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1. INTRODUCTION

FLuDIZATION techniques have been applied in recent years to
a wider range of operations (e.g. solids drying, ore roasting,
gasification and pyrolysis of solid fuels) than the traditional
catalytic cracking processes and non-isothermal gas—solid
reactions. New fields of application of fluidization quite often
involve coarse solid particles (d, > 1.0mm) with poor fluidi-
zation qualities and ineffective gas—solid contact. This
explains the development of more appropriate non-classical
fluidization techniques amongst which that of immersion of
the coarse, active solids in a high-quality fluidized medium
of fine and inert particles promises to offer wide industrial
applications. This work is aimed at a better understanding
of the heat and mass transfer phenomena underlying such a
technique by means of an experimental approach based on
the constant rate period drying of moist, porous alumina
spheres in air fluidized beds of sand particles.

2. HEAT AND MASS TRANSFER
MECHANISMS

2.1. Heat transfer

The heat flux to the wet surface of the alumina spheres,
like bed-to-wall heat exchange [1, 2] at low temperatures may
be considered as the resultant of two contributions.

(a) A gas-convective flux, g., from the hot fluidizing gas
to the moist solids across a thin film of stagnant gas adjacent
to the evaporating surface.

This may be defined by :

4e =hc(Tg_Ts) (1)

where h is the gas-convective heat transfer coefficient, T, the
bulk gas temperature and T, the surface temperature of the
moist particles.

(b) An interparticle heat flux induced by the temperature
difference between the moist particles and the hot fluidized
fine particles. Like the particle-induced convective com-
ponent in bed-to-wall heat transfer [1] this is considered to
occur by the release of heat to the stagnant gas film sur-
rounding the moist surface by the hot fine particles during
their intermittent contact with the coarse particles [3, 4]. The
interparticle heat flux, g,, can be defined by :

4 = (T, —T)) @
where A, is the interparticle heat transfer coefficient and 7,
the fine particle temperature.
From equations (1) and (2), the total heat flux can be
written as:
g = hc(Tg_Ts)+hp(Tp_Ts)' (3)
A mean solid temperature T, can be defined in the bed [5,
6] by:

T, =fT,+(1-NT, @

where f'is the mass fraction of the fine particles in the bed.
The high values of f (=0.98) used in this work permit a
reasonable approximation from equation (4):

T,=T, (5)

Owing to the high specific area of the fluidized particles

one may consider that the gas-solid heat exchange is confined

to a small zone above the distributor. In other words, a gas—
solid thermal equilibrium can be assumed, hence:

T,=T,=T, (6)
Substitution of equation (3) yields:
g =h(T,—T) 9
where A, is the total heat transfer coefficient given by :
he=h,+h. (8)

2.2. Mass transfer

Since the fine particles are non-porous, water vapor trans-
fer from the evaporating surface occurs by convection only.
The flux, N, is defined by :

N = k(H,~ H,) ©

where k is the mass transfer coefficient, H, the absolute
humidity of gas in contact with the wet surface and H, the
bulk gas absolute humidity.

3. EXPERIMENTAL APPARATUS
AND PROCEDURES

The experimental set-up (Fig. 1) consisted essentially of a
stainless-steel, rectangular cross-sectional column @©
(120 x 360 x 600 mm) containing a bed of fine sand (80 mm
high) supported on a perforated plate distributor (hole diam-
eter of | mm with a rectangular pitch of 80 mm).

The wet, porous alumina spheres were contained in a
basket @ suspended a few millimetres (~ 30 mm) above the
distributor. The basket holes were large enough to allow the
free movement of the fine particles. This arrangement was to
ensure that the drying occurs only in the isothermal zone,
i.e. where equation (6) holds.

Bed temperature was maintained at a prefixed value by
means of a feedback system comprising an iron—constantan
thermocouple ® inserted in the bed, a Philips P.I.D. tem-
perature recorder controller @ and a 12-kW electric coil air
heater .

Fluidizing air humidity was measured by means of a dew
point LiCl probe @ and counterchecked with wet- and dry-
bulb psychrometer measurements (maximum difference of
10%).

The experimental runs consisted in determining the drying
rate of the alumina spheres fed into the fluidized bed of
fine sand maintained at a fixed temperature. To ensure the
appearance of a measurable constant rate period, it was
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Technical Notes

A surface area [m?]

C,n  specific heat of humid air [J (kg dry air)~! °C~']
dp large particle diameter [m]

mean fine particle size [m]

diffusivity of water vapor in air [m?s~']
gravitational acceleration [m s~ 7]

gas mass flow rate [kgm=?h~']

gas convective heat transfer coefficient

[W m- 2 oc— l]

interparticle heat transfer coefficient

[w m- 2 °C- l}

total heat transfer coefficient

[W m~ 2 oc— l]

absolute humidity of bulk gas [(kg water) (kg
dry air)™ ]

absolute humidity of air in contact with moist
surface [(kg water) (kg dry air)~']

convective mass transfer coefficient based on
humidity difference [kg m~2s~' AH ]
drying rate [(kg water evaporated)(kg dry solid
HEN!

bulk gas temperature [°C]

fine particle temperature [°C]

mean bed temperature [°C])
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NOMENCLATURE

T,  surface temperature of moist particles [°C]
T,  wet-bulb temperature of air [°C]

U,; minimum fluidization velocity of fine particles
[ms™]
Un. critical gas velocity [ms™'].

Dimensionless groups

Ar  Archimedes number, gd3(p, — p)p,/ul

Jo  Chilton—Colburn factor for mass transfer,
(k{G)Sc*

Jy  Chilton-Colburn factor for heat transfer,
(h/GCy)Pr*?

Le  Lewis number, (Sc/Pr)%?

Nu  Nusselt number, hd\ /A,

Pr Prandtl number, 1 Cpp/2,

Rey, critical Reynolds number, Uy.di p,/u,

Sc  Schmidt number, p,/p,D

Sh  Sherwood number, kd, /D.

Greek symbols
p,  gasdensity [kgm™7}
p, fine particle density [kg m~°]
Mg gas viscosity kgm™' s ')
A, gas thermal conductivity [W m™"' °C~'].

imperative to saturate initially the alumina spheres with
water and to conduct the drying experiments at temperatures
not exceeding 20°C.

The slope of the sample moisture content—time plot in a
given run was a measure of the drying rate expressed in kg
water evaporated per kg dry solid per second. The first few
minutes of each run were discarded in the graphical deter-
mination of the drying rate in order to avoid any misleading
errors due to the overlapping of the initial drying period and
the constant rate period. Relevant solid properties and ranges
of experimental variables (4, d, and U) are summarized in
Table 1.

4 5

|

L—Air
F1G. 1. Experimental setup: 1, fluidization column; 2, sus-
pended basket; 3, air-preheater; 4, temperature recorder
controller; 5, humidity recorder; H, hygrometer; T, ther-
mocouple.

4. CALCULATION OF TRANSFER COEFFICIENTS
AND SURFACE OF WET PARTICLES

From the measured drying rate R and the heat and mass
transfer flux equations (7) and (9), respectively, the following
overall energy and mass balances can be written :

Heat required for
evaporation

_ sensible heat supplied to the wet surface
"~ |by convective and interparticle transfer modes

RAHy = h A(T,—T,) (10$)
|drying rate| = |convective mass transfer rate|
R =kA(H,—H)). (11)y

Transfer coefficients 4, and k can thus be evaluated from
equations (10) and (11), respectively, if the surface conditions
T, and H; are known. It is well established that surface
temperature of solids undergoing drying in the constant rate
period is virtually equal to the wet-bulb temperature of the
drying fluid when the heat supply is solely by convection. In
the present work, the wet surface receives heat from the
fluidized fine particles as well. T, is thus likely to be higher
than 7, as revealed in previous studies [6, 7].

By means of the arrangement illustrated in Fig. 2, the
surface temperature of wet alumina spheres fixed in fluidized
beds of fine sand were measured. The experimental con-
ditions and variables were identical to those of the drying
experiments (Table 1). The deviation of the measured surface
temperature, T,,, from 7T,, represented by the ratio
(Ton—T.)/(T,~T,) was found to decrease as U/U,; in-
creases (Figs. 3 and 4) for all combinations of 4, and D,. At
a given U/U,;, it is apparently independent on 4; (Fig. 3)
but decreases as the fluidized particles become coarser (Fig.
4). Vanderschuren and Delvosalle [6] reported similar evol-
utions and a maximum deviation of 25% in the transfer
potential in their experimental ranges: 1.5 < UfU, < 3.5;
30 <4, <11.4mmand 0.79 < d, < 5.70 mm.
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Table 1. Solid properties and ranges of experimental vari-
ables

Inert fluidized medium of sand
pp=2650 kgm™*

Granulometry d,

(um) (pm) Upe (ms™")
250-315 282.5 0.090
400-500 450 0.143
630-710 670 0.201

Porous alumina sphere
d. PL

(mm) (kg m™)
5.0 1340
6.0 1350
8.4 1370

Fluidization velocity: U, < U < 4U,.

One may attempt to substitute the measured wet surface
temperature of fixed particles, T;, for T, in equation (10) in
order to obtain more exact values for 4, which in actual fact
concerns mobile bodies. In our opinion this would rather be
erroneous and would tend to mask the influence of the bed
hydrodynamics on h,. Our experimental results show clearly
that the temperature deviation is a function of the hydro-
dynamic state of the bed: (T,—T,)/(T,—T,) decreases as
U/ Uy increases (Figs. 3 and 4). In more fundamental terms,
the closeness of 7, and T, depends on the relative velocity
between the large and fine particles which is obviously lower
for mobile large bodies at a given fluidization velocity.

A useful significance can, however, be given to the meas-
ured deviation for fixed particles on considering the inter-
particle heat transfer as resulting from the transient heat
transfer between the cold surface and the fluidized particles
[4, 10] during their intermittent contact. The importance of
the interparticle transfer depends on the frequency of the
renewal or the residence time of the fine particles at the cold
transfer surface. It is known [3, 4, 10] that frequency renewal
of the transfer surface (low residence time of fluidized par-
ticles) results in high temperature gradients and consequently
promotes the interparticle transfer. It follows by a com-
parison between the fixed and mobile particles cases that
the interparticle transfer, hence the temperature deviation,
would be lesser in the latter case since the relative velocity
between the large and fluidized fine particles is lower. The
temperature deviation obtained for the fixed particle case

Miniature thermocouple

—— Fluidized fine sand particles

———Wet alumina sphere

.

FiG. 2. Experimental setup for measuring the surface tem-
perature of wet particles.
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F1G. 3. Deviation of measured wet surface temperature from
wet-bulb temperature : effect of large particle size.

can thus be regarded as the upper limit of that of the mobile
particle case.

In spite of the observed deviation of T, from T, it appeared
preferable to evaluate A, from the assumption that T, is equal
to T, for the following reasons: (i) although the A, values
given by this procedure are conservative, they give an
adequate picture of the relationship between the transfer
phenomena and the bed hydrodynamics. Such information
is vital for the understanding of the transfer mechanism,
which is our primary aim here; (if) the conservative
coefficients can be safely used for design purposes. In the
case of a rigourous design, a correction factor taking into
account the deviation of T, from T, can be applied. Work is
going on in our laboratory in this direction and the results
will be published soon.

1.0
d, (um)
4 250--315
© 400-500
08 a 630-710
d_,=6.0mm
0.6}

(T, = T T, = T,)

UIU g

F1G. 4. Deviation of measured wet surface temperature from
wet-bulb temperature : effect of fine particle size.
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5. RESULTS AND DISCUSSION

5.1. Hydrodynamic behaviour

All the binary systems (defined d; and d,) investigated
exhibit two distinct hydrodynamic regimes with cor-
responding k—-U and h~U relationships. At low gas velocities
between the minimum fluidization velocity and a certain
critical value, U,,. the coarse particles remain practically
immeobile in an incipient bubbling bed. This state of complete
solid segregation is described by Rios and Gilbert {8] as the
static regime. In the high gas velocity range (U, < U <
4U¢). the coarse particles move freely in a well-developed
bubbling bed. Like the previous studies [9] on the mixing
and segregation phenomena in binary systems, the large and
fast bubbles which appear more frequently at this stage are
considered as the agents responsible for the large particle
circulation. This state is reterred to [8] as the dynamic regime.

Experimental data on the critical gas velocity could be
fitted by the correlation :

Re, = 4331 x 1077 4r" 7 d, /d)" ¥ (12)

Considering the randomness and the rapidity of the cir-
culation of the large particles in the dynamic regime one can
envisage that the local conditions are uniform on the entire
transfer surface. This justifies the definition of an average
transfer coefficient between the bed and the immersed large
particles based on the uniform surface conditions T, and
H,. Such uniform surface conditions cannot obviously be
admitted in the static regime which can in fact be likened to
a ‘packed bed of large particles’ in a fuidized medium. The
interpretation of the experimental data in this regime remains
quite delicate. The quantitative treatment and interpretation
of our raw experimental data were thus limited to the
dynamic regime which in fact is of more practical interest.

5.2. Mass transfer

The mass transfer coefficient for a given binary system
increases with the reduced superficial gas velocity UfU,;
(Figs. 5 and 6) in the static regime and assumes an almost
constant value, k., in the dynamic regime. This behaviour

d, {mm}
a 50
0 6.0

0.15¢+ o 8.4

0.10

kikgm=2s' AR}

0.05

U s

F16. 5. Variation of mass transfer coefficient with reduced
superficial gas velocity : effect of large particle size.
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d, (um}
4 260-315
© 400-500
n 630-710

k (kgm~2s1 AH™Y)

0.06 i

U,

F1G. 6. Variation of mass transfer coefficient with reduced
superficial gas velocity : effect of fine particle size.

is in good agreement with previous studies [10, 11] on large
bodies fixed in fluidized beds of fine particles.

Furthermore, the mass transfer intensity increases mark-
edly as the large particle size decreases (Fig. 5) but shows
no apparent dependence on the fine particle size (Fig. 6).
Experimental data on the effect of the large particle size on
the maximum mass transfer coefficients were correlated by
means of the equation:

Konax = 4.972 % 1073 ©617, (13)

The fine particles, through their action as turbulence pro-
motors on the transfer surface, enhance the convective trans-
fer in such binary systems compared to single-sized large
particle systems [12].

5.3. Total heat transfer

The variation of the total heat transfer intensity with the
reduced superficial gas velocity (Figs. 7 and 8) was found to
be similar to that of the convective mass transfer: A, is an
increasing function of U/U, in the static regime but nearly
constant in the dynamic regime. Similar #-U relationships
have been reported for large mobile [9] and fixed [10, 11, 13]
bodies in beds of fine particles.

The transfer coefficient increases appreciably with decreas-
ing large particle size (Fig. 7) but to a lesser extent with the
fine particle size. In the dynamic regime, this variation can
be represented by the correlation:

Hy e, = 2,923 03030140

where #; ., is the maximum transfer coefficient.

The stronger influence of d4; suggests a predominance of
the convective mechanism over the interparticle heat transfer
mode; d; is the primary factor governing the convective
transfer as shown in the case of convective mass transfer.

The experimental data were also fitted by a dimensionless
correlation showing in particular the effect of Archimedes
number on A g,

Nitgyge = 3.254r%194(d, ] d )%,
The above equation is valid for:
2x10° < Ar <3x 10 and 8 <d/d, < 30.

4

(15
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FiG. 7. Variation of total heat transfer coefficient with
reduced superficial gas velocity : effect of large particle size.

It is worth noting that Nu,,, is an increasing function of
Ar as it is for bed-to-wall heat exchange [1, 2]. The depen-
dence of Nu,,, on Ar is, however, less pronounced in the
studied system; the exponent of A4r in similar correlations
for bed-to-wall transfer lies between 0.2 and 0.25 [2].

d, (um)
A 250- 315
© 400 - 500
o 630-710
160}
_ 140f-
T
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£
-
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UlU s

FiG. 8. Variation of total heat transfer coefficient with
reduced superficial gas velocity : effect of fine particle size.
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5.4. Interparticle and gas convective heat transfer

The individual heat transfer components in simultaneous
heat and mass transfer studies may be evaluated [6, 10] on
the basis of the non-absorptivity of the fine particles for
water vapor and the assumption of analogous gas convective
heat and mass transfer mechanisms. Quantitatively, this
analogy is given by the equality of the Chilton—~Colburn
factors for heat and mass transfer:

Ju=Jp (16)
h, k
C e pp2d T Ced3
GC, Pr G Sc (17
which on simplification yields:
h. = Coy(Sc/Pry*? = kCpyLe*? (18)

where C,, is the specific heat of humid air.

For air-water systems at low humidity the factor Cp,Le™?
is known to be virtually constant. Under our working con-
ditions (15 < T < 20°Cand 6 < H, < 10 g/kgdry air) it var-
ies between 909 and 913J kg™' °C~'. The product of this
nearly constant factor and the experimentally determined &
value [equation (18)] gives an approximate estimation of A,
which can be derived from the corresponding A, to obtain 4.

The behaviour of the convective heat transfer coefficient
with respect to the experimental variables (U/Uyy, di, d,)
was found to be identical to that exhibited by the convective
mass transfer. This is a direct consequence of the analogy
assumed in the computational procedure.

The interparticle heat transfer coefficient undergoes a
slight and progressive fall as U/U, increases in the entire
investigated range (Fig. 9). As for the falling branch of the 4—
U curves for the particle induced bed-to-wall heat exchange
component [1, 2], this can be attributed to a decrease in the
fine particle population density (increase in bed porosity) at
the wet surface as U increases.

Besides, A, increases as d, decreases (Fig. 9) like bed-to-
wall heat exchange. Experimental data on the variation of

d, (um)
A 250 - 315
0 400 - 500
0 630 - 710

hy (Wm=2°C-1)

UM,

F1G. 9. Variation of the interparticle heat transfer coefficient
with the reduced superficial gas velocity : effect of fine particle
size.
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F1G. 10. Variation of the contribution of the interparticle
heat transfer to the overall heat transfer : effect of fine particle
size.

h, with d, and U/ U, were fitted by the correlation :

U

—0.167
h, = 5.564 x 10=4d; 289 (U—> . (19)

mf,

The contribution of /,/h, to the total heat transfer falls
rapidly with increasing U/ U, in the static regime and tends
to a fairly stable value in the dynamic regime (Fig. 10).

The mean #,/h, values in the dynamic regime vary between
0.04 and 0.17 as the particle size ration d,/d, increases
between 8 and 30 (Fig. 11). The increase of h,/h, with d,/d,
can be interpreted in terms of an increase in the available
contact area [5] or an increase in the population density of
the fines in the stagnant gas film.

6. CONCLUSION

Relatively small quantities of large bodies immersed in
fluidized beds of fine particles exhibit two distinct hydro-
dynamic regimes with different heat and mass transfer
characteristics.

At low gas velocities (U,s < U < U,,,), the large particles
remain packed in an incipient bubbling bed. As U/Uy
increases in this ‘static regime’ the total heat transfer and the
gas-convective mass transfer coefficients increase whereas the
contribution of the interparticle heat transfer component to
the overall heat transfer, h,/h,, decreases.

At high gas velocities (U > U,,), the large particles cir-
culate freely in a well-developed bubbling bed : the ‘dynamic
regime’. The large and fast bubbles present at this stage
play a vital role in the large particle mobility. The transfer
coefficients k, and k and the ratio ,/h, are nearly constant in
this regime.

As the large particle size decreases the total heat and
convective mass transfer rates increase. A similar variation
in the fine particle size favours only the total heat transfer
through its positive effect on the interparticle heat transfer
component.

The interparticle heat transfer contribution to the overall
heat transfer increases (4-17%) in the dynamic regime as the
large-to-fine particles size ratio increases between 8 and 30.

The observed heat and mass transfer characteristics are
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0.2
0.1}
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Qn ’»
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FiG. 11. Effect of the large-to-fine particle size ratio on the
contribution of the interparticle heat transfer to the total
heat transfer.

similar to those abundantly reported for bed-to-fixed surface
transfer phenomena. These similarities are expected to give
valuable insight in the transfer mechanisms in the studied
system, which in conjunction with the findings of the mixing
and segregation studies could serve as a sound basis for
the rational design of processes employing this gas—solid
contacting technique.
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