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Abstract— While most investigators agree that heat transfer from the dense phase of a fluidized bed is the
dominant mode of heat transfer from bed to surface, models of the process have taken many disparate forms.
The differences among these models are most evident with beds of large particles and at short dense phase
residence times. An experimental apparatus has been developed which permits measurement of the thermal
resistance between a surface and adjacent particles during a rapid transient process. Meaningful results are
obtainable for periods as short as 10 ms. Large heat transfer coefficients for particles with diameters between
0.65 and 1.0 mm were observed in the initial 20 ms. During an ensuing period of about 80 ms the measured heat
transfer coefficients were lower and nearly invariant with time. After that the coefficients began to decline. This
behavior is most consistent with a discrete particle model with initial heat transfer by asperities in direct
contact with the surface followed by heat transfer through gaslayers in areas adjacent to the contact points. No
significant difference was observed between minimally fluidized and packed beds of the same batch of particles,
refuting the notion of a gas layer separating the particles from the surface in fluidized beds.

NOMENCLATURE INTRODUCTION
Ay surface area of heater Many fluidized beds contain immersed heat transfer
C, specific heat capacity surfaces to control the bed temperature and to transfer
Cpm specific heat capacity of heater element heat to or from the bed material. Numerous empirical
d, particle diameter correlations for heat transfer coefficients have been
Fo Fourier number, « /d} proposed based upon measurements of heat transfer
h instantaneous heat transfer coefficient between beds and surfaces immersed in them [1-5].
h time averaged heat transfer coefficient The correlations have been shown to give, at best,
iy current through heater reasonable agreement with experimental data over a
k thermal conductivity modest range of conditions [6,7]. When the cor-
k. thermal conductivity of emulsion relations are extrapolated using parameter values out-
k, thermal conductivity of gas side the range of the original data, there is the possibility
Nu instantaneous Nusselt number, hd /k, of significant error.
Nu time averaged Nusselt number Basic models of the heat transfer process, founded on
Nu, surface resistance Nusselt number the physical mechanisms involved, should be an
Nu, experimentally derived surface resistance  improvement over purely empirical correlations. Early
Nusselt number studies demonstrated the dominant effect of the
Ghed rate of heat transfer from heater to bed emulsion phase in fluidized bed heat transfer. Sub-
Ggen rate of heat generation in foil sequent investigations suggested that an upper bound
d rate of energy storage in foil exists, limiting the rate of heat transfer at short emulsion
Geuty rate of heat transfer from foil to substrate  residence times. A clear understanding of this limit and
Ry electrical resistance of heater its underlying mechanism is important, particularly
Ty bed temperature in beds where the limit is approached.
Ty heater temperature In this work, heat transfer coefficients measured at
t time very short elapsed times are compared with several
ty heater thickness models of the dense phase heat transfer transient.
u product, Nug ky/k./Fo
U, gas superficial velocity
. . . MODELS FOR EMULSION HEAT TRANSFER
U e superficial velocity at minimum
fluidization One of the earliest models for heat transfer from the
Vi potential drop across heater. emulsion phase to the immersed surface is due to
Mickley and Fairbanks [8]. The emulsion was
Greek symbols assumed to be a continuum with an effective con-
o, thermal diffusivity of emulsion ductivity and heat capacity which was uniform across
& mean roughness height the emulsion. The heat transfer was represented as a
P density transient process from the immersed surface to the
Pu density of foil emulsion with the resulting heat flux related to the
T time constant. residence time of the emulsion at the surface. This
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model gives reasonable values for large residence times,
but it leads to unrealistically high values of the heat
transfer rate at low residence times. The deficiency of
the homogeneous emulsion model at short times was
believed to be associated with the lower density of
particle packing near the heat transfer surface and the
consequently greater resistance to heat transfer
between the particles and the surface.

The emulsion model has been modified by Baskakov
[91 and Gel'perin and Einstein [10], among others, by
the introduction of a thermal resistance between the
homogeneous emulsion and the heat transfer surface.
The surface resistance is empirically found to be
expressed as a constant times the ratio of the particle
diameter to the fluid thermal conductivity. The
modified emulsion model incorporating this surface
resistance agrees reasonably well with experimental
results. The form of the contact resistance indicates that
it can be considered as a conduction resistance through
the fluid with a characteristic conduction distance
related to the particle diameter, However, a more exact
understanding of the phenomena near the heat transfer
surface is lacking.

Botterill [ 11] presented an alternate representation
of the region near the surface. He considered the
transient heat transfer between one or two rows of
individual spherical particles at a planar heat transfer
surface. It can be shown that for short residence times,
or for larger particles at longer residence times, e.g. 0.3 s
for 1 mm particles, that the temperature change of the
emulsionis confined toa region only one or two particle
layers from the surface [ 12]. Thus, the use of individual
particles to model the contact region s a closer physical
representation of the actual process than the use of a
homogeneous continuum model. However, when the
particles were assumed to touch the surface, Botterill’s
numerical results overpredicted the total heat flux. It is
important to note that Botterill assumed that the
particles were perfect spheres and the heat transfer
surface a perfect plane. When the particle contacts the
surface, the region near the contact point is micro-
scopicinsize. The use of perfect geometry for the sphere
and plane results in a very small clearance between
particles and the surface near the contact region and
consequently a very high integrated heat flux. Because
of the high flux calculated when the particle was
assumed to contact the surface it was concluded that
the particles did not touch the surface; rather, a thin
fluid film was interposed to separate the particles and
the surface. The film thickness was empirically chosen
to give the best agreement with experimental results.

Although other authors have doubted the presence
of a thin film between the particles and the adjacent
surface, it has been included as necessary to achieve
reasonable results [137. If the thermal resistance is due
to a gas layer between the surface and the first row of
particles, the maximum heat transfer rate at short
residence times will not exceed the steady state
conduction across the gas layer with the particles at the
bed temperature. This is due to the low heat capacity of
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the gas layer; the initial transient heating of the gas
layer will take a fraction of a millisecond for a gas layer
0.1 mm thick. Thinner layers will take even shorter
times to achieve steady state.

A different approach is taken by Kubie and
Broughton [14] and Chandran [15]. The continuum
concept of the emulsion is retained right up to the heat
transfer surface, but the effective thermal conductivity
and the heat capacity of the emulsion are taken as
variable within one particle diameter of the surface.
Within the range of data available, the continuum
model with variable properties gives results com-
parable with the results from models composed of a
uniform continuum with a surface resistance. However,
the application of any continuum model to a layer one
to two particle diameters thick when there is a large
discontinuity between particle and fluid properties is
open to question. The variable property model predicts
much higher heat fluxes than the surface resistance
model for very short residence times, of the order of 50
ms and less. This characteristic will prove useful to
evaluate the accuracy of the variable property model.

The uncertainty in predicting the emulsion heat
transfer lies in an inadequate representation of the
contact resistance. For small particles, the influence of
the contact resistance on the overall heat transfer
increases as the residence time of the emulsion de-
creases. The heat transfer experiments performed in
freely bubbling beds which will include a range of
emulsion contact times tends to obscure the influence of
the contact resistance.

It has been shown that for large particles the total
thermal resistance is concentrated in the region
between the surface and the first row of particles [12].
Thus, a more thorough understanding of the heat
transfer close to the surface is important for large
particles.

CONTACT RESISTANCE NEAR THE
HEAT TRANSFER SURFACE

Schiiinder [16] retained the assumption of perfect
spherical particles in contact with a perfect planar wall.
He accounted for the thermal resistance by allowing for
a diminished heat transfer rate in the gas in regions
where the distance between the particle and surface is
less than the mean free path of the fluidizing gas.
Reasonable results were obtained for the contact
resistance ; however, the thermal accommodation co-
efficient used by Schliinder is an order of magnitude less
than the usually accepted values. The model of
Schiliinder does not account for heat transfer through
areas of direct particle-to-surface contact; all contact
regions are assumed to be point contacts. Because of the
assumption of ideal geometry, this model is only
appropriate when the height of the surface roughness of
the particle and heat transfer surface is less than the
mean free path of the gas molecules.

Decker and Glicksman [17] modeled the particle
and heat transfer surface as real surfaces which have
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(a)

(b)

FiG. 1. (a) Contact zone geometry, (b) asperity geometry.

solid-to-solid contact at a limited number of micro-
scopic roughness elements. Due to the small size and
limited heat capacity of the roughness asperities, very
high heat transfer rates occur for only the first 10-20 ms
of the contact time. During this time the contact zone of
the asperities approaches a mean temperature between
that of the surface and the bed. This is followed by a
longer period of more slowly declining rate of heat
transfer until the average temperature of the entire
particle changes appreciably. The initial period of high
heat transfer rate occurs so rapidly that its influence on
the time averaged heat transfer is negligible for typical
contact times observed in fluidized beds.

Figure 1 shows the contact geometry assumed by
Decker and Glicksman. Figure 2 shows typical results
for the surface Nusselt number after the initial short
time transient has died away. The Nusselt number is
defined based on the average heat flux, the surface
temperature, and the bulk bed temperature. Note that
the surface Nusselt number remains practically con-
stant over a wide range of roughness. Furthermore, it is
quite insensitive to the properties of the particle and the
heat transfer surface. These characteristics are
consistent with previous experimentally determined
surface resistance values which indicate that the surface
resistance is relatively unaffected by these variables.
The surface Nusselt numbers displayed in Fig. 2 are
based upon the heat transfer through the particle
projected area, md?/4, only. In application they are
multiplied by the area fraction of particles projected on
the surface, roughly 0.5.

Figure 3 compares four models of the emulsion heat
transfer. In each model the boundary condition at the
wall is a step increase in temperature from the bed
temperature to a constant wall temperature. The
Mickley and Fairbanks homogeneous continuum
model provides an upper bound as well as an asymptote
approached by the other continuum models at large
residence times (large Fourier numbers)

— 2 k

~ J@Fo)k,

Chandran [15] solved the variable property con-
tinuum model numerically to yield the curve shown.
Results were shown only for Fourier numbers greater

than 10~ 3. The asymptote that this mode! approaches
at small Fourier numbers was found using a similar-
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F1G. 3. A comparison of various models of the time-averaged Nusselt number.

ity solution, included here as an appendix, of the
differential equation obtained by allowing the density,
but not the thermal conductivity, of the continuum to
increase with distance from the wall. It consequently
yields a lower bound to the numerical solution of
Chandran’s equation

32/3 k, 1/3 »
"= aran) <k_> (Fo)™*%, @

where I'(4/3) is the gamma function of 4/3 and equals
0.893.

Modeling the emulsion as a single layer of particles
with uniform but time-varying temperature and in
thermal communication with the wall only yields

2k 3 k
I —Z Nug-% 3
3K, Fo [1 exp( 5 ug k. Fo)} (3)

where Nu, is the Nusselt number associated with the
surface resistance, here taken as 12. This is included
predominantly to illustrate the range of Fourier num-
bers over which the effects of the first layer of particles
are dominant.

Modeling the emulsion as a homogeneous con-
tinuum with a surface resistance [10] provides

Nu =

— 2 2u
Nu=—-|e"erfcu—1+—1, 4

u 3 ':e erfc u \/n] 4
where

k
u= Nuok—g\/Fo.

This function, like the previous one, is completely
dominated by Nug at low Fourier numbers. This model
is shown for two values of Nuy; 12 and 6. For Fourier

numbers greater than unity, both of these curves closely
follow Chandran’s numerical solution.

PREVIOUS EXPERIMENTAL RESULTS

Clearly, results from well-controlled experiments are
needed to carry outacritical evaluation of the proposed
models for surface resistance. Figure 4, taken from
Kubieand Broughton [ 14] shows a typical comparison
of existing data with their variable property emulsion
model. Kubie and Broughton imposed a constant heat
flux boundary condition at the wall in their numerical
solution shown. Superimposed on Fig. 4 is the
homogeneous emulsion model with a constant surface
resistance and with a constant temperature boundary
condition assumed at the wall. In the range of Fourier
numbers for the data, both models are equally valid. At
these Fourier numbers, the thermal gradient has moved
sufficiently deep into the emulsion phase tending to
obscure the influence of the phenomena directly
adjacent to the heat transfer surface. Thus, data is
needed at lower Fourier numbers to more closely
evaluate the surface contact model. Dunsky et al. [18]
have carried out experiments with a small heated object
rotated through a fluidized bed to provide time
averaged Nusselt numbers at lower Fourier numbers.
The influence of the moving object on the surface
alignment of particles is difficult to define and the
surface conditions are neither constant heat flux nor
constant surface temperature. Thus, it is difficult to
draw an exact parallel between these results and those
in a conventional fluidized bed. They correlated their
maximum heat transfer coefficients from their time
average data with a dimensional expression. Relating
these maximum coefficients as representative of surface
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F1G.4. A comparison of the present model with that of Kubie and Broughton [ 14] and data of Antonishin cited
by Kubie and Broughton for moderate to large Fourier numbers.

resistances, their expression would be
Nuy = 6.6+ Cd,/k,, &)

where C is a dimensional constant equal to 57
Wm 2°C !or10Btuh™! ft2 °F . Baskakov et al.
[197 demonstrated a reasonable fit of data to a model
with a surface resistance. Their surface resistance, ex-
pressed as a Nusselt number, would be

Nug = 2kfk, ()

This same expression represents the surface resistance
suggested by Gel’'perin and Einstein [10]. The surface
resistance was also evaluated by Catipovic et al. [20],
but by subtracting the heat transfer coefficient at
minimum fluidizing velocity from the measured maxi-
mum instantaneous heat transfer coefficient. Their
results suggested a value of 6.0 for Nu,.

The purpose of the present experiments is to provide
data at low Fourier number for well-defined con-
figurations. A transient technique has been developed
which allows the contact resistance to be measured
for both packed and fluidized beds over a variety of
particle sizes and gas velocities.

EXPERIMENTAL APPARATUS AND DATA REDUCTION

The experimental apparatus was designed to obtain
measurements of the emulsion heat transfer coefficient
at low Fourier numbers. Instead of initiating the
transient by the transport of particles to or across a
preheated surface, the process takes place with a
stationary bed and heater. The heater is then rapidly
heated to initiate the transient. This method allows for
the acquisition of data, within the contact resistance
region, for packed and incipiently fluidized beds.

Figure 5 shows the heater module which, when
mounted into the wall of the bed, allows a thin tin foil
heater to form a portion of the inner wall of the bed. The
thermal transient is initiated by discharging a capacitor
through the heater circuit. Following this initial power
surge, which rapidly increases the foil temperature, the
power supply maintains the foil temperature ap-
proximately constant with time. The rate of heat
generation within the heater, gg.,(t), is given by

qgen(t) = VH(t)iH(t)s (7)

where i,(f) and Vj,(¢) are the measured values for current

Substrate
Heater (expanded
(tin foil) polystyrene)

Copper -tin
joint
(soldered)

-~
75

x

\
3

Portion of module
_—inserted within
bed wall

F1G. 5. Heater module: front view (all dimensions in inches).
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through and potential drop across the heater, respec-
tively. Heater temperature was carefully correlated
with the heater’s electrical resistance

T(1) = f(R(0)) ®)
which can be monitored during the transient as
Valt)
Ry(t) = : 9
u(0) i) ©)

The rate of change of energy stored within the heater is
given by

dTy(1)

& (10)

gult) = PuAntuCp,

The substrate material upon which the heating
element is mounted, is treated as a homogeneous semi-
infinite medium undergoing a temperature transient at
its surface. The assumption of substrate behavior as a
semi-infinite medium is justified by comparing the
thermal penetration distance of only 0.16 in. (in a
transient of 1.0's duration) with the substrate thickness
of 1.0 in. Through use of Duhamel’s Theorem [21] the
rate of heat transfer from the heater into the substrate is

1 t 1 dT
ol = [k L AHJ )

— ds.
ot—s ds S

(1)

The rate of heat transfer to the bed material is
obtained by

qbed(t) = qgen([) - qst(t) _qsub(l)' (12)

Figure 6 suggests the physical nature of these quan-
tities.

The time-resolved emulsion heat transfer coefficient
is given by

Qpealt)

O A=)

(13)
and using the surface area mean particle diameter,
d,, and the gas thermal conductivity, kg, this is
non-dimensionalized to form an emulsion Nusselt
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number

h(t)d

Nu(t) = .

3 (14)

14

This emulsion Nusselt number can be modified to form
a surface Nusselt number by correcting for the
changing mean temperature of the particle. This
modification is accomplished by the expression
(detailed by Gloski [227])

Nudt) = Nu(t) ', (15)
where
r= g%;ﬁd—", (16)

and h is the single particle heat transfer coefficient
determined from an analysis detailed elsewhere using
the values of Nu [22].

The tin foil heater and the expanded polystyrene
substrate were selected so as to maximize the sensitivity
of the temperature measurement by means of the large
temperature coefficient of resistivity of the tin and to
minimize the rates of energy storage in the heater and
substrate. Even with this choice of materials, the heat
transfer to the substrate is a substantial fraction of the
overall heater output for elasped times between 10 and
100 ms, being between one quarter of and equal to the
heat transfer to the bed. Consequently, the heater/
substrate module was calibrated in transient tests in
still air to yield an effective value for the [kpc ]
product in equation (11).

Note that tests reported by previous authors used
substrates with much higher densities and thermal
conductivities, making it much more difficult to resolve
the net heat transfer to the bed at short times. With a
glass substrate, for example, the heat transferred to the
substrate in 100 ms is ten times that transferred to the
bed.

Details of the structural design and the electrical
circuitry required for the experiments can be found in
ref. [22]. A Hewlett-Packard Structural Dynamics

qstcred(t)

Packed or incipiently fluidised bed

F1G. 6. Energy transfers indicating the general theory of the experiment.
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Table 1
Particle
sizes within  Average weight
Mean particle size distribution fraction from
(Ume) (mm) sampling
I mm(67.5cms™?) 1 1.00
0.64 8.95x10°3
0.66 1.01x1072
0.69 4.88x 1072
0.71 2.18x 107!
0.744 mm (41.0 cm s~ 1) 0.74 294x107!
0.76 211 x107!
0.79 1.08x 107!
0.81 8.11x1072
0.84 207x1072
048 210x 1073
0.51 241 x1073
0.53 5.66x1073
0.56 320x1073
0.58 5.82x 1072
0.645mm (34.5cm s ") 0.61 1.77x 107!
0.64 249x 107!
0.66 268x107!
0.69 1.81x107!
0.71 437x1072
0.81 1.00x 1072

Analyzer was used for data acquisition and processing.
The analyzer has two 12-bit A/D convertors which
allowed simultaneous current and potential drop
measurements. Due to complexity in the data reduction
process, Nusselt numbers are reported only for discrete
times : 10, 20, 40, 60, 80, 100, 120, and 140 ms. An error
analysis indicates that the uncertainty in the resultant
Nusselt numbers is +8%,.

RESULTS

Experiments were carried out with three different
sizes of glass spheres : uniform size 1 mm spheres, and
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narrow cut mixtures of particles with mean diameters of
0.74 and 0.65 mm, respectively. Table 1 presents the size
distribution for each mixture and the measured mini-
mum fluidization velocity.

Figure 7shows the temperature of the heater foil over
the duration of one test. The foil temperature reaches
the desired temperature level within 10 ms and remains
approximately at that level over the course of the
experiment ; the accuracy of the data reduction is not
dependent on achieving an exactly constant heater
temperature.

Figures 8 and 9 show the instantaneous surface heat
transfer coefficient as a function of time, non-
dimensionalized as a Nusselt number based on the
particle diameter and the gas conductivity. Test results
are shown for gas flow conditions slightly above and
below the minimum fluidizing velocity. There is a rapid
decrease in the Nusselt number during the first 10-20
ms. At longer times, the instantaneous Nusselt number
remains constant within the level of experimental
uncertainty. The results for the packed bed are almost
identical with those for the minimally fluidized bed.
Thus, the surface packing is very similar for both cases.
The elevated Nusselt numbers at short times are due to
conduction heat transfer between the surface asperities
on the particle which are in contact with the heat
transfer surface. These elevated Nusselt numbers could
not persist for 10 or 20 ms if a gas film separated the
particles from the surface; transient effects due to
heating of this gas layer would disappear in less than
1 ms.

After the surface asperities have reached a mean
temperature between the bulk bed and the surface, a
constant heat transfer coefficient between the particle
and the surface prevails. Note that these results for the
surface Nusselt number have been corrected to account
for changes in the mean particle temperature with time.
Thus the Nusselt number represents the thermal

100.0}
&
N L
-50.0F
| L I 1 il ! -l
0 20 40 60 80 100 120 140

Time (ms)

FiG. 7. Typical resulting plot of Ty vs time.
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F1G. 8. Results slightly above and below U for a mean
particle diameter of 1.0.

resistance between the surface and the first row of
particles. The constant value of the Nusselt number
is due to the resistance primarily due to conduction
through the gas layer between the particles and the
surface. The close similarity between the results above
and below U ¢ indicates that a model of the emulsion as
a fixed bed, unsettled by vibration or other effects, is
valid up to the heat transfer surface. Furthermore, the
particlesin the fluidized bed are in contact with the heat
transfer surface, in contradiction to the concept of a gas
layer separating the particles from the surface.

When the packed bed is vibrated to settle the
particles before testing there is a noticeable difference in
theinitial heat transfer values for | mm particles as seen
in Fig. 10. This is due to the increase in the number of
particles in contact with the heat transfer surface. At
longer times when the heat transfer through the contact
points is negligible, the effects of settling are not dis-
tinguishable.

Figure 11 shows the effect of gas velocity on the
surface resistance for the largest particles, 1 mm. Since
the bed had to be restrained at higher gas velocity to
prevent severe bubbling which could damage the foil

18
© 25-30 mesh Uy /U, = 1.027
16} a 25-30 mesh Uy /U,y = 0.93
o unsettied
14k [ Error band for a given
5 point, * 8%
=
12}
° & a o OA
e SR 5] e
8 L 1 L 1 1 1 1
20 40 60 80 100 120 140

Time (ms}

FI1G. 9. Results slightly above and below U for a mean
particle diameter of 0.645.
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F1G. 10. Settled vs unsettled.

heater, the bed approaches fixed bed packing. Although
there should be a gas convective augmentation of the
surface resistance as the velocity increases, the increase
predicted by Glicksman and Decker [23] is only about
1.6 for the maximum flow rate displayed in Fig. 11,
being proportionally smaller for the smaller flow rates.
Within the experimental uncertainty of the data this
effectis not readily apparent. Note also that this experi-
mental configuration, with a very short heater length
in the direction of the gas flow, is not identical to a real
heat exchanger surface where a longer heated length
is traversed by the airflow.

COMPARISON WITH OVERALL MODELS

Data for the three particle sizes at low Fourier
numbers are compared in Fig. 12 with the instan-
taneous Nusselt numbers predicted by the homo-
geneous emulsion/surface resistance model

Nu = Nuge* erfc u. (a7

In each case a value of 12 has been assumed for Nu,,.
Shown also is the lower bound asymptotic solution to
the variable property continuum model of Chandran

B I 1/3 I ke 1/3 s
"<5> I4/3) (k—) For 19

0 Uy/U,; = 0.87 {unsettled) AUy /U, ¢ =0.30
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Fi1G. 11. Velocity effects for 1 mm particles.
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F1G. 12. Instantaneous Nusselt number, a comparison of the data of Gloski with the present model. Shown also
(dashed line) is the Chandran model and its asymptote.

Figure 13 displays a similar comparison of the data of
Dunsky et al. for time-averaged emulsion heat transfer
with the corresponding homogeneous emulsion/
surface resistance model and the asymptotic lower
bound of the variable property continuum model.

Almost all of the remaining data in theliteratureis for
higher Fourier numbers. It is clear from Fig. 13 that at
high Fourier numbers it is impossible to properly
evaluate the relative accuracy of the various models,
since they all yield similar results. Even when the value
of the surface resistance is varied for the homogeneous
emulsion plus surface resistance model, the differences
are minimal at higher Fo values.

Results at lower Folevels where the surface effects are
pronounced provide a clearer indication of the validity
of the proposed model. Note that the variable property

emulsion model when extended to low values of Fo
deviates significantly from the measured behavior.

For short contact times a model using a single row of
particles at uniform temperature separated from the
surface by a thermal contact seems appropriate.

For short to intermediate contact times it is
important to know the thermal contact resistance. At
present, there is not enough data to determine how the
contact resistance varies with particle sphericity, size
distribution or thermal physical properties.

For typical bed operating conditions where rela-
tively long contact times occur, the constant emulsion
model with a surface resistance gives adequate
accuracy given the present uncertainty in key para-
meters. It also has the advantage of a relatively simple
closed form solution.

100
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- \\
L T~a
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-
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FiG. 13. Time-averaged Nusselt number, a comparis

on of the data of Dunsky et al. with the present model.

Shown also (dashed line) is the asymptote of the Chandran model.

HMT 27:4-1
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CONCLUSION

An experimental technique has been developed
which permits the heat transfer between the surface and
particles to be measured for both fixed and fluidized
beds.

Results for fixed and fluidized beds at vertical heat
transfer surfaces were virtually identical. In both cases
at times of 20 ms or less, very high Nusselt numbers
were observed which are due to direct heat transfer
between particle and surface asperities which are in
contact. At longer times a constant surface Nusselt
number was observed. The absence of any significant
difference between the packed bed and fluidized bed
results suggests that there need not be an intervening
gas layer between the contact points on the surface and
the particles of a fluidized bed.

The constant Nusselt number found after the initial
transient suggests that the heat transfer from the surface
to the particle takes place primarily through the fluid
separating the particle and the surface. The greater
local resistance at the surface, after the initial 20 ms,
must be due to the greater local voidage there. One-
dimensional models reflecting this voidage distribution
may be inadequate since they neglect the inhomo-
geneous distribution of thermal properties. Their
numerical complexities may not be warranted in light
of this uncertainty.

Further work needs to be done to determine the
influence of particle sphericity and the distribution of
particle sizes.
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APPENDIX

SOLUTION OF THE VARIABLE PROPERTY CONTINUUM
MODEL AT SMALL TIME

In the models of Kubie and Broughton [14] and of
Chandran [15] the effective thermal conductivity and heat
capacity of the emulsion are taken as variable within one
particle diameter of the surface. Solution of the resulting
differential equation generally requires a numerical solution
to determine the Nusselt number as a function of the Fourier
number. Solution at very small Fourier numbers is not given
due to the need for very small increments in the spatial and
temporal variables.

A closed form solution for Chandran’s model can be
achieved in the limit of small Fourier numbers. The heat
transfer in that instance is confined to a layer whose thickness
is small compared with a particle diameter. For small x/d,, the
property variations assumed by Chandran and Kubie, and
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Broughton can be approximated as

pc ~ 3x/d, (pc)., (A1)

and
k~k, (A2)
The differential equation for the emulsion phase becomes
3x/d, (pc)e T gaz—f- (A3)
ot 0x

Chandran’s boundary conditions (constant wall temperature
solution) are

T(0,x) = T,

T(t > 0,0)= T,

T
—{t,x > 00) > 0.
0x

Applying the similarity transformation n = x/t'/* the partial
differential equation becomes an ordinary differential

equation
dT  kd, d°T
—p =R (a%)
dy  (pe). dy
This can be integrated to find the temperature gradient
d_T =C, e~ (*(pc)e/3kedp) (AS)
dy
From this, the instantaneous Nusselt number can be found to
be
1 1/3 1 k 1/3 s
={=z] =—=(=] Fo '3, A6
<3> I'4/3) <kg) (A8)
and the time-averaged Nusselt number is
. 32/3 k 1/3
=—— (=) Fo ' A7
“ T aran) (k) ’ “n

The constant heat flux problem solved numerically by Kubie
and Broughton does not lend itself to this similarity solution
method.

RESISTANCE THERMIQUE DE CONTACT ENTRE UNE SURFACE ET LES PARTICULES
D’UN LIT FLUIDISE

Résumé— Alors que la plupart des chercheurs pensent que le transfert thermique de la phase dense d’un lit
fluidisé est le mode dominant dans le transfert du lit a la surface, les modéles du mécanisme prennent des formes
trés disparates. Les différences entre ces modéles sont plus évidents pour les lits & grosses particules et & courts
temps de résidence dansla phase dense. Un montage expérimental permet la mesure dela résistance thermique
entre une surface et les particules adjacentes pendant un processus bref. Des résultats sont obtenus pour des
séquences aussi courtes que 10 ms. Des grands coefficients de transfert pour des particules ayant des diamétres
entre 0,65 et 1,0 mm sont observés pendant 20 ms initiales. Pendant une période suivante de 80 ms environ, les
coefficients de transfert sont plus faibles et presque indépendants du temps. Ensuite les coefficients
commencent d décroitre. Ce comportement est plus compatible avec un modéle discret de particules avec un
transfert thermique initial par des aspérités en contact direct avec la surface, suivi d’un transfert thermique &
travers des couches de gaz adjacentes aux points de contact. On n’observe pas de différence significative entre
leslits fixes ou faiblement fluidisés de particules du méme réservoir, ce qui réfute la notion d’une couche gazeuse
séparant les particules de la surface, dans les lits fluidisés.

DER THERMISCHE WIDERSTAND AN EINER OBERFLACHE, DIE MIT PARTIKELN
EINES FLIESSBETTS IN BERUHRUNG IST

Zusammenfassung—Wihrend die meisten Forscher der Ansicht sind, da der Wirmeiibergang von der
dichten Phase eines FlieBbetts den iiberwiegenden Teil des Wirmeiibergangs des Betts zur Oberfliiche
ausmacht, haben Modelle des Vorgangs sehr unterschiedliche Formen. Die Unterschiede dieser Modelle
werden am besten sichtbar, wenn das Bett groBe Partikel enthilt und wenn die Verweilzeiten der dichten Phase
kurz sind. Dazu wurde eine Versuchsanordnung entwickelt, die die Messungen des thermischen Widerstands
zwischen Oberflédche und den anliegenden Partikeln wihrend eines schnell verlaufenden Ubergangsprozesses
gestattet. Man bekommt aufschluBreiche Ergebnisse fiir Zeitabschnitte bis zu 10 ms. Es wurden groBe
Wairmeibergangskoeffizienten fir Partikeldurchmesser zwischen 0,65 und 1,0 mm wihrend der ersten 20 ms
beobachtet. Wihrend der nachfolgenden Zeitspanne von 80 ms waren die gemessenen Wirmeiiber-
gangskoeffizienten kleiner und nahezu unabhéngig von der Zeit. Danach wurden die Koeffizienten wider
kleiner. Dieses Verhalten 14Bt sich gut mit einem diskreten Partikelmodell erkliren, wobei der
Wirmeiibergang nur an Rauhigkeiten mit direktem Kontakt zur Oberfliche stattfindet, gefolgt vom
Wirmeibergang durch Gasschichten in den an die Kontaktstelle angrenzenden Gebieten. Es wurden keine
wesentlichen Unterschiede zwischen leicht gelockerten FlieBbetten und Festbetten mit den gleichen Partikeln
festgestellt. Die Vorstellung einer trennenden Gasschicht zwischen den Partikeln und der Oberfliche in
FlieBbetten wird damit widerlegt.
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TEITJIOBOE CONPOTUBJIEHUE HA [MOBEPXHOCTH, KOHTAKTHUPYIOIIEN C
YACTHUAMMU [NICEBAOCOXHWXKXEHHOIO CJ1OA

Annoramnsi—HecMoTpss Ha TO, 4TO OOJIBLIIMHCTBO HCCIENOBATeJNEH CXOOATCA BO MHEHHH, 4YTO
TEMJIONEPEHOC OT MUIOTHOH (ha3bl NCEBAOOKIKEHHOTO CIIOS ABISETCS TOMHHUPYIOIIEH COCTaBJISIOIEH
nepeHoca Temia OT CNosf K MOBEPXHOCTH, NPEMUTOXKEHHBIE MOJENH MpoUecca OKas3aluch BeCbMa
npoTUBOPeUNBLIMH. OCOGEHHO 3aMETHO pAa3IH4ME MEXAYy MOMACIAMH IS CIOEB KPYHMHBIX YACTHI
¥ npu HeGoMbIINX BpeMeHax npebbIBaHUS NIOTHOH ta3kl. PazpaboTana skcnepuMeHTanbHas annapa-
Typa, NO3BOJIAIOLIAS M3MEPATH TEMJIOBOE CONPOTHUBJICHAE MEXAY NMOBEPXHOCTBIO M MPUIETAILIHMH
4aCTHIAMH B TeuyeHHe OBICTPO MPOTEKAIOLIEro NEPEeXOJHOro nmporecca. 3HaYMMble Pe3ysIbTaThl MOXHO
NONY4YHTh Ui KOPOTKMX NMPOMEXYTKOB BpeMeHH nopsaka 10 Mkcex. Bonbiuve 3HaueHus ko3dbu-
MEHTOB TEIUIONEPeHOCa IS 4YacTHL, UMelIuuX AuaMetpbi oT 0,65 mo 1.0 MM, mMenu Mecro B
TeuyeHue nepBbix 20 Mkcek. 3aTeM, B TedeHHe cieayrolnx 80 MKCEK JTH 3HAYEHHS NMAJANH U [OYTH
HE H3MEHMIMCH CO BPEMEHEM, [0CIe¢ Yero Ha4YWHAJNOCh HX CHHXeHHe. Takoe MOBeleHUE JIyylie
BCETO COTIACYETCS C MOJE IbEO IMCK PETHBIX YACTHIL, KOT 1a Haua IbHblIii TENIONepeHOC IPH HETIOCPE ACTBEH-
HOM KOHT4KTE 4YaCTUI C MOBEPXHOCTbIO CMEHSAETCH MEPEeHOCOM TeIlla 4Yepe3 C/IoM raza B obracTsx,
APUNETAIOIIMX K TOYKaM KOHTakTa. CyIIECTBEHHOTO Pa3jiM¥Hs MEXIY MHHHUMA/IbHO [CEBIOOXHKEH-
HBbIMH M fIJIOTHBIMH CJIOSIMH ¢ TEM K€ YHCJIOM YacTHUIl HE OOHAPYXKEHO, YTO ONPOBEPraeT Mpenonoxe-
HHE O HAJIMYMH CNOS. OTACHSAIOLIEr0 YACTHIBI OT MOBEPXHOCTH B NCEBIOOXHXCHHOM CIIOE.



