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Abstract—A frequency response technique to evaluate gas to particle heat transfer coefficients to solid
spheres and to fine particle fluidized beds is described. At low Reynolds numbers, the single particle Nusselt
number approaches 2 as expected. However, the general magnitude for fine particle fluidized beds is 20—
100 times those for packed or single particle systems, in marked contrast to the literature data. The present
results are more rational, but still are model dependent as are all the other fluidized bed results.

INTRODUCTION

TURTON et al. [1] cited the background and presented
a new technique for the measurement of the heat
transfer coefficient between fine fluidized particles and
air. As they pointed out, there has been extensive work
for the last 30 years on the subject. They also pointed
out there is little agreement and certainly no rational
explanation for the low coefficients as the Reynolds
number approaches zero. Shortly after joining Ohio
State, this problem became one of interest to us
because of its importance in determining the tem-
perature of solids in a fluidized bed and its influence
in turn on rates of reaction when that solid is a
catalyst. To emphasize how long ago that was, the
project was supported by the AEC. Kim [2] completed
the work for his Ph.D. in 1965 on the use of a fre-
quency response method to solve the problem. A
paper by Kim e al. [3] appeared in 1972 on the
corresponding packed bed results. In this article, men-
tion was made of using the technique for the fluidized
bed. Earlier, Brodkey [4] cited Kim’s work on fluidized
beds, presented the model used, and mentioned that
the coefficients obtained ‘‘were considerably greater
than the results for single or packed beds at low Reyn-
olds numbers”. Because the technique was difficult, it
was unlikely that anyone would use the method and
publish results ; thus, the second phase of Kim’s work
on fluidized beds lay dormant in his dissertation [2]
and that on the single particle heat transfer in the
M.S. thesis [5] by Sidner which was completed in
1963. Professor L. S. Fan of our Department brought
Professor Levenspiel’s and his co-workers work to my
attention and I decided to revisit the subject some 25
years later.

As pointed out by Kunii and Levenspiel [6] and
Turton et al. 1], the heat transfer coefficients or Nus-
selt numbers from particles to the fluid in a fluidized
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bed, as measured experimentally, are lower than the
theoretical minimum (Nusselt number of 2) for a sin-
gle spherical particle at low Reynolds numbers. The
difference is not trivial in that at the lowest Reynolds
numbers, the difference can be three orders of mag-
nitude. In this work, an attempt is made to resolve
this inconsistency by studying the fluid-particle heat
transfer of single particles and of fluidized bed systems
by using a frequency response technique. The main
emphasis was placed on the theoretical formulation
and the development of the experimental method.
However, enough experimental data were obtained
for the intended purpose of rationalizing the apparent
inconsistency.

Although Turton ez al. [1] cited the background for
this work, it is necessary to briefly review the literature
because of the gap in time. Several key references were
cited in our earlier work [3]. Lindauer’s [7] work on
packed and fluidized beds at high Reynolds numbers
was reviewed and he cited the Kim effort. Lindauer
used shallow beds (L/D, < 7) and found that / was
independent of the mass velocity, which is contrary to
packed-bed experience. His values agreed with the
packed-bed results which is to be expected for the
Reynolds number range considered (>100). The
troublesome low values are at low Reynolds numbers
in the range of 40 and below. The work of Littman
and his co-workers dates from the same period as
that of Kim. In fact, the Kim facilities were later
contributed to Professor Littman’s program, when
no further work was planned. The efforts by Littman
and Stone [8] and Littman and Barile [9] were cited
by Kim from the original thesis by Barile. Because of
the model used and the fact that the fluidized bed is
very close to a stirred tank, only minimum values for
h could be obtained. Unfortunately, these were close
to the low values cited earlier. Thus, the model cannot
resolve the heat transfer problem. The models used
by all these researchers were very similar (including
the packed-bed model used by Kim ez a/. [3]) and had
Lindauer had low Reynolds number data, they would
have been lower than reasonable.
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A area, amplitude of temperature vector
¢y heat capacity

C constant

D,  particle diameter

¢ fraction of solids in the lower zone
h local heat transfer coefficient

i NES!

k thermal conductivity

M mass

Nw,  Nusselt number, 2D, /k,

Ng.  Reynolds number, D up, /1

q rate of heat transfer

R amplitude ratio

S interchange of solids between upper and
transfer zones

t time

T temperature

u actual gas velocity (superficial
velocity/void fraction)

w mass flow rate

X distance along wire from particle

vertical distance from the support.

NOMENCLATURE

Greek symbols

A difference

€ void fraction

0 time constant

i, M, /hA

0, M Co /Wy

i viscosity

g density

0] phasc shift

@ frequency.
Subscripts

co copper

cu constantan

g gas

1 inlet

o outlet

S sohid

t lower transfer zone

u upper equilibrium zone.

Gunn [10] and Gunn and Narayanan [11] also
treated the frequency response problem. Gunn’s [10]
first effort was theoretical and did not address the fluid-
ized bed problem. The more recent work by Gunn
and Narayanan treated dispersion and heat transfer
in fluidized beds. Their results are the highest reported
until our work (see ref. [1]) and agreed closely with
those for a packed bed. They are higher than the low
results cited previously. Gunn attributed this differ-
ence to the neglect of the axial thermal dispersion by
others. They are, however, much lower than the
results to be reported here.

The results of our single particle heat transfer exper-
iments by Sidner [5] verified the theoretical minimum,
as others had done, and thus established the validity
of the frequency response method. His work allowed
data to be obtained down to Reynolds numbers near
2, an order of magnitude below other results at that
time. The theoretical analysis by Johnston ef al. [12]
shows that the mimimum corresponds to a Nusselt
number of 2. A rational thought analysis suggests that
the number cannot be less than 2 for the fluidized
bed also. The effect of adjacent particles on the heat
transfer from a given particle is not well established,
but it is agreed that the presence of neighboring par-
ticles facilitates the transfer. In a fluidized system,
there are many possible effects. They are: reduction
of the available area for convective transfer due to
contact, removal of the boundary layer due to colli-
sion, and generation of turbulence by the motion of
bubbles and collisions of the particles. All of these
effects, except area reduction, facilitate transfer. Some

quantitative information about the relative signifi-
cance of these effects can be derived from packed-
bed experiments. Since packed-bed results exceed the
minimum Nusselt number and the packed bed can be
pictured as a single large agglomerate, area reduction
is not sufficient to reduce the Nusselt number below
2. In the fluidized bed some of the solid moves with
the stream at a lower relative velocity, but since there
is no net solid transport some of the solid must move
opposite to the stream at a higher relative velocity.
If one considers an element of solids under either
condition as a small packed bed. the local Nusselt
number must be greater than 2 at all points and thus
everywhere. Because of the number of difficulties
associated with the measurements and the interpret-
ation of results, one must conclude that previous
authors have not measured the frue heat transfer
coefficient. The word frue must be emphasized ; pre-
vious work has measured heat transfer coefficients,
but these are limited by the models used. The results
prove that such models are inadequate to describe the
actual mechanism of the transfer of heat in a fluidized
bed. However, one should remember that if the heat
transfer results for the experiments are used with the
model used to evaluate that result, correct estimates
of the heat transfer can be made.

Kim e7 al. [3] used a local linear approximation (in
both time and space) to analyze successfully the heat
transfer coefficients for packed beds. However, this
approximation was unsuccessful for the fluidized
beds, due to the limited accuracy of the data. As an
alternate over-all approach for fluidized beds, various
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models were constructed on the basis of the physical
picture of the bed and the use of simplifying assump-
tions. The solutions from the resulting differential
equations were evaluated with the experimental
results. The best agreement and most rational results
were obtained with a new two-zone model [2, 4]. The
two-zone model is one in which there are two distinct
zones (upper and lower) and must not be confused
with the two-phase model (emulsion and bubble).
Since the results were more rational, one can conclude
that the suggested model may be closer to the truth,
but there is no guarantee that even this is true.

The local heat transfer between the gas and a par-
ticle in a fluidized bed cannot be studied easily at
steady state because there is no convenient way to
determine the amount of heat transferred or the
particle’s temperature. Unsteady-state experiments in
which the particle’s temperature could be measured
would allow the determination. This is a point
strongly made by Turton et &/. [1]. An unsteady-state
experiment was used in this work also, but rather
than use a transient, we used a sinusoidal temperature
variation input so the phase shift and amplitude decay
could be measured to a high degree of accuracy.

THEORY

A heat transfer process can be expressed by the
simple rate equation, ¢ = h4AT. All terms except 4
may be functions of time. The heat transfer coefficient,
h, is a function of the other variables.

The use of the solid surface area, 4, should be
correct for a study of the particle to gas heat transfer.
However, is it the full solids area of the bed or just
some specific part? This is a major source of dis-
agreement and may well be the main cause for the
existing difference between the reported resuits and
those expected. We will show that thermal equilibrium
between the particles and surrounding gas is essen-
tially complete at a very short distance above the
distributor. However, the total particle surface area
in the bed is more often used as the area rather than
the active area.

The determination of the heat transferred is rela-
tively simple, if ¢ represents the total amount of heat
transferred, and if there are no heat losses. In contrast,
for a local differential volume, the heat transferred
can be obtained only by indirect methods which
necessitate an accurate knowledge of mixing.

The temperature difference is the most troublesome
term in the equation. The driving force, AT, must be
defined consistent with the selected area. For measure-
ment of the gas temperature, a suction tube and a
high-speed thermocouple, are adequate. However,
there are dangers which must be avoided. When the
suction is too high, it disturbs the flow pattern of the
bed, and any solids which catch on the shield can
change the true gas temperature. These effects are
hard to evaluate. Another danger is that there is no
way of telling whether the gas is from the bubble or

2329

emulsion. If the suction probe is large, gases of both
phases enter simultaneously. The most controversial
term is the solid temperature. Leva [13] indicated that
accurate determination of this solid temperature
would solve the problem of fluid-bed heat transfer.
Wamsley and Johanson [14] adopted an unsteady-
state experiment to eliminate the necessity of using
the solid temperature. It is this concept that holds the
most promise [1, 2, 5] and is used here.

Two-zone model

The two-phase model that uses a gas as bubbles and
an emulsion phase has found widespread use in the
analysis for fluidized beds, especially when kinetics
are involved. However, that model has not been of
value for the particle to solid heat transfer problem.
It is important to note that the heat of the gas per unit
volume is several orders of magnitude less than that
of the solid. Thus it takes little solid to cool a large
gas flow. The rapid cooling of a gas stream has been
well documented by Heertjes er al. [15, 16], who
showed that cooling was essentially complete in the
first 1/4 in. above the distributor. Kim [2] confirmed
these results. It is this same region that is low in solids
because of the jetting action of the grid [17] and is
below the region where bubbles form. Above this
region, bubbles form and mixing of solids is intense ;
thus, the assumption of complete mixing should be
adequate. The two-zone model is llustrated in Fig. 1.
This model is based on the hypothesis that cool solids
come into contact with the entering hot gas in the
transfer zone and are heated. By the solids mixing
process, the now heated solids are returned to the
upper zone and are rapidly mixed. Further transfer
from the solids to the gas occurs here ; however, since
the solids have not been heated drastically (the heat
content difference), and since those that are heated
are mixed into a much larger body of solids, we would
not expect to see a really measurable temperature
difference here. This does not mean that equilibrium
exists, as has been assumed in many previous models
for heat transfer. It means, rather, that finite heat
transfer occurs and cannot be ignored, because even

To
Dilute upper
. 2one 4] Solids,
well mixed
Main bed zone zone (1 — e)
Tou A Tsu
—1'-9 = + $ . Transfer
L _ ¢ %L zone (e)

FiG. 1. Two-zone model for heat transfer in a fluidized bed :
T, and T, are the solid and gas temperatures ; subscripts —t
and —u refer to the transfer zone and the upper zone; T,
and T, the inlet and outlet temperatures; e the fraction of
solid in the transfer zone ; S the interchange of solids between
the upper and lower zones ; and w, the mass flow rate of gas.
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though the temperature driving force is very small,
the area for transfer is very large. An overall heat
balance on the system results in

(7—‘1 - To) = Mgtcpg(dTgl/dt)
+e’MSc,,s(de(/’dt)+Mguc,,g(dTgu/dt)
+(l—-e)Mc,(dT,/dr) (1)

Welpy

where the notation from ref. [4] is used (shown in
Fig. 1). For the solids

ghlA(Tgl - T\“) + (l "e)huA(Tgu - Tsu)
= eMs(’ps (d Tst/dt) + (I - £)) Mscps (d T;u/d[). (2)
To simplify the problem, we can assume:

(1) The thermal capacitance of the gas is negligible
in both zones or M, (dT,/df) = M,,(dT,,/dr) = 0.

(2) Mixing of solids is great so that T, = T,, = T,.

(3) The gas temperature in the upper zone is equal
to the outlet gas temperature 7, = T,

(4) The gas temperature in the lower zone is equal
to the inlet gas temperature 7, = 7.

The last assumption is the weakest, since it is known
that there is a gradient in this area. Equations (1) and
(2), with the additional assumption that ¢ is very close
to unity, become

el T,=T,) = Myc,(dT,/d1) (3)
and
M, (dT/dt) = edh (T, — T)+ (1 —e)Ah (T, —T,)
4)

where two separate values of 4 are used to signify the
marked physical difference of the two zones and the
+ sign on the last terms for the case of gain of heat
by the solid in the upper zone.

Frequency response method

Successful and extensive application of the fre-
quency response method for characterization of the
time dependence of complex electronic networks is
well known. However, its application to a char-
acterization of flow systems, where the additional
cffect of location is involved, was relatively new at
the time of this work. For fluidized beds, sinusoidal
variation of the inlet temperature has been used by
refs. [2, 7]. A square wave input was used by refs. [8. 9]
and a pulse by ref. [11]. Sinusoidal variation provides
better accuracy because harmonics need not be con-
sidered : however, this is at the expense of a more
complex Inlet temperature generator. Recent appli-
cations in the fields of communication and control,
and especially for the characterization of continuously
stirred reactors, can be found in any text on control.

For the sinusoidal variation method, a signal with
certain amplitude and frequency is impressed on the
system under investigation and a resulting output sig-
nal from the system with a different amplitude and
phase but with the same frequency (except for the
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special case where the system has its own natural
frequency) is obtained. The signal can be any physical
quantity which corresponds to a driving force: such
as voltage, temperature, or concentration. The
relationship of two amplitudes and phase changes
at the various frequencies are used to evaluate the
differential equation (or transfer function) which rep-
resents the system. When the differential equation of
the system is linear, the ratio of amplitudes and their
relative phase are functions of the frequency only.
The intended purpose can be either a selection of
the proper differential equation, a determination of
coeflicients of an equation with known form, or both.
This method is particularly suited for this study,
where the objective was not only a selection of the
differential equations which most closely describe the
fluidized and packed bed systems, but also for the
determination of heat transfer coefficients or Nusselt
numbers, which represent each mechanism of transfer.
As will be seen, phase angles very close to 90 had
to be measured, which was difficult. The procedure
used is given in Appendix A. Nevertheless, measure-
ments could be made, and the Nusselt numbers
obtained approached 2 for the single particles and
were considerably greater than the results for single
or packed beds for the fluidized bed at low Reynolds
numbers. Since a wide range of variables was not
investigated so no new correlation was attempted.

EXPERIMENTAL APPROACH

Among the various modes of heating or cooling
used to cause heat transfer to or from particles to
a gas, the use of a sinusoidal inlet gas temperature
provides a system with a minimum of disturbances.
Possible shortcomings of this method are the dis-
turbances due to natural convection. The system com-
ponents will be briefly described here ; more detail can
be found in ref. [2].

Sinusoidal power generator

The sinusoidal power generator is shown in Fig. 2.
Two powerstats (type 136) were connected in series ;
one was used to set the amplitude of input to the other

Frequency Control

7 1

115 VAC
sS4 | S5 “’
—_— e e e "
Motor  Zero Max
Voltage To Heater V-Belt
Regulator )
[ S — Reduction
‘ T ﬁ: | g / L Gear Box
LLIFLL U
/ [

Pl Return Spring  Yoke-Drive Assembly £ MSI

FiG. 2. Sinusoidal power generator; S, switch; MS, micro-
switch ; P, powerstat.
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powerstat, which was driven by a scotch yoke. The
motion of the yoke originated from a 1/4 hp motor
connected to a torque converter, which in turn pro-
vided a continuous variation in the output r.p.m. The
output was belt-connected to a speed-reducer, the out-
put of which drove the scotch yoke with two identical
half-cycles (with spring actuated return). This system
generated sinusoidal power with a frequency range of
0-1.5 cycles per minute and an r.m.s. voltage range of
0-100. The stability of frequency was excellent; no
change in frequency was observed during 8 h of con-
tinued operation. The deviations in the voltage ampli-
tude from pure sinusoidal voltage, if they existed, were
very slight.

Test bed

The test bed (shown in Fig. 3) can be divided into
three sections : calming zone, heating zone, and bed.
The calming zone was made from 12 cm (4.75 in.) i.d.
and 17.8 cm (7 in.) long steel tubing. The air inlet was
located at the center of a closed bottom section. To
provide a uniform inlet gas velocity profile, two
porous stainless steel plates and five layers of closely
knit nylon cloth were either cemented to the wall
or stretched by tension rings. The uniformity of the
velocity was checked with a hot film anemometer and
found to be excellent. The heating zone consisted of
two heater plates, insulators, and gaskets. The heating
element was a very thin nichrome ribbon. Two plates
were connected in series and had a total resistance of
55 Q. The time constant of the heater at the maximum
gas flow rate was about 3.0 s. The bed was a vacuum
jacketed pyrex tube with a cross-section of 111 ¢m?
(0.120 ft.?). Three materials—~cotton, nylon, and
copper—were investigated for the bed support. A

VIBRATOR B Vibrator
Tie Ring
O-Ring
TEST Holder
i BED
Heater
Terminals Rubber
Caskets
PPER SCREEN
J Ie COPPE 3
et 1.
THEATERD |
Stainless Steel Porous Plate
CALMING ZONE
Loadds(ggts
Pa
Reference g_eater
Scale o ings
—Abestos Frame
Insuiator Structure
Plates
Sotenoid Valve
R ——— ——Air

He+Air

Fi1G. 3. Bed-heater-calming section detail of system: S, switch.
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thermally and electrically insulated photoetched 400
mesh copper microscreen support was selected. A
thin (40 gauge) constantan wire was connected to the
screen to form a junction for the screen temperature.
For the gas inlet to the test bed, compressed air was
passed through a fiber-glass packed filter which also
served as a surge tank. Two needle valves were used
to give a constant pressure to the rotameter which was
calibrated for air under 2 atm and 27.8°C (82°F). Air
leaving the second valve went to the calming zone. The
maximum capacity of the rotameter was equivalent to
a superficial gas velocity of 043 ms™' (1.42 ft.s7")
in the bed. For an accurate measurement of low flow
rates in the bed, a small replacement float was used.

Gas temperature measuring system

The gas temperature was measured with a suction
tube thermocouple. The vacuum was maintained in a
19 liter (5 gallon) jar by the use of a vacuum pump.
The gas flow rate through the probe was regulated at
the rotameter. The voltages from the thermocouples
were connected to a terminal board. Each pair of
terminals was wired to two identical selector switches.
The output of the switches was put through two
attenuators (ten turn potentiometers) and then to a
patch board. The board was used to add or subtract
two signals from the attenuators for the accurate
measurement of phase shift between two original sig-
nals. The signals from the board were recorded on an
Offner two channel Dynograph recorder which has a
sensitivity of 1 4V per millimeter of chart. A 0.476 cm
(3/16 in.) stainless steel plate served as a cover for the
bed and as the probe holder, and also provided for
the horizontal coordinate by the sliding of the plate.
The probe holder could be moved vertically within a
range of 0.35 m (14 in.). The accuracy of positioning
was better than 0.5 mm.

The single particle heat transfer experiments

The frequency response method was also used for
the determination of the heat transfer from a single
particle. A 40 gauge copper—constantan thermocouple
was imbedded in a 1.0 mm solder ball for the solid
particle temperature. A bare thermocouple was used
to indicate the surrounding gas temperature. The
same test bed, but empty, was used to generate the
sinusoidal temperature field.

EXPERIMENTAL RESULTS

Empty bed experiments

A series of runs were made in the empty bed to
check the uniformity of the heat flux over the cross
section, the uniformity of vertical gas velocity, the
effect of natural convection, and the heat loss. The
results indicated that the uniformity in heat flux and
the gas velocity at the lower section of the bed was
very satisfactory. At a distance of 0.254 m (10 in.)
above the support, deformation of the sine wave was
so great that the frequency and amplitude could not
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be reproduced. The height at which the wave starts to
deform varied with the gas flow rate, input frequency,
and amplitude of the input. At the lower gas flows,
higher frequency and larger amplitudes decreased the
height. From these observations it was concluded
there were sirong effects of natural convection, and
consequently mixing in an empty tube. This does not
mean that strong effects of natural convection will
exist in a packed or fluidized bed, since viscous effects
due to high surface area would be much greater than
buoyancy, and the actual vertical gas velocity would
be much higher due to the decrease in voids.

The average gas temperature in the empty bed was
constant, regardless of height. This indicates there
were no net heat losses through the wall. Some damp-
ening of the amplitude should exist in the area near
the wall because of the possible transfer between wall
and gas ; this was detected.

Single particle heat transfer experiments

The single particle heat transfer experiments were
intended (1) to extend the existing N, vs N, cor-
relation of single particle heat transfer to lower Reyn-
olds numbers, (2) to characterize the solder ball thermo-
couples which were used in the fluidized bed heat
transfer experiments, and (3) to test the theory and the
technique of using the frequency response approach.

These experiments were carried out in the empty
bed. The solder ball thermocouples used in this study
were 40 gauge copper—constantan thermocouples
embedded in solder balls whose diameters were about
| mm. Evaluations of the heat transfer coeflicients
were made from the measured time constants, ball
diameters, and physical properties of the solder. A
correction for the effect of the lead wires was also
applied. The magnitudes of this correction and the
convective disturbance of the wave at low gas flow
rates limited the experiments to a lower Reynolds
number of about 2. The resuits clearly showed that
heat transfer of very low flows approaches a Nusselt
number of 2.

Theory for treatment of data. The use of a sinusoidal
inlet gas temperature allows analysis by a simple fre-
quency response technique. The gas and solid tem-
peratures arc a function of w and ¢

T,=A,e" and T, =A,e""" 5)
A heat balance on a single particle gives
M., (T, (01) = hA(T,~T.)
or éT ot = (1/0,)(T,—~T,) (6)

where 0, = time constant of this particular system
= M,c,./hA. Substituting equations (5) for 7 and T,
into equations (6) gives

[0 € )3 = (1/0,)(4, & — A5 &%)

or

R. S. BRODKEY et al

](,00/42 eiml+-<[>+¢ e AI eim/ _AZ ennH—e/) (7)
which gives
T,—T. = iw0,T,. (8)

Thus the gas temperature can be represented as a
vector with the solid temperature lagging at some
phase angle ¢. The vector difference between the two
temperatures is i0#, T,. Since at steady state (no sinu-
soidal input) T, = 7, the two thermocouples were
adjusted to give the same output values under steady-
state conditions by potentiometers. The solid tem-
perature T, and the temperature difference were mea-
sured under experimental conditions.

Since |T,| —|T.|/|T,] = wf,, it was only necessary
to divide by w to determine the time constant. Simple
substitution gives the Nusselt number

0, = Mc,/hd or h= M, /0,4 9
Ny, =hD,jk, = MNL‘,,SDP/()!KDF% = M, /0,nD,.

(10

stps

The particle was weighed by a micro-balance and
the diameter was determined. Heat capacity data were
obtained from handbooks. The Reynolds number was
determined from the fluid properties, the particle
diameter, and the velocity. An analysis was necessary
to enable subtraction of the contribution of the copper
and the constantan leads from the effective heat trans-
fer coefficient. The analysis can be found in Appendix B.

Results and discussion of single particle heat transfer
experiments. The results for runs on three spheres
(0.935-1.14 mm) can be found in ref. [5]. For a given
flow rate the time constant should remain constant
regardless of the frequency. The data from ref. [S]
show that this is true, thus average values could be
used. The resulting Nussclt numbers calculated from
these time constants are compared to the predicted
values in Fig. 4. Good agreement is noted except at
the lowest flow rates. Several sources of error can lead
to these differences. A dampening and distortion of
the measured sine curves would indicate the presence
of convective effects. Density differences would cause
free convection to contribute to the heat transfer ratc.
At higher velocities this effect can be neglected. At the
lower rates, gravitational forces are not counteracted,
and thus can lead to convective effects.

A primary source of error might be in the correction

10 T T T T

2
z 3
-~ Predicted
2y X Sphere No. 1
o P -
o} . 0 a O Sphere No. 2
11 SphereNo.3
1 . 0, f ) ; : —
¢ 2 3 E 10 26 30 50 106

F1G. 4. Nusselt vs Reynolds numbers for single particles.
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for the contribution of the leads. This correction is
large, equaling as much as 75% of the total heat
transferred. The correction is greater at the lowest
flow rates and certainly can lead to the low values of
observed Nusselt numbers, since a 10% error in the
lead correction may result in a 30% error in the con-
tribution of the particle. In determining the lead cor-
rection the surface temperature of the solid was taken
as 7, 1o avoid a split boundary analysis. Any differ-
ence in the slope at the interface caused by an internal
temperature gradient will also lead to error.

Data obtained on the spherical particles shows that
in single-particle heat transfer, the Nusselt number
will approach 2.0 at low Reynolds numbers as pre-
dicted by theory. Thus, an imbedded thermocouple is
useful for solid temperature measurement in a sinu-
soidal system using frequency response techniques.

Fluidized bed heat transfer experiments

The preliminary runs and general comments. A
series of fluidized bed heat transfer experiments were
conducted to study the general gualitative nature of
the system and to check the various temperature mea-
suring devices. These were used to test the linear flow
models and to develop theoretical models for the
description of the system. In addition, two sets of
mass transfer experiments were undertaken to deter-
mine the general degree of gas backmixing. These will
not be reported here, but can be found in ref. [2).

Based upon the measured. gas temperature waves,
a fluidized bed system can be classified into three
general modes by the level of the gas flow rate. When
the fluidizing gas velocity is low so only infrequent
and discrete bubbles are observed in the bed, the plots
of log amplitude decay and phase shift against the
distance from the distributor showed a strong simi-
larity to those obtained in the packed bed experiments
[3]. There was a small scatter of individual waves
about some mean values as the bubbles pass by the
tip of the probe. As the gas flow rate increased, the
size and frequency of the bubbles tended to increase.
A slow gross motion of solids was also observed. The
measured gas waves were sufficiently distorted in their
frequency and amplitude so that the waves could not
be characterized. This distortion was caused by the
interaction of the impressed sine wave and the oscil-
latory nature of the system, caused by the gross
motion of solid. This distortion was everywhere in the
bed, but its extent was different. In this range of gas
flow rates, a further increase of the gas flow lessens the
amplitude disturbance and increases the frequency. As
a result, a gradual improvement of the temperature
waves was obtained. However, this system still lacked
the general reproducibility which was essential for a
detailed experiment. Finally, when the gas flow rate
was increased to the extent that a violent motion of
solids and bubbles was observed, the lines of the two
plots were quite different (see Figs. 5 and 6). These
results indicated that the dampening of amplitudes
and the phase shift occur within 0.64 cm (0.25 in.)
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F16. 5. Amplitude vs height for one typical fluidized bed
experiment.

from the screen and that a near-or-at-equilibrium
solid and gas temperature exists in the rest of the bed.
This must be caused by the violent circulation and
mixing of solid particles in the equilibrium section of
the bed.

In fluidized beds with bubbles, regardless of the gas
flow rate, no general linearity similar to a packed bed
was found. In a well fluidized system, however, an
apparent linear response of time exists between the
inlet and outlet gas temperatures as a result of high
frequency and low amplitude of the disturbance. This
does not imply that every part of the system obeys the
linear criteria of the input~output relationship. Thus,
the gas temperature measurement inside the bed is
essential and any analysis of the input-output
response would be an approximation. This obviously
could be misleading.

Two-zone model. The foregoing results of gas tem-
perature measurements in the fluidized bed showed
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that it could be divided into two characteristic zones;
i.e. a decaying zone (0.64 cm or the first 1/4 in. of the
bed) and a constant gas temperature zone (the rest of
the bed). In the lower portion of the decaying zone,
the waves were very sinusoidal but more distorted
as the distance from the support was increased. The
distortion and scatter were most pronounced at the
area near the interface of the two zones. In the decay-
ing zone, the recorded amplitude of the gas tem-
perature was strongly affected by the probe suction
rate, the higher suction giving higher amplitudes.

In the constant gas temperature zone, the recorded
sine waves had a slight superimposed random scatter
but they were very stable and reproducible. Changes
in suction rate did not affect the waves in this zone.
Identical waves were recorded everywhere in this zone
and were equal to the exit gas temperature wave. This
was taken as an indication of uniform gas and solid
temperatures in the zone. If the mixing rate of gas
was extremely high, a minute but uniform driving
force (temperature difference between the gas and the
solid} could exist. To substantiate the results of the
suction probe, use was made of mass transfer exper-
iments, bare thermocouples, a solder thermocouple
probe, and a copper screen thermocouple. The results
of the mass transfer experiments {2] indicated that
waves were very sinusoidal near the bottom of the bed
but became very irregular and irreproducible as the
distance from the support increased. The height at
which a noticeable deformation started corresponded
to that in the temperature variation experiment. A
bare 40-gauge thermocouple inserted into the bed gave
similar results to those of the suction thermocouples,
i.c. a rapid decay of amplitude near the screen and an
equal temperature in the rest of the bed. Two solder
ball thermocouples having widely varied time con-
stants were inserted in the upper section of the bed.
Both thermocouples indicated identical temperatures,
thus indicating an extremely high rate of interfacial
transfer, These thermocouples did show a slightly
different temperature in the decaying zone. The re-
corded temperature of the supporting copper screen
was little different from that of the reference thermo-
couples. This and the results of solder ball experiments
confirm the findings of Bakker and Heertjes [18], i.e.
the presence of high porosity near the screen. The
particles near the screen may be less mobile and less
dense because of the jetting air from the openings of
the screen and the limitation imposed by the screen.
Our qualitative experiment with the use of an optic
fiber light probe also showed that the optic density
near the screen was considerably less than that in the
other portions of the bed.

Based upon these various observations, the fluid-
ized bed should be divided into two zones. A small
but finite temperature difference between the gas and
the solids may exist in the upper (near equilibrium)
zone. It should be emphasized that since this zone
contains most of the area of the bed, even a small
temperature difference here becomes most significant.

R. S. BRODKEY ¢t af.

Results and discussions of fluidized bed heat transfer
experiments

Glass micro-spheres were selected to obtain the
quantitative data which could be used to establish the
mechanisms of transfer and to obtain the values of
the heat transfer coefficient. These particles were the
largest available which can be effectively fluidized in
our equipment. The glass spheres had a density of
2.83 and a specific heat of 0.186. The beads used had
an average diameter of 1,19 x 1077 ft. The batch was
a mixture of 11.6% 900 pm diameter-48.5% 365 um
diameter-35.0% 325 pm diameter-1.5% 275 um
diameter.

The results indicated that the angle between the
vector (T,—T,) and T, was always about 90 deg and
that values of Rjw. the amplitude ratio between two
vectors per frequency, were almost constant for a
given run.

Equation (3} can be rewritten as

(Ti—T,) = 108,T; (n

where

(12)

This equation indicates that the solid temperature also
should lag T,— 7, by 90 deg and the amplitude ratio
be constant, (,.

If the angle was exactly 90 deg, the solids serve
purely as a heat sink, and equation (4) is reduced to

0 = M.Cpf/WyCpry-

M, (dT,/df) = eAh (T~ T) (13)
or, by combining this with equation (3) gives
Wolp = ¢ AR, (14)

Unfortunately, this implies that the heat transfer is
only dependent on w,c,,. Further, to satisfy the equal-
ity, the valuye of the right-hand side must adjust
accordingly, where e4 was the actual area of heat
transfer. The heat transfer coeflicient %, is dependent
on w,, the gas flow rate, but the form of the de-
pendency as suggested by equation (14) does not
seem probable. In this case, no evaluation for A was
possible.

If the angle is larger than 90 deg, T, is leading T,
and consequently heat must flow from the solid to the
gas in the upper zone while the reverse occurs in the
lower zone. The mechanism of transfer can thus be
described as fast moving particles picking up heat
from the incoming gas at the lower zone and losing
the heat to the outgoing gas. This implies that the
temperature of the gas going out of the lower zone
must be very close to that of the solids, and that the
solids mixing is extremely fast. Since practically all of
the solids were present in the upper zone, the transfer
in the upper zone alone can be expressed from equa-
tion (4} as

Mscps(dnjdz) = Ahu(Tom Ts) = Wgcpg(ﬂ - 'ro) {15)
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Table 1. Results of fluidized bed heat transfer experiments

Nusselt
0, number
Run Reynolds
number Angle Slope Angle Slope number
1 0.12x107° 5x10° 407 91 8.85
2 7.65x107° 3x10°° 60 152 8.85
3 73x107° 3x107° 625 152 8.85
4 — 2x10°° — 228 6.65
5 1.35x107° 4x107° 340 114 6.65
6 224x107° 5x107° 204 91 6.65

The solutions of this equation are
R=(0,/8)w(1+w?*8?)~"? and tan ¢ = —(1/wb,)
(16)

where (as defined in equation (6))

8! = Mscps/hA = (cps psd§/6ksNNu) (17)

Since this final model describes the results adequately,
all results are analyzed by the above solutions. The
first solution was rewritten as

(Rjw)? = (0,/0,)*—07R? (18)

and the values of 0} were obtained from the slope of
R*/®? vs R*. These and the results from the angle are
shown in Table 1. An error analysis for the angle
measurement can be found in ref. [2].

The range of values incorporated above are shown
in Fig. 7. The value of ¢ was calculated and ranged
from 0.3 to 0.5. This was used to establish N,,. When
the Nusselt numbers for runs 1-3 were approximated
from the literature, they were Ny, = 5 for a packed

Nusselt Numbers

102 I O R TR T N R

Lo
« 7108

2 4 710 2 4 7102 2
Reynolds Numbers

F1G. 7. Nusselt vs Reynolds numbers correlation for fluid to

particle transfer: (1) theoretical minimum ; (2) single par-

ticle; (3) packed beds (¢ = 38.3%); (4) fluidized bed, true

(Franz) ; (5) fluidized bed, k apparent (Franz) ; (6) this work
for fluidized beds.
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bed with 38% void down to Ny, =0.30 for the
fluidized bed. These values are equivalent to 8, =
5.5x 10~ * and 9.13 x 1073, respectively. These were
also equivalent to tan ¢ = 4.55 and 0.278 at o = 400
rad h™'. These values were too low, being of the order
of one one-hundredth even if the accuracy of the angle
measurement was only about 20" of arc. Thus, it was
safe to conclude that the real heat transfer coefficient
of fluidized systems are much larger than those of the
packed bed based on the normal correlations.

CONCLUSIONS

This work offers an alternate view of the fluidized
bed during heat transfer. The two-zone model is the
only one to date that can provide particle to fluid heat
transfer coefficients that are consistent with common
sense that tells us that the values should exceed those
for a packed bed.

The results of our study showed that the general
magnitudes of the real coefficients of fluid—particle
heat transfer in fluidized beds at low Reynolds num-
bers were of the order of 20-100 times those for
packed or single particle systems at the same Np,. This
result was in marked contrast to data found in the
literature [1, 6]. A highly accurate determination was
beyond the capability of the present equipment.

The key to the success of the model is that the lower
zone is very small when compared to the upper. Its
size does not matter as long as equation (4) can be
reduced to equation (13). This occurs if ¢ is small
when compared to 1 and that the first term is small
(because of the factor ¢) when compared to the second
term. With this assumption (and it is an assumption
that is the basis of the model), the heat transfer
coefficient is determined from using only basic
measurements that are in equation (17). These are
the time constant (obtained as described in equation
(18)), the mass of solids in the bed, the area, and the
heat capacity. For the Nusselt number we need to add
the solids conductivity, density, and average particle
diameter (again note equation (17)). The exchange
rate S does not enter and e enters only in the sense
that it is assumed small to reduce the model equation
as described. The assumptions of the model should be
good as long as e is indeed small.
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APPENDIX A. ACCURATE PHASE
MEASUREMENT

In the packed bed heat transfer experiments [3], the phase
lag ¢ was evaluated by the measurement of the distance
between the corresponding peaks {or valleys) of two recorded
temperature traces. This method was found to be sufficiently
accurate and further improvement in accuracy was attained
by an increased number of measurements at varied heights.
In contrast, for the fluidized bed heat transfer experiments,
the distance measurement could not provide the required
accuracy for the data evaluation because the accuracy of the
vertical distance measurement of 0.2 mm corresponded to
about 10 deg of angle at a high frequency.

As an alternate method, the larger (7')) of two temperature
waves (T, and T,) was attenuated and the resulting wave
(T;,) was subtracted from the other (7,) to obtain a new
difference wave (T,). The phase difference between T, and
7,, ¢. could then be expressed by the following cosine law

R. S. BRODKEY et al.

of the amplitudes:

(A3+43)~ A}

== 3recos e -
¢ 2AA,

(A1)

where A is the amplitude for the corresponding temperature
vector. Since ¢ was insensitive to the aftenuation, many sets
of 4, and 4, could be obtained, thus allowing improvement
of the accuracy which is only limited by the accuracy of the
recorder and by the stability of waves.

The magnitude of probable errors in the angle measure-
ment by this method can be expressed by taking the partial
derivatives of cos ¢ with respect to cach amplitude to be
measured. These are

dcos (15 1 ! o}
ﬁAz WAB_A:COSQS (A
dcosp |1 I
R R "
and
Jcos ¢ Ay
il SN A.L N A
0A, A4, (A9

Further, the second terms which contain cos ¢ can be
neglected when the angle is near 90 deg. These equations
show that the error in cos ¢ which could be caused by each
measured amplitude is less than the fraction of error in each
amplitude measurement and the total error in cos ¢ is even
less than the error by a single amplitude because the right-
hand term in the third equation is negative and larger than
either 1/4; or 1/4, and less than the sum of the two. The
total error becomes

(U AN

Ay=A,= A,

APPENDIX B. CORRECTION FOR
THERMOCOUPLE LEADS

An analysis was necessary to enable subtraction of the
contribution of the copper and the constantan leads from
the effective heat transfer coefficient. The distance x is away
from the junction and positive in the copper direction. A
heat balance on the wire gives

¢, AM(2T]21) = kA2 T/ox?) +hnD(T,—T). (Bl)

If the hold-up is small, the left-hand side of the equation
approaches zero, and

haD(T—T,) = kA(2* T/ix7) (B2)
(67 T10x%y = (4h/DEXT —T) (B3)
[T~ T)jox?] = @R/ DINT ~T,) (B4)
which may be solved to give
T—T,=C e W00y CyeP™ (B
Using the boundary conditions
T=T7T, asx=x or T-T,=0C;=0
gives
T—T, = C e o' (B6)
when

x=0,T=T, or C =T,~T,
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thus
T—T, = (T,—T,) e~ PR,
Combining
q=kA(@T/0x), =0
and
(OT)3x), -y = —(4h/DK) (T, —T,)
gives
q = kA(dh/Dk)"*(T,—T).
Substituting

4h/Dk = hnD/kA

(B7)

(B8)

(B9)

(B10)

gives
q = (kAnDh)'"*(T,~T.). (B11)

The total heat transferred equals the actual heat transferred
plus the amount transferred by the leads

G = A4+ (ke AcstDesbo)
+ (koo Ao Deohies) U T, — T)
= [14,+ C, (hD) + Co(hONT,—T)  (B12)
where
C, = (komDouhe,)"? and  Cy = (komDeoheo) 2.

Thus, the copper and the constantan contribution can be
subtracted out using the correlation for heat transferred to
cylinders found in McAdams [19].

TRANSFERT THERMIQUE ENTRE PARTICULE ET FLUIDE DANS UN LIT FLUIDISE
ET POUR DES PARTICULES UNIQUES

Résumé—On décrit une technique de réponse en fréquence pour évaluer les coefficients de transfert
thermique entre un gaz et une particule pour des sphéres solides et des lits fluidisés de particules. A des
nombres de Reynolds faibles, le nombre de Nusselt de la particule unique approche 2 comme prévu.
Néanmoins, la valeur générale pour des lits fluidisés de particules fixes est 20 a 100 fois celle des systémes
de lit fixe ou de particule unique, ce qui est en contradiction avec les données connues. Les présents résultats
sont plus rationnels mais ils sont dépendants du modéle comme tous les autres résultats de lits fluidisés.

WARMEUBERGANG VOM FLUID AN PARTIKEL IN EINEM WIRBELBETT UND AN

EINZELNE PARTIKEL

Zusammenfassung—Es wird eine Frequenzgang-Methode zur Ermittlung des Wirmeiibergangskoef-

fizienten zwischen Gas und Partikeln, Gas und festen Kugeln und zwischen Gas und einem Wirbelbett

aus feinkornigen Partikeln beschrieben. Bei kleinen Reynolds-Zahlen liegt die Nusselt-Zahl fiir Einzel-

partikel erwartungsgemdB nahe bei 2. Im Gegensatz zu den Angaben aus der Literatur ist der Wert fiir

Wirbelbetten aus feinkérnigen Partikeln jedoch 20-100 mal groBer als derjenige fiir Festbetten oder Einzel-

partikel. Die hier vorgestellten Ergebnisse sind einleuchtender, sie sind aber-wie bei allen anderen Ergeb-
nissen von Wirbelbetten—modellabhéngig.

TEIJIOINIEPEHOC OT T'A3A K YACTHLIE B INICEBAOOXHWXEHHOM CJIOE U B
CIIYYAE ETUHNYHBIX YACTHUI]

Amoramas—ONHUCEBAETCH NPHMEHEHHE METOA YaCTOTHBIX XapPaKTePHCTHK IS onpenesieHns Koddou-

LHEHTOB TEILIONEPEHOCA OT ra3a K YacTHIE B ClIy¥ae TBEPAbIX chep H NCEBAOOKHKEHHBIX C/IOEB, COCTOA-

IHX ¥3 Menkux YacTn. Kak u oxmupanocs, mpu Hu3kux uucnax Pefinosnsaca uucno HyccenwTa nis

€IMBUYHO# 4acTHUB! npubnrxaerca k 2. OAHAKO €ro 3HAYCHHME [UIS NCEBIOOKHMKEHHDBIX CIOEB MEJIKHX

gactun B 20-100 pa3 Gonblne, YeM B CHCTEMaX yNAKOBHHEIX CJIOCB MM €XMHMYHLIX Y4CTHL, 4TO PE3KO

OTJIMYAETCH OT HMEIOLIMXCA B JIATepaType AaHHbIX. [Tonydennnie pe3ynbTaTht ABASIOTCH Gosee HANeX-
HBIMH, XOTS H 3aBHCAT OT MOJEJH, KaK U BCE Pe3yJILTATHI IV TICEBIOOKMKEHHBIX CI0EB.



