the particle-particle
interaction was considered insignificant. We believe that,
with the change in hydrodynamic characteristics of the fluid-
ized bed, the motion of the particles changes which affects
the rate of erosion rate. Therefore, the effects of hydrody-
namics have to be taken into account in the development of
liquid fluidized-bed erosion models.

Hydrodynamics of liquid fluidized beds

Depending on bed porosity, particle and solution character-
istics, liquid fluidized-bed hydrodynamics generally behave
in two modes namely, particulate (or segregate) and aggre-
gate (or bubbling). In the particulate mode, the fluidized bed
is homogeneous with particles distributed uniformly through-
out the bed.* In this mode, characteristic motion of individual
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particle is pivotal.3 Therefore, it is important to understand
the particle’s kinetic energy and the frequency with which it
strikes the wall. In the aggregate mode of fluidization, parti-
cle-particle interaction exceeds a certain value and motion of
groups of particles rather then individual particle becomes
important. The aggregate mode is manifested by the move-
ment of small groups of particles as individual units through
the system.” These small groups or clusters of particles rise
through the bed and burst through the surface creating a
high-degree of solid and liquid mixing. Figure 1 describes
these two major modes of operation in liquid fluidization.

Mode of fluidization can be identified by a simple hydro-
dynamic criterion developed by Gibilaro.® According to this
criterion, aggregation in fluidized bed will occur if the fol-
lowing condition applies
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The dynamic wave velocity u, can be obtained from the fol-
lowing equation,’
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The continuity wave velocity u, is defined by the following
relationship

u, = nvi(1 —g)e"! 3)

where 7 is the Richardson and Zaki exponent,'* and v, is the
terminal falling velocity of particle corrected for hindering
effects of tube wall.

Positive values of Fu calculated by Eq. 1 indicates particu-
late fluidization mode, while negative values indicate aggre-
gate mode. Zero value of Fu indicates the conditions at
which transition from particulate to aggregate takes place. It
should be noted that the transition is not abrupt and takes
place gradually.

Erosion modeling in liquid fluidized beds

Meijer in his work shed a considerable light on the erosion
phenomenon in liquid fluidized beds, as he focused on CaSO,
scale inhibition during desalination of sea water.> The model
developed by him was based on particulate mode of fluidiza-
tion and general equation proposed by him is as follows

E
Eer - C’anp,x2 ;_,zfr (4)

C is a constant depending on the properties of the target ma-
terial, v, is the component of velocity of particle in the
direction normal to the wall. Other components of velocity
were neglected due the lubricating effects of liquid.’

The frequency of collisions per unit wall area, was further
defined as the product of particle velocity and available num-
ber of particles per unit volume N

)

Every particle was supposed to be equally contributing to the
collective erosion effect caused by the fluidized bed which is
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Figure 1. Hydrodynamic modes in Liquid fluidization.

the characteristic of fully particulate mode. Operating mode
of fluidization in Meijer’s work remained within the particu-
late mode as he used 23 mm ceramic balls in sea water.’
Meijer noticed that when system went closer to bed porosity
of 0.7, Eq. 4 was no longer applicable.’ Scale of aggregation
based on experimental conditions of Meijer’s work indicates
that fluidization turns into aggregate at this bed porosity, this
is an important observation and provides a drive to furnish a
different model for aggregate mode.

Habib and Farid' followed Meijer’s assumption that the
majority of collisions are in the direction normal to the wall.
They pointed out that the erosion is a result of repeated colli-
sions of particles with the walls and is not a cutting phenom-
enon. Therefore, they employed the modeling approach pre-
sented by Wood and Woodford,® which is based on the prin-
cipal of fatigue erosion, developed originally for erosion in
gas-fluidized beds. Following the principle presented by
Hutchings9 based on low-cycle fatigue in metals caused by
the particles, final form of the equation for erosion rate was
developed as shown below’

E, — 1‘5ympvp‘xj(1 —) ©

where 7y = L

N Where f is fraction of indented volume
actually deformed in a collision, Ny is the number of impact
cycles to fatigue failure, p is indentation pressure required
for erosion. Eq. 6 is very similar to Meijer’s erosion model
(Eq. 4) with the same hydrodynamic group and a constant
depending on the properties of target material.

In this study, owing to the FBHE operation falling into the
aggregate mode, a new erosion model is developed and vali-
dated for ice removal from the surface of heat exchanger
during freeze concentration of apple juice. This erosion
model can be used to estimate the operational limits in terms
of maximum cooling duty that can be applied.
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Experimental setup and methods

A vertical double pipe heat exchanger was employed in
this study to test fluidized-bed heat exchanger for the freeze
concentration of apple juice. Details of the experimental
setup has been described in a previous publication.'® Coolant
was pumped in the annular space between the inner and
outer pipe in a countercurrent direction to the juice flowing
upward in the inner pipe. The upward motion of the juice
caused the equilateral cylindrical stainless steel particles to
fluidize. Stainless steel particles, made of SS304 were manu-
factured commercially by cutting rods into equally sized (4,
5 mm) particles with sharp edges.

Bed porosity in fluidized bed was calculated according to
the following equation

Vo

s=1-32 )

V,, is the total volume occupied by the particles, and V7 is
the total volume of fluidized bed. Since volume of the fluid-
ized bed was fixed in this study, measured mass of the par-
ticles was added in order to get the desired bed porosity
according to the following equation

Mass of particles required = V(1 — ¢)p; 8)

where p; is the density of the solid particles (7,900 kg/m3 for
SS304). Once the particles were fluidized, the flow rate was
adjusted to expand the fluidized bed to the whole volume
and measured value of superficial velocity was recorded. Bed
porosity as a function of superficial velocity was obtained by
the correlation proposed by Hirata and Bulos,'' and modified
by Jamialahmadi'? for cylindrical particles. The relationship
is given as follows

7.4025+0.69 | d,/D
w0 (40) exp(7.56(1 — k7))

(C))

epx 1 the packed bed porosity and was estimated by the fol-
lowing equation13 for cylindrical particles

&= o + (1 — &) erz

L 0I5
T

Richardson and Zaki bed porosity (erz) was calculated by
the following equation

brz = [V—] . (11

Vi

+0.39 D/d, >2.033 (10)

v, is the terminal falling velocity corrected for the wall
effects, and n is Richardson and Zaki exponent which may
be calculated as follows'*

~ 2(2.35+0.175Re,*7)
14 0.175Re075

12)

Terminal particle Reynolds number Re, and, hence, v,
were estimated by the empirical expression produced by
Hartman'®
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LogioRe; = P(C) + log,, R(C) (13)

where

P(C) = ((0.0017795C — 0.0573)C + 1.0315)C — 1.26222
R(C) = 0.99947 + 0.01853 sin(1.848C — 3.14)

and

dﬁgpz(ps - ,01)]
1

C—loglo{ P

Re, is the Reynolds number at terminal falling velocity and
is given by

d
Re, = 1Pt (14)

Hy

The equivalent diameter, which is the diameter of a sphere
of equal volume as of the particle, was used in all the

calculation
1/3
dy(eq) = 1 §d3 (15)

where d is the diameter of an equilateral cylindrical particle.
The gross rate of heat removal from the fluidized bed was
calculated from the inlet and outlet temperature of the cool-
ant side according to the following equation

QT = mL'Cp,('(T3 - T2) (16)

where T3 is the coolant outlet temperature, and 7, is the
coolant inlet temperature. Although the outer surface of the
heat exchanger was insulated, small amount of heat would
always have been transferred from the atmosphere to the
coolant. This heat transferred from the atmosphere would
contribute to the total duty of the exchanger. Heat transferred
from the atmosphere should be subtracted from the total duty
calculated by Eq.16 in order to obtain the net rate of heat re-
moval from the process fluid

Qnet = QT - Qatm (17)

where Q,,, is the heat gained from the atmosphere through
the insulated wall of the shell of heat exchanger. Q,,, was
calculated by considering average ambient temperature of
18°C. Thermal conductivities of 0.092 W/mK and 0.036 W/
mK for PVC pipe and insulation (FR/Armaflex), respectively,
were used in the calculations.

In the experiments coolant inlet temperature was varied
from —3°C to —14°C depending on the juice freezing tem-
perature (i.e., its concentration). Coolant flow was adjusted at
a maximum value of 1 kg/s. Pulp free apple juice was tested
in concentrations of 12, 16, 18 and 20° brix, which were pre-
pared by diluting 70° brix apple juice concentrate. Concen-
trations were measured using calibrated digital refractometer
under controlled temperature of 20°C. In each experiment,
the feed tank was filled with 70L of juice.
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Table 1. Correlations for Estimating Physical Properties of Apple Juice

Physical Property Correlation Eq. no. Ref. no. Remarks
Viscosity, u I — (0.45 C?* +4.11C +2.04 X 10%) 22 17 C is concentration in °Brix, T
np= T is Temperature in K
+(=1.03 X 107°C* + 6.44 X 107°C — 13.8)
Density, p Inp = —(2.64 X 107°C + 2.66 X 10°HT 23 17 C is concentration in °Brix, T
— (—4.98 X 1073 C + 13.8) is Temperature in K
Thermal Conductivity, k k = (0.565 + 0.0018T — 6 X 10~ °T?)(1 —0.54X,) 24 18 X, is the mass fraction of solids,
T is temperature in °C
Specific Heat, C, C, = 4.187{1 — X, [0.57 — 0.0018(T — 20)]} 25 18 X, is the mass fraction of solids,

T is temperature in °C

Experimental value of overall heat-transfer coefficient
(OHTC), U,,, was calculated from experimental conditions
based on outside surface area of the inner pipe as follows

Qnet

18
A, AT ymp (1%)

Uexp =

where Q,.; is defined in Eq. 17, A, is the outside surface
area of the inner pipe; AT, y7p is the log mean temperature
difference, and is given by

Oh - ()c

AT yrp = lnz—h (19)

where 0, is the warm-side temperature difference, T4-T1 and
0. is the cold-side temperature difference, T3-T2.

During freezing all heat removed from the apple juice
serves to generate ice. In this study it was assumed that
almost all ice is generated on the walls of the heat
exchanger. The growth rate of ice can be increased by
increasing the cooling rate. Ice was assumed to be distributed
evenly on the exchanger wall and

— Qnet (20)

Hf picenD L
where G is ice growth rate m/s, Hy is the latent heat of fusion
of ice. Juice was cooled to its freezing point, and seeding
was performed. If seeding was performed after super cooling,
column had a tendency to freeze up due to rapid formation
of ice layer beyond the removing capability of the solid par-
ticles. Seed crystals were prepared by freezing small volume
of juice and crushing the resulting ice.

In the experiments, growth rate of ice was increased by
increasing the temperature difference between process fluid
and circulating coolant. This was done by lowering the re-
frigerant inlet temperature in small steps (0.25-0.5°C), and
then, the column was allowed to operate with the same cool-
ing rate for 10-20 min. During this time interval OHTC and
pressure drop through the fluidized bed were monitored. Af-
ter ensuring column stability, ice growth rate was increased
by lowering the refrigerant temperature further. At a certain
ice growth rate, column failure occurred, which was mani-
fested by a decrease in heat-transfer coefficient due to the
buildup of ice layer of low thermal conductivity on the
exchanger walls. This was also accompanied by an increase
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and then decrease in pressure drop across the fluidized bed.
The increase in the pressure drop is due to the buildup of ice
inside the column, while the decrease in pressure drop is due
to particles running out of the column as a result of decrease
in cross-sectional area of the column. Particles could be seen
through the transparent column installed above the fluidized
bed during column failure. At critically stable condition,
growth rate of ice on the exchanger wall is equal to the ero-
sion rate caused by the solid particles. If the cooling rate
increases beyond this point, growth rate of ice goes beyond
the ability of solid particles to remove it, and column failure
or freeze up takes place. Therefore, the experimental value
of erosion rate can be obtained by equating the growth rate
at critically stable condition to the erosion rate. This is essen-
tially the same procedure adopted in previous work on fluid-
ized-bed freeze concentration of milk and NaCl solution.''
Therefore, erosion rate was evaluated as follows

E. = G(('rit) 2n

Correlations given in Table 1 were used for estimating physi-
cal and thermal properties of apple juice (Table 1).

Development and validation of erosion model

Based on our discussion in the previous section, it was
necessary to device an erosion model for liquid fluidized
beds in aggregate mode. This model would be of consider-
able importance as fluidized-bed freeze concentration plants
would almost always operate in aggregate mode.

Heat transfer has been extensively studied and understood
in liquid fluidized beds. It was found that the increased heat-
transfer coefficient in a fluidized bed was mainly due to dis-
turbance and mixing of the fluid within the thermal boundary
layer caused by the fluidized particles.'> The fluidized par-
ticles collide repeatedly with the walls and the faster the
movement the greater the heat transfer coefficient.'® It has
also been noticed that once fluidization turns into aggregate
mode, changing particle size does not affect heat-transfer
coefficient significantly. Whereas, particle size does have a
considerable effect on heat transfer coefficient in particulate
mode of fluidization.'> The experimental results presented
later in this article show that particle size has a negligible
effect on erosion rate in FBHE and operation mode was ag-
gregate. These findings encouraged us to devise an erosion
model in analogy with heat transfer.

November 2008 Vol. 54, No. 11 AIChE Journal



on 4 —— dmmparticles
— S panicles
0
£
E 02 4
|
a2 03 0.4 05 0.8 a7 o8 o8 1 11
E 02
k-]
ﬁ =04
-0e
08

Bed porosity, £

Figure 2. Calculation of scale of aggregation to predict
the hydrodynamic behavior of the fluidized
bed for 4 and 5 mm cylindrical particles and
12 °Brix apple juice.

Meewisse’s heat-transfer model for wall-to-bed heat-trans-
fer coefficient was found to be most suitable when compared
with the wall-to-bed heat-transfer coefficients found experi-
mentally in this work." The correlation to evaluate wall-to-
bed heat-transfer coefficient suggested by Meewisse is shown

as follows>"
Nuy, = 0.0587Re;, 070 p0622 (26)
where
hd, &
Nuy =—L
ul k/ 1—¢
Re, — pvid, 1
uw 1l—e
Cplt
Pr =22
T I

As discussed earlier, erosion phenomenon in liquid fluidized
beds, can be defined analogous to heat transfer. A new pa-
rameter, introduced in this article, termed “Cleaning Ability
Coefficient, C.” may be defined by dividing the heat-transfer
coefficient from Eq. 26 by the product of liquid density and
its heat capacity (p; Cp)

ok

‘ plcpﬁl

= 0.0587 [L’Vfdﬂ 1 ]0'709[Cp.zu]°'622 [kz(lft%)]
p l—e ki dpep Cp,

27

The units of C. is m/s, and, hence, it describes the ability of
fluidized bed to remove the ice layer generated on the sur-
face. Erosion rate also depends on the properties of the target
material, therefore, the erosion rate can be defined as,

E, = Vl Ce (28)

where 7' is a dimensionless constant for the target ice and it
represents the ease with which ice can be removed. As the
nature of ice is expected to change with concentration and
type of solution,"*! values of 7 are also expected to vary
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with the change in solution concentration. Values of )’ for
different solutions and concentrations should be determined
experimentally. Therefore, the final form of equation for the
erosion rate becomes

0.709 7,0.378 0.291
Vs kl (l - 8)

E..(m/s) = 0.0587y’

29
021 'u0.087C2:?78 d2,291 (29)

This erosion model is only applicable to aggregate mode in
liquid fluidized beds. This model also does not consider the
angle of impact, and frequency of impact like in the models
discussed previously, but these parameters are inherently
included through their effect on the heat transfer, which the
model is based on.

Hydrodynamics

It can be seen from Figure 2 that scale of aggregation Fu
(calculated according to Egs. 1-3) became negative at a bed
porosity of 0.94 for both 4 and 5 mm particles, suggesting
that operating conditions in this work fall in aggregate mode.
After observing the same trend for other solution concentra-
tions, it can be said that a change in solution concentration
does not change the scale of aggregation significantly.

Experimental values of erosion rate

Measured erosion rates were obtained using the methodol-
ogy presented in the previous section, employing Eqs. 20
and 21, for 12 Brix apple juice, and are shown in Figure 3.
Bed porosity was calculated using Eqs. 9-15. It can be seen
from Figure 3 that the erosion rate generally increases with
decrease in bed porosity. This observation is in line with the
experimental results found by Habib and Farid on fluidized-
bed freeze concentration of milk and brine."'® This increase
in erosion rate is attributed to the increase in the number of
particles, which increases the number of collisions per unit
area of the column.

It is important to note here that the decrease in bed poros-
ity also causes the superficial velocity of the liquid to
decrease, which in turn tends to reduce the aggressiveness of
the fluidized bed. Therefore, the increase in the number of
particles is contributing more then the decrease in superficial
velocity to this change in erosion rate.
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Figure 3. Variation of experimental values of erosion

rate with particle size and bed porosity using
12° Brix apple juice.
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Figure 4. Values of 7y at different bed porosities
according to Eq. 29 for 4 and 5 mm par-
ticles, and 12 Brix apple juice.

It is evident from Figure 3 that erosion rate changes
sharply in the region of higher bed porosities (greater then
0.92), and this change becomes less pronounced with further
decrease in bed porosity. This is due to the change in fluid-
ized-bed hydrodynamics with bed porosity. From Figure 2 it
can be seen that for both 4 and 5 mm particles, the fluidized
bed turns into aggregate mode at bed porosity of around
0.94. Due to gradual transition between the two modes, the
system happens to be in a partial aggregate state between
bed porosities of 0.9 and 0.94. The increase of particle-parti-
cle collisions as the system advances into aggregate mode
may explain the smaller change in erosion rate in the fully
aggregate mode as manifested in Figure 3.

It can also be observed from Figure 3 that particle size has
only small effect on the erosion rate. Erosion rate for 5 mm
particles is only slightly higher then that for 4 mm at some
bed porosities. This observation is the one, which lead to the
development of the new model presented in this work. Previ-
ously, Habib and Farid' found that the erosion rate caused
by the 4 mm particles was significantly less then Smm par-
ticles for both milk and brine. The effect was probably due
to the fact that the 4 mm particles used in their work were
not as sharp as those used in this work.

We expect that the effect of hydrodynamics on heat-trans-
fer phenomenon would be similar to its effect on the erosive
ability of the particles, since both are related to what happen
at the wall of the column. The movement of particles in ag-
gregate mode in the form of clusters overshadows the effect
of particle size caused by different superficial velocities.
Therefore, it maybe concluded that when a fluidized bed
enters aggregate mode, the effect of particle size on erosion
also becomes smaller.

Evaluation of experimental values of

As discussed earlier )/, in Eq. 29 is a constant depending
on the nature of ice formed, which in turn is a function of
type and concentration of the solution to be concentrated.
Therefore, validity of the erosion model has been confirmed
by obtaining experimental values of 7y’ for different concen-
trations, bed porosities and particle sizes. Obtaining a con-
stant value of 9’ for a specific concentration and type of solu-
tion is a criterion for suitability of our erosion model.

3004 DOI 10.1002/aic
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Table 2. Average Values of 7' for Different Juice

Concentrations
Juice Average 7/, Average 7/,
concentration, Brix 4 mm 5 mm Average
12 1.64E-02 1.57E-02 1.60E-02
16 2.14E-02 2.11E-02 2.13E-02
18 2.34E-02 2.42E-02 2.38E-02
20 2.28E-02 2.61E-02 2.44E-02

It is clear from Figure 4 that values of 7y’ remained con-
stant over most of the range of bed porosities and for both
particle sizes tested. There is a variation in values in )’ the
region of high-bed porosity. Beyond bed porosity of 0.9, par-
ticulate fluidization dominates giving rise to increased impact
of particle size on the erosion rate (phenomenon discussed in
details in the previous section). y’ values change with solu-
tion concentration, therefore, experiments performed with
higher concentration of apple juice yielded different values.
Final values of )’ were obtained by taking averages over a
range of bed porosities and two particle sizes. Values of )’
for bed porosities above 0.9 were neglected since fluidization
follows different mechanisms as described earlier. Summery
of these results is shown in Table 2 and plotted in Figure 5.

It can be seen that values of y vary linearly with juice
concentration. This result conforms to the experimental
results on milk and brine.' It was discussed earlier that repre-
sents the ease with which ice can be removed. Therefore,
from this result it can be inferred that with the increase in
solution concentration, ease of ice removal increases so does
the erosion rate. Habib and Farid' explained this increase in
7/, with concentration to be a result of a decrease in
strength of ice, with the increase in solution concentration.
Meewisse®' reported similar results during his work on ice
slurry generation using fluidized bed, and attributed this
effect to the reduced crystal growth rate due to increased so-
lution concentration.

Modeling results

Erosion rate model (Eq. 29) was used to calculate the ero-
sion rates and compared them with experimentally measured
values (Egs. 20 and 21) as shown in Figure 6a and b. Experi-
mental values of superficial velocities were used in the calcu-
lation of erosion rate by Eq. 29. The linear relationship
between ' and juice concentration (Figure 5) was used for
calculating 7'

J0E-02

¥=00071x +0.0033
 =0.984

25E-02

20E-02

= 15E-02

1.0E-D2

5.0E-03

0.0E+DO T T
i} 5 10 15 20 25
Juice concentration, Brix

Figure 5. Variation of y with solution concentration.
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Figure 6. (a) Comparison of calculated and experimen-
tal values of erosion rate for 4 and 5 mm par-
ticles, and 12° Brix apple juice; (b) compari-
son of calculated and experimental values of
erosion rate for 4 and 5 mm particles, and
16° Brix apple juice.

It can be observed in Figure 6a and b that the model pre-
dicts a slightly higher erosion rate for 5 mm than 4 mm par-
ticles at higher bed porosities, which is also evident from the
experimental measurements. Aggregate behavior in the bed
diminishes the difference in the erosion rates between two
particle sizes. Because of particulate behavior in the fluidized
bed, model does not conform well to the experimental results
at higher-bed porosity range (see Figure 6b).

For juice concentrations of 18 and 20°Brix, experiments at
bed porosities lower than 0.88 could not be performed due to
limited cooling duty performed by the chiller. The small
number of experiments at higher concentration was not suffi-
cient to yield very meaningful erosion curves, but was suffi-
cient to approximate the values of ). Further experimental
work is required using a more efficient cooling system.

It can be seen that the erosion model conforms to the ex-
perimental results well. Erosion rate drops at higher- and
lower-bed porosities. At higher-bed porosity erosion rate
drops due to the less number of particles in the bed, while at
lower-bed porosity, the drop in erosion rate is due to restric-
tion in the movement of particles caused by the presence of
large number of other particles.

Conclusions

Experiments show that it is possible to carry out freeze
concentration of fruit juices in fluidized-bed heat exchanger.
However, the fact that such a process can be stable (the con-
dition in which the rate of ice removal is higher or equal to
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the rate of ice formation) at only specific operating condi-
tions, required the development of a model to predict these
stable conditions. Experimental results have shown that parti-
cle size had only a small effect on erosion rate of the ice
formed in the process. Analogy between heat transfer and
erosion phenomenon has led to the development of a new
erosion model. This erosion model predicts stable operating
limits for the fluidized bed at different bed porosities, particle
sizes and concentrations of apple juice. The model predicts
the experimental values well at bed porosities lower than 0.9,
due to the fact that the fluidized bed operates at aggregate
mode. Impact of particle shape has not been studied in this
work, therefore, there is a need for more work in this avenue
to incorporate the effect of particle shape.

The model developed here can be applied to media other
than apple juice, provided, values of are obtained experimen-
tally for use in the model. This study does help in improving
the understanding of freeze concentration operation in liquid
fluidized beds.

Notation

A = area, m?>
C,, = specific heat capacity, J kg~ 'ec!
d, = equivalent particle diameter, m
D = fluidized-bed diameter, m
E = elasticity modulus, Nm >
E,, = erosion rate, m sec '
£, = frequency of impact per unit area, number sec” 'm
g = acceleration due to gravity = 9.81 msec >
G = ice growth rate, msec !
h = wall-to-bed heat-transfer coefficient, Wm 2 °C™!
Fu = scale of aggregation.
k = thermal conductivity, Wm!ec!
L =length, m
m = mass, kg
N = number of particles per unit volume, m
Nu, = particle Nusselt number
Nuy, = hydraulic Nusselt number
Q = heat duty, W
Rej, = hydraulic Reynolds number
r =radius, m
T = temperature, °C
vy = superficial velocity
V, = total volume of fluidized bed, m®
W,, = eroded volume per impact, m>

-2

3

Greek letters

&= bed porosity or void fraction
)= yield stress, Nm 2

¢ = angle of impact

= dynamic viscosity, Pas

p = density, kgm >

Subscripts
atm = atmosphere
¢ = coolant
h = hydraulic
i =ice slurry
in = inside
[ = liquid
o = outside
P = particles
s = solid particles
T = total

exp = experimental
x = direction normal to the wall
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