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Particle-to-gas heat transfer coefficients were determined in packed and fluidized beds
with large diameter particles and high mass velocities using the cyclic temperature method,
Experimental results for packed beds were satisfactorily correlated within 10% deviation
as &jy, vs. Nr, ond were found to compare favorably with results of other experimenters ob-
tained with much lower mass velocities and larger particles. The particle-to-gas heat trans-
gr_é:gfﬂicient varied as G** for the steel spheres vs. G** for the tungsten spheres, and as

Heat transfer coefficients obtained at minimum fluidization were in good agreement with
those obtained with packed beds. As the mass velocity was increased above that required
for minimum fluidization, heat transfer coefficients remained essentially constant.

In packed beds or fluidized beds of spherical particles
generating heat at a constant rate and cooled by fluid flow-
ing through the bed, it is necessary to know the average
value of particle~to-fluid heat transfer coefficient to calcu-
late the particle surface area required to maintain a speci-
fied maximum temperature difference between the fuel sur-
face and the cooling gas at the exit of the bed. In corre-
lating particle-to-fluid heat transfer coefficients, it is
generally assumed that either the Nusselt number or jp is a
function of Reynolds number,

Recent reviews of the literature by Barker (I, 2) and
Frantz (3) indicate wide variations in the experimental data
relating j, and Ngp.. Little experimental work has been
performed with very high mass velocities in packed or
fluidized beds or with small diameter particles in packed
beds. The purpose of this study was to accurately deter-
mine particle-to-gas heat transfer coefficients in gas flow
through packed and fluidized beds over a wide range of
Npge with particular emphasis on small diameter particles
and high mass flow rates.

The method of cyclic temperature variations was used to
determine the particle-to-coolant heat transfer coefficient.
In these experiments, a sinusoidal temperature variation
with respect to time was induced in the gas prior to its
passage through the particulate bed. As a result of heat
exchange between the particles and the gas, the sinusoidal
temperature wave in the gas after passage through the bed
was reduced in amplitude and exhibited a shift in phase.
The heat transfer coefficient was calculated from the am-
plitude and phase relationships of the wave, the thermal
properties of gas and particles, the geometry, and the
coolant flow rate. Advantages of this method include:

1. The particle surface temperature need not be measured.
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2. Power requirements are small because only small
temperature changes are required.

3. The experiment is run under
conditions.

nearly isothermal

REVIEW OF THE LITERATURE

Schumann (4) initiated the use of transient response
techniques in determining heat transfer coefficients when
he theoretically investigated the effect of introducing a
step change in temperature into a fluid at the inlet of a
packed bed. His graph of the outlet coolant temperature
vs. time for different heat transfer coefficients could be
used in conjunction with experimental data to evaluate the
heat transfer coefficient.

The transient response method was simplified greatly by
Bell and Katz (5) in their analysis of a packed-bed system
in which the inlet fluid temperature was varied sinusoidally
when they determined that the particle=to-fluid heat transfer
coefficient could be calculated from the coolant tempera-
tures measured simultaneously upstream and downstream of
the bed. Dayton et al. (6) extended the theory to encom-
pass particles with a low thermal conductivity., Dingee
and Chastain (7), as well as Dayton et al. (6) discussed
magnitudes of errors which might arise from coolant mixing
and from variations in velocity and heat transfer coef-
ficient. Ball (8) used the cyclic temperature method to de-
termine the effective radial and axial thermal conductivi-
ties of the bed as well as the particle~to-fluid heat wransfer
coefficient. Results of experiments in packed beds per-
formed by Meek (9), Kim (10), and Gates (1I1) tended to
confirm the validity of the cyclic temperature method for
packed beds.
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Both Kim (0) and Littman and Stone (I2) have previ-
ously used the cyclic temperature technique to determine
heat transfer experiments in fluidized beds. Kim (10) in-
iroduced a sinusoidal temperature wave into the inlet gas
and measured the amplitude ratio and phase shift at several
positions in a deep fluidized bed with thermocouples. His
results indicated that complete damping of amplitude oc-
curred within 0.25 in. of the upstream support and that a
untform solid and gas temperature existed in the remainder
of the bed. He based the correlation of his results on a
two-zone model, that is, a decaying zone close to the up-
stream bed support and a constant-temperature zone in the
remainder of the bed. Littman and Stone (I2) introduced a
square wave in the inlet gas of a deep fluidized bed and
used a thermocouple in the exit gas to measure the ampli-
tude ratio and phase shift between the inlet and outlet gas.
To interpret their results, they assumed plug flow in the
gas and an infinite solids mixing rate. Because a deep
bed was used, L/D, =~ 57, only minimum values of the heat
transfer coefficient could be obtained.

THEORY

The differential Equations (1) and (2), which in the
present experiments were used to relate the heat transfer
coefficient to the particle and fluid temperature, are based
on the following assumptions.

1. The system is linear and hence the differential equa-
tions and the solution are also linear.

2. The bed void fraction is constant.

3. Fluid velocity profile is uniform across the bed.

4. There is no longitudinal dispersion of heat due to
particle conduction or gas mixing and there are no radial
temperature gradients.

5. Physical properties of the fluid and bed are constant.

6. The particle-to-fluid heat transfer coefficient is con-
stant throughout the bed.

7. Thermal conductance of a particle is large compared
with the particle-to~fluid heat transfer coefficient.

These assumptions will be treated in more detail in the
discussion,
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Explicit solutions of Eguations (1) and (2) for Ng, in
terms of the amplitude ratio and the phase displacement of
the downstream wave compared with the upstream wave
have not been determined, although Kim (I0) has reduced
these equations to two nonlinear simultaneous algebraic
equations, For the limiting case of infinitely large K.,
Bell and Katz (5) and later Littman and Stone (I12) solved
Equations (1) and (2) explicitly for the heat transfer coef-
ficient, For K, = 0, the solutions for Ns, in terms of the
amplitude ratio (7, /T,) and the phase displacement of
the downstream wave compared with upstream are
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where Ng; = (1/CgG), ¥ is the phase shift in radians, and
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APPARATUS

A schematic diagram of the apparatus is shown in Figure 1.
Air was supplied from four 94 cu. ft. tanks at 250 lb./sq, in. Con-
stant flow was achieved by a flow controller which could be set
to give any pressure up to 175 1b./sq. in. gauge. Steady mass
flow rates up to 100,000 lb./(hr.)(sq. ft.) could be obtained
through the 1-in. square test section. A 6-in, long calming sec~
tion made up of a bed of ‘/g in., spheres was located upstream of
the heater and two 250-mesh stainless steel screens were placed
upstream of the bed. Air flow rates were measured by rotameters
with an overall range of 0.2 to 150 std. cu. ft./min.

A 400-mesh stainless steel wire-screen electrical resistance
heater was used to produce the sinusoidal gas temperature varia-
tion. The 0.001-in. diameter wire enabled a fast response to be
obtained. Power generation and input was uniform across the
test section. Eight screens spaced 0.1 in. apart were used in
series to produce the desired overall resistance. A variable fre-
quency oscillator (0.01 to 100 cycles/sec.) was used to generate
a sinusoidal signal which was then amplified and passed through
the heater. A peak power of 750 w. could be delivered uniformly
to the air stream with a peak voltage of 25 v.

Air temperatures immediately upstream and 1 in. downstream
of the bed were measured with resistance thermometers made up
with approximately 1 ft. of 0.001-in. diameter platinum wire. The
wire was woven through a 250-mesh nylon screen and traversed
70% of the area of the central region of the test section. Each
resistance thermometer comprised one leg of a Wheatstone bridge
balanced at the mean thermometer resistance. The out-of-balance
currents which were linear with resistance change were amplified
and recorded on a two-channel oscillograph, A resistance box
was substituted for the resistance thermometer to determine the
current obtained for a specified resistance change and so ob-
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tain the ratio of the sensitivities of the thermometer amplifier
systems.

The packed bed of spheres was sandwiched between two nylon
screens in the l-in. square test section, The test section was
6 in. long and was supported in a 0.25-in. thick Lucite frame
with a brass outer shell encased in 2 in. of Fibrefrax insulation.

PRELIMINARY TESTING

Preliminary testing of the apparatus without a bed of particles
was performed to determine the response of the resistance ther-
mometer to the cyclic power generation. At a cycling rate of
10 cycles/sec. and a gas mass flow rate of 60,000 Ib./(hr.)(sq. ft.)
the temperature amplitude recorded was 70% of that at 0.1 cycles/
sec. The upstream and downstream tesistance thermometers
measured identical temperature changes over the entire range of
flows and frequencies used in these experiments.

When the apparatus was operated with a fluidized bed, the in-
teraction of the impressed sine wave and the fluidized bed sys-
tem introduced random noise in the output wave. This problem
was overcome by filtering electronically the random noise from
the output signal.

DESIGN OF EXPERIMENTS

Heat transfer coefficients in the packed bed experiments
were determined from Equations (3) and (4). When Equa-
tion (3) is used to determine Ng, from the amplitude ratio
(Tgx/ng)’ two possible mathematical solutions seem pos-
sible. Under typical experimental conditions, where

Pe n w—Tg‘ is 1 luti hows N, vary
. ma -
3 (1 _ 8) Ly Tg‘ S , one solution shows St

ing with frequency and gives Ng; more than an order of
magnitude too large. The other solution which gives Ng,
invariant with frequency reduces to
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and is taken as the one having physical meaning.

An important feature of the cyclic temperature method is
that although the heat transfer coefficient is independent
of frequency, the amplitude ratio and phase shift obtained
are very dependent on frequency. This is illustrated by
Figures 2 and 3 which are parametric studies of the varia-
tions of amplitude ratio and phase shift as a function of y,
where y is proportional to o,

Determination of heat transfer coefficients at low fre-
quencies requires extremely accurate measurements, since
for this condition the amplitude ratio and phase angle vary
only slightly with changes in Ng,. At very high frequencies,
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Fig. 2. Theoretical variation of amplitude ratio with cyclic frequency.
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Fig. 3. Theoretical variation of phase shift with frequency.

the amplitude ratio becomes independent of frequency and
the heat transfer coefficient can be accurately obtained
from amplitude ratio measurements. At intermediate fre-
quencies, the heat transfer coefficient can be accurately
obtained from the phase lag of the downstream temperature
wave, In fact, both Ng, and y can be obtained if a number
of frequency runs are made in the region where the maxi-
mum phase shift occurs.

Whenever possible, experiments were performed at fre-
quencies where the greatest accuracy in determining Ng,
could be obtained, When the amplitude ratio was deter-
mined, frequencies high enough so that Ng, approached
D
61 -e)L T,
this required frequencies in excess of 10 cycles/sec. When
the Ng, was obtained from the phase angle, suitable fre-
quencies were used to give the maximum phase angle,

Heat transfer coefficients for the fluidized beds were
calculated with several methods. Since K, was not known,
for each experimental run, calculations were performed
using Equations (3) and (4) for K. = 0 and equations de-
rived by Bell and Katz (3) for K, infinitely large. In addi-
tion, for a number of runs the nonlinear simultaneous equa-
tions of Kim (10) were solved for Ng, in terms of the ampli-
tude ratio using intermediate values of K. by means of a
computer code, The Ng, calculated using K. from zero
to infinitely large values were compared and in all runs
they differed by less than 15% because of the nature of the
solutions to the differential equations for the high fre-
quencies required in the experiments. Therefore, for uni-
formity, in presenting the results an infinite solids mixing
rate was used exclusively,

&1

were used, At very high mass flow rates

PACKED BEDS

Results are given in Table 1* and are plotted as 7 vs. G
in Figure 4 and as €j, vs. Ng. in Figure 5, The ordinate
of Figure 5 was selected as £fj, since a number of experi-
menters have found that j, varies with €,

Experiments were performed using beds of uniform steel
spheres with particle diameters of 0.03935, 0.069, and
0.125 in, and using beds of tungsten spheres with average

Deposited as document 9645 with the American Documenta-
tion Institute, Photoduplication Service, Library of Congress,
Washington 25, D.C., and may be obtained for $1.25 for photo-
prints or 35-mm. microfilm.
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particle diameters of 0.019 in. The beds used were shal-
low with a minimum L/D, of 5.25 and a maximum L/D, of
12.9. This restriction was imposed because the amplitude
ratio is an exponential function of L/D,, and although
amplitude ratios greater than 500 could be measured, at
low flow rates and high L/D, the amplitude ratio could be
even greater at the frequencies required. For the 0.03935-
in, particles, several runs using two different bed depths,
0.51 and 0.29 in., were made with identical flow rates and
only slightly differing void fractions,

Mass flow rates varied from 700 to 96,400 1b./(hr,) (sq.ft.)
and Reynolds numbers from 23.4 to 18,200. Measurements
averaged for at least three different frequencies were used
to obtain a heat transfer coefficient for each flow rate and
as many as ten different frequencies were used in some
cases. Deviations from the average were always less
than 3%. A total of three hundred forty nine experimental
runs were made and from the results fifty heat transfer
coefficients were obtained.

DISCUSSION: PACKED BEDS

Most of the heat transfer coefficients were calculated
using the amplitude ratio and Equation (3). Periodic cal-
culations using the phase lag in conjunction with Equa-
tion (4) were made and the results were compared with
those obtained for the same flow rate from the amplitude
ratio, Agreement to within 5% was always obtained.

At very low Reynolds numbers (less than 100) experi-
mental amplitude ratios obtained were questionable because
at the high frequencies needed the amplitude ratios were
too small to measure accurately. In these particular ex-
periments, heat transfer coefficients were obtained from
phase angle measurements in conjunction with Equation (4),
to avoid the need for very thin beds.

Experimental results plotted in Figure 4 as heat transfer
coefficient vs, mass velocity show that for any particular
flux k increased as some power of the mass velocity, For
the steel spheres of uniform diameter, k is proportional to
G°*°, For the tungsten spheres of nonuniform diameter,
h is proportional to G°*°°, Results of the two sets of experi-
ments using 0.0395-in, stee! spheres and identical mass
flow rates but with void fractions of 0.395 and 0.414 indi-
cate that the effect of bed depth is small, The maximum
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Fig. 4. Experimental heat transfer coefficient vs. mass velocity.
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difference of 11% may be related to void fraction, L/D, or
both,

Two sets of experiments were made at identical mass
velocities and almost identical void fraction and L/D, us-
ing particle sizes of 0.069 and 0.125 in. From these ex-
periments 4 was found to vary as D,~°"*,

The experimental resunlts plotted in Figure 5 as &j, vs,
Ng. for different particle sizes at very high mass flow
rates agree within 10% of a best-by-sight line, The solid
lines in Figure 5 are the approximate upper and lower
boundaries of packed bed particle-to-fluid heat transfer
coefficient data for spheres compiled by Barker (I). The
experimental results obtained in the present investigation
lie in the upper range of this data, It can be noted that the
results using tungsten spheres of mixed particle sizes are
slightly lower than most of the other results using uniform
particle size. Possibly the difference in arrangement af-
fects the heat transfer apart from the effect of bed porosity
but there isn’t sufficient evidence to determine if this is
indeed so. The other lines are plotted from results ob-
tained by other experimenters using the cyclic heating
method., The results of Meek (9) are based on more than
two hundred runs in which special precautions were taken
to eliminate wall effects. Dayton et al. (6) did not include
the bed void fraction in their report and in the plot of their
data in Figure 4, an € of 0.40 is assumed., Gates (I1) re-
ported results of four experiments, but he reports his beds
had void fractions in excess of the 0.476 obtained in cubi-
cal packing, Kim (10) reported two values of heat transfer
coefficient and Ball (8), four. Although none of the previ-
ous studies covered as wide a range of conditions as those
in the present investigation, resnlts of the various studies
show good agreement. At Np,. greater than 100, results of
the present investigation are slightly above previous in-
vestigations, At lower Ng,, these results are lower than
those of Kim (10) and Ball (8).

EXPERIMENTAL RESULTS: FLUIDIZED BEDS

Sixty-two experiments were performed with air and helium
as the fluidizing gases in particulate beds of 0.0394 in,
diameter uniform lead spheres and 0.019 in, average diam-
eter tungsten spheres, The particulate beds were shallow
with a minimum packed L/Dj, of 5 and a maximum packed
L/D, of 7, because the amplitude ratio decreased rapidly
with increasing L/D, to the point where it could not be
accurately determined, This problem was encountered by
Kim (10) and Littman and Stone (I12). As a check on the
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Fig. 6. Experimental heat transfer coefficient vs. mass flow rate.

method, experiments were performed with two bed depths
using identical steel spheres and helium and air at 165
psig; one bed weighed 19.81 gm and the other bed weighed
14.84 gm, No significant variation of heat transfer coef-
ficient was obtained with bed depth.

Results are given in Table 2% Heat transfer coefficients
shown are averages obtained for runs at three or more fre-
quencies, In one experiment, deviation from the average
heat transfer coefficient for the fluidized beds was as high
as 15% but in almost all other experiments it was less
than 5%.

Figure 6 shows the variation of heat transfer coefficient
h with mass velocity G. Heat transfer coefficients ranged
from 60.2 to 566 B.t.u./(hr.}(sq. ft.) (°F,), mass velocities
ranged from 1,290 to 19,000 Ib,/(hr.)(sq. ft.), and Ng,
ranged from 101 to 2,300. G/G,, was as high as 5.94, In
this range of G and of Np, there are little prior data on
particle-to-fluid heat transfer coefficients for fluidized beds.
In almost every instance, for a particular bed, increasing
the flow rate had only a slight effect on the heat transfer
coefficient, The sole exception was found in one experi-
ment with a 14,84 g, bed of steel spheres fluidized with
helium at 165 1b,/sq.in.abs. at a mass velocity of 2,660
1b./(hr.)(sq.ft.) (see ¢in Figure 6). Except for that one
experiment, heat transfer coefficients obtained in the two
different beds of identical steel spheres agreed very well
at approximately the same mass velocity,

The observation that heat transfer coefficients in these
fluidized-bed experiments was independent of mass velocity
is contrary to packed-bed experience, Most authors dis-
agree on the dependence of h with mass velocity in fluidized
beds, and previously, Wamsley and Johanson (I3), Brad-
shaw and Myers (14), and Chang and Wen (I5) are the only
experimenters to report the independence of heat transfer
coefficients with G. Other experimenters have determined
that h varies with G to some power between 0.5 to 2.1,

Figure 7 is a plot of j; =Ng,x (Np,)/3 vs. Npeo A
straight line can easily be drawn through the data obtained
for each set of experiments and each line has approximately
the same slope. Except for the experiments with identical

*See footnote on page 1183.
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Fig. 7. Variation of ji, with Reynolds number in fluidized-bed ex-
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steel spheres at two different bed depths with the same flow
rates, there is no agreement between sets of experiments,

The experiments were performed over a range of mass
velocities which included the minimum fluidization veloc-
ity, Minimum fluidization was assumed to occur at the
lowest flow rate for which steady particle motion could be
observed. At low pressure, the values checked satisfac-
torily with the flow rate for minimum fluidization obtained
from the plot of pressure drop vs, mass velocity., All mini-
mum fluidization flow rates were in good agreement with
the correlation of Wen and Yu (76).

Heat transfer coefficients obztained at 1minimum fluidiza-
tion are plotted as Ns, x (Np)” x (Ngo)” vs. Ng, in Fig-
ure 8, The data of Bradshaw (17) and Chang and Wen (I15)
are a;so plotted in this figure, Figure 8 shows tl}at Ng, x
(Np,)” at minimum fluidization varied as (Ng.)~%. This
suggested that heat transfer coefficients in the fluidized
beds at minimum fluidization could be related to heat trans-
fer coefficients in a packed bed shown in Figure 5. Except
for the nonuniform tungsten spheres, the heat transfer coef-
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Fig. 8. Variation of j; with Reynolds number at minimum fluidization.
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ficients obtained at minimum fluidization agreed to within
10% of the average values obtained from Figure 5. The
coefficient for the nonuniform tungsten spheres was about
15% less than this average value. The heat transfer coef-
ficients at minimum fluidization of Bradshaw (I17) and
Chang and Wen (I5) were also compared with the packed-
bed data of Figure 5. Their data were generally lower
than the experimental data plotted in Figure 5, the maxi-
mum deviation being approximately 25%. In all cases,
their data were above the lower solid line of Figure 5, This
indicates that the heat transfer coefficients obtained at
minimum fluidization were substantially the same as those
obtained in packed beds. It may be concluded, therefore,
that the heat transfer coefficients obtained for the fluidized
beds in the present investigation were approximately equal
to those which would be predicted for the same beds at
minimum fluidization using a packed-bed correlation,

Chang and Wen (I5) suggest that the independency of h
with G may be explained by assuming that the bed can be
approximated by a bed of uniformly suspended particles,
Based on the assumption that the sum of the drag force,
calculated as the drag on an isolated sphere, and buoyancy
force on any particle is equal to the gravitational force,
they derive the relationship for 500 < Ng . < 200,000

Nnw=2+0.79N4) 4N p )% ®)

which is independent of G, The agreement between heat
transfer coefficients calculated with Equation (6) and those
obtained in the present experiment is fair, the maximum
difference being about 75%. The lack of good agreement
is to be expected because the present experiments are not
physically represented by the model of Chang and Wen (15),
since the void fraction and hence the separation distance
between particles are not extremely large, Wen and Yu (15)
show that in a fluidized bed the assumption that the drag
force and the buoyancy force on an isolated particle is
equal to the gravitational force is only valid for large par-
ticle separations and is certainly not valid at or close to
minimum fluidization,

All other prior experiments were performed with lower
mass velocities and Ng,. than obtained in the present in-
vestigation, and serious objections were cited by Frantz (3)
with respect to much of the data, Frantz (3) concluded
that particle-to-fluid heat transfer coefficients were meas-
ured by only two groups of experimenters, Heertjes and
McKibbins (18) and Walton et al. (19), and that the data of
Heertje and McKibbons (18) were to be considered question-
able because the temperature probe diameters were so
large that the flow pattern was disrupted, A more recent
paper by Juveland et al, (20) also presents particle-to-fluid
heat transfer data but, again, in the low Ng, range, The
data of both Walton et al, (I9) and Juveland et al, (20)
show an increase in 4 with G, whereas the results of the
present experiments show no change of h with G and no
correlation with their results,

DISCUSSION OF SOURCES OF ERRORS

There are a number of possible sources of error in deter-
mining particle-to-fluid heat transfer coefficients which
can arise if the assumptions made in deriving Equations (1)
and (2) are not valid.

For the heat transfer process to be linear, it is sufficient
that the temperature waves be sinusoidal with identical
frequency at all positions in the bed and that the amplitude
ratio and phase shift of the waves at a specified frequency
be only a function of longitudinal position. Previous ex-
periments by Dayton et al. (6), Meek (9), Kim (I0), and
Littman and Stone (12) indicated that these criteria are
met. In the present study, experiments with the different
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bed depths of 0.0395-in. diameter spheres showed that the
heat transfer coefficient was independent of bed depth
which further confirmed this conclusion.

For a randomly packed bed of particles, the assumption
of constant void fraction is acceptable provided the ratio of
bed diameter to particle diameter is large. In the present
study, this criterion was met in all experiments except
when 0.125-1n. diameter particles were used. The effect in
these experiments is small since no significant difference
in results was obtained with these spheres compared with
smaller diameter spheres.

Errors can arise if the velocity profile is nonuniform be-
cause of a nonuniform entrance velocity or a wall effect,
particularly if the gas temperature is measured with a re-
sistance thermometer. A wall effect would be expected to
occur in the packed bed with 0.125-in. diameter spheres
and in the fluidized bed with 0.089-in. diameter spheres.
If the coolant velocity adjacent to the test section walls is
lower than at the center, an apparent attenuation occurs
due to the fact that the coolant temperature near the wall
lags that near the center. In addition, a nonuniform velocity
profile causes a variation in heat transfer coefficient
across the test section. For the packed bed, these errors
were made negligible by: (1) ensuring that the velocity pro-
file at the entrance of the bed was uniform by suitable
design of the test sections; designing the resistance ther-
mometers to respond primarily to temperatures in the
center region of the cross section; and operating at veloci-
ties, frequencies, and bed depths such that the ratio of bed
depth to temperature wave length was small.

The assumptions of constant and uniform bed void frac-
tion and plug flow of gas are not really valid for a bubbling
fluidized bed, but they have been used successfully by
Kim (10) and Littman and Stone (I12) in applying the cyclic
heat transfer method to fluidized beds and by experimenters
who determined A by other methods.

Radial temperature gradients were minimized by design-
ing the heater to produce a uniform temperature profile in
the gas and by insulation of the test section. Attenuation
of the temperature wave by the walls was expected to be
small because of the high ratios of particle to wall surface
area and the relatively low thermal conductivity of the
Lucite. This conclusion was supported by the fact that
during preliminary testing without the bed the upstream and
downstream resistance thermometers measured identical
temperature changes over the entire range of flows and fre-
quencies used in these experiments which indicated that
heat exchange with the wall was negligible. Although the
wall to gas heat transfer coefficient would be substantially
increased in the presence of the particulate bed, for the
conditions of these experiments, the effect would remain
small,

Bell and Katz (5 showed that by choosing sufficiently
high frequencies, the amplitude ratio obtained experimen-
tally for infinite K. could be made equal to that with
Ke =0. Thus the heat transfer coefficient obtained would
be independent of K.. Fortuitously, the frequencies re-
quired in this case are the same as those necessary to ob-
tain minimum errors in the use of the ecyclic temperature
method and they were used for almost all the packed-bed
experiments and as many as possible fluidized-bed experi-
ments, The errors due to gas mixing are minimized be-
cause of small effective conductivity and high gas veloc-
ity, the high velocities resulting in long temperature wave-
length compared with the bed depth.

The important physical properties are density and spe-
cific heat of the fluid and particles and viscosity of the
fluid. The change in properties is small provided that
small temperature amplitude changes and pressure drops
through the bed are used, and the effect of such change on
the heat transfer coefficient is negligible. To check the
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effect of varying physical properties, runs were made at
the same flow rate with inlet amplitudes ranging from 1° to
20°F. and no variation in amplitude ratio or phase lag
could be detected. Additional runs were made at pressures
up to 100 1b./sq. in. abs. to vary the pressure drop at a
number of flow rates and, similarly, no effect was observed.

The assumption of constant heat transfer coefficient
throughout the bed is warranted provided that the bed void-
age is constant and the velocity profile across the bed is
uniform. Meek (9 found that errors due to temperature
gradients in the particle are less than 1% for systems
where hAD,/ks is less than 2, The present experiments
were performed with steel balls, lead balls, and tungsten
particles where hD,/ ks was always <0.5 and hence the re-
sulting errors were negligible.

Another source of error is the determination of the void
fraction. Although void fraction does not enter into the
determination of heat transfer coefficient obtained from the
amplitude ratio at high frequencies, since

t. of sph
(- gL o o TPheres %)

psA

it does enter into the evaluation of &j,. The void fraction
was determined from measurements of the cross-sectional
area bed depth, and particle weight using Equation (7).
Maximum errors in determining void fraction are estimated
to be 3%.

CONCLUSIONS

Experiments on packed beds and fluidized beds of small
diameter spheres at high mass velocities have shown that
particle-to-fluid heat transfer coefficients can be satisfac~
torily determined with the cyclic temperature method pro-
vided that sufficiently high frequencies can be used. The
errors arising in using this method can be made quite small
by suitable choice of experimental equipment and operating
parameters.

Experimental results for packed beds using particle
diameters from 0.019 to 0.125 in. and mass velocities up
to 96,400 1b./(hr.)(sq. ft.) were satisfactorily correlated
within 10% as €jp vs. Nr. and compared favorably with re-
sults of other experimenters at much lower mass velocities
and using larger particles. The particle-to-fluid heat trans-
fer coefficient varied roughly with the 0.60 to 0.66 power
of the mass velocity and decreased with increasing particle
diameter. The maximum heat transfer coefficient obtained
in these experiments was 1,310 B.t.u./(hr.)(sq. ft.)(°F.).

For fluidized beds heat transfer coefficients obtained at
minimum fluidization were in good agreement with those
obtained from using packed beds. Heat transfer coeffi-
cients obtained using particles with diameters ranging from
0.019 to 0.089 in. and with air and helium as the fluidizing
gases were found to be essentially independent of fluid
mass velocity and were approximately equal to the values
obtained under conditions of minimum fluidication.
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NOTATION

A = flow area of test section, sq. ft.
C = specific heat, B.t.u /(1b)(°F.)

D, = particle diameter, ft.
g = gravitational acceleration, sq. ft./hr.
G = superficial fluid mass velocity, 1b./(hr.)(sq. ft.)
h = particle-to~fluid heat transfer coefficient, B.t.u./
(hr.)(sq. ft.)(°F.)
ip=WNg)Np)
K = thermal conductivity, B.t.u./(hr.)(ft.)(°F.)
K. = effective axial solids thermal conductivity, B.t.u./
(hr J(ft)(°F.)
L = bed length, ft.
N4, = Archimedes number, Djgp{pg—pgi’, dimensionless
Nn, = Nusselt number, AD,/K, dimensionless
Np, = Prandtl number, Cu/K, dimensionless
Nre = Reynolds number, D, G/, dimensionless
Ng, = Stanton number, h/CG, dimensionless
T = temperature, °F.
t = time, hr.
V = interstitial velocity, ft./hr.
X = longitudinal distance coordinate, ft.
y = CspsDp€/6C,G
€ = void fraction, cu. ft. voids/cu. ft. total bed
p = viscosity, Ib./(hr.)(ft.)
p = density, 1b./(hr.)(€t.)
¢ = phase shift, rad.
w = angular frequency of temperature oscillation, rad./

sec.

Subscripts
g = gas

Mf = minimum fluidization
s = solid

1 = upstream
2 = downstream
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