
DETERMINATION OF HEAT TRANSFER
PARAMETERS USING FREQUENCY

RESPONSE ANALYSIS

INTRODUCTION

Most agricultural and food products
are complex materials and therefore their
fundamental physical properties are often
difficult to measure accurately. This is
especially true in determining the thermal
conductivity (or diffusivity) of granular
materials such as grains. Not only is the
internal structure often heterogeneous
but also the surface of grains usually
consists of a skin with totally different
properties. Consequently, the conditions
of heat conduction within the grain
particle vary from point to point as well
as in direction at each point. To
compound the problem further, the size
of the particle is too small to perform
direct measurements on individual partic
les. All of these problems make it very
difficult to determine an accurate value

of thermal conductivity by means of the
classical methods of measurement.

All the classical methods are based on

the assumption that the material sample
is homogeneous and isotropic so that
when a point in the sample is heated, heat
flows out equally well in all directions.
Obviously, in the case where the sample
consists of a number of granular particles,
heat conduction in certain directions is

more favorable than others and therefore
the sample is an anisotropic system.

The literature is replete with examples
of investigators using such systems and
applying the classical conduction equa
tions to them. For example, the one-
dimensional, steady state heat conduction
equation in cylindrical coordinates was
solved for a variety of concentric
cylindrical devices by several investigators
(1, 2, 7, 11, 15), in order to obtain the
thermal conductivity of grains. Oxley
(17) employed the corresponding solu
tion in spherical coordinates for his
concentric spheres apparatus and ascer
tained the thermal conductivity of wheat,
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maize and oats. Kazarian and Hall (12)
used a third geometric configuration by
placing grain samples between parallel
plates. They determined the thermal
diffusivity using the solution to transient
heat flow in a slab of material.

In the same work (12), they also
measured the thermal conductivity using
equations describing transient heat flow
in an infinite mass heated by a line source
of constant heat flux. This method, also
known as the probe method, was initially
developed by Hooper and Lepper (10)
and reported in detail by Hooper and
Chang (11). The method was based on
using a cylindrical device with a line heat
source at the center and placed in a
homogeneous, initially isothermal materi
al. More recently, Chandra and Muir (3)
used the method to measure the thermal

conductivity of spring wheat at low
temperatures, while Sharma and
Thompson (21) used it on grain sorghum.

Complete automation of the probe
technique was reported by Sweat and
Huggins (22). They managed to construct
a miniature thermal conductivity probe in
conjunction with a device that synchro
nizes the probe heater turn-on with
temperature readings.

All of the above methods are only
applicable to situations where heat
conduction in the sample obeys the
homogeneous, isotropic conduction equa
tions and the appropriate boundary and
initial conditions. In many instances, the
methods are very valuable and capable of
producing accurate data. For example,
Sweat and Huggrns' (22) minature probe
shows great promise for liquids and
nearly homogeneous food stuffs. On the
other hand, there is little doubt that any
method based on the classical conduction

equations should not be used on grain
samples. Such methods would at best
produce a measure of the bulk or
effective thermal conductivity but not
the particle conductivity. The differences
between these two conductivities as well

as the various empirical and quasiphysical

relationships relating them were treated
by several investigators (5, 13, 18, 27,
28).

Watts and Bilanski (29) tried an
invasive approach to measure particle
conductivity by inplanting thermocouples
at the center and surface of single
soybeans and comparing the transient
temperature distribution with the theo
retical solution for conduction in a

sphere. However, it is well known that
such invasive techniques produce an
artificial interface along with its atten
dant contact resistance. For example,
Chato (4), in working with biomaterials,
reported contact resistances so large in
some cases that the experimental results
are meaningless. In discussing their
results, Watts and Bilanski (29) also
mentioned the possibility of high contact
resistances in addition to a number of
other experimental difficulties resulting
from the small size of soybeans.

The purpose of this paper is to draw
attention to another method of measur

ing thermal conductivities of granular
materials. It is an indirect approach based
on the fact that the fluid temperature
response, downstream from a packed bed
of particles, to a transient change in the
upstream fluid temperature, is a function
of the heat transfer mechanism in the

bed. As a result of the unavailability of
reliable thermal conductivity data for
small particulate solids of low conductivi
ty, Turner (23, 24) developed a fre
quency response method of finding
simultaneously the values of the fluid-to-
particle heat transfer coefficient, the
dispersion coefficient, and the thermal
conductivity of the packing in a bed of
small isotropic spheres through which a
fluid is flowing.

THEORETICAL CONSIDERATIONS

Nomenclature

A = amplitude of a sine wave (middle to
peak),°C;
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a = inside radius of a hollow sphere, cm; j^z ^ =Im A(z)eicote ~^(z) =b = outside radius of sphere cm; ^ ',_ ^ 2
C = heat capacity, cal/(g)(0C);

kD = (-£> =longitudinal dispersion coef- provided that sufficient time has elapsed
ficient cm2/sec to eliminate tne initial transient response

E = volumetric porosity of the bed, caused bY the change of the temperature
dimensionless; from its initial value to its final periodic

h = heat transfer coefficient (air to steady state. The quantity \p(z) is the
packing), cal/(sec)(cm2)(°C); phase shift relative to the inlet tempera-

/ = yf-[; turewave.
Im = imaginary part;
k = thermal conductivity, cal/(cm)(sec) The magnitude of the attenuation and

(°C); phase shift of the fluid temperature wave
L = length of the bed, cm; is dependent upon the physical proper-
px = defined by equation (12); ties, flow conditions, geometry, and heat
p2 = defined by equation (13); transfer mechanisms in the bed. Con-
r = radius of packing, cm; versely, if any of these parameters are
T = ai\e+mperatu;re,°C; unknown, they can be calculated from
t = time seconds- experimental measurements of the ampli
fy = average interstitial velocity in the tude attenuation and phase shift, pro

bed, cm/sec; vided that the desired parameters are
Y\ = real part of the complex shunt contained in a suitable model. In the

admittance {see Turner and Otten present system, there are three unknown
(1973)); parameters: the longitudinal dispersion

Y2 = imaginary part of the complex shunt c^ffic^ the particle-to-fluid heat
5S3^L w.h nm transfer coefficient, and the thermalz = distance down bed, cm. , _ .J_. - _ ' ,., , .

conductivity of the solid packing.

Greek

II = natural logarithm of the amplitude MATHEMATICAL MODEL
ratio;

p = density of g/cm ; Let us consider a system where a
<frr) = phase angle of the temperature wave sinusoidal temperature wave is imposed

in the solid relative to theoscillation Qn a steadU ^^ fluid {n a ked
at the outer surface, r = b, radians; u j * i. « if • i *• i *

ftz) = phase angle in gas stream relative to bed of hoUc™ sP^lcal Prides of
inlet temperature wave, radians; uniform size. The differential equation

co = angular frequency, radians/sec. describing the fluid temperature is readily
obtained from an energy balance within a

Subscripts differential segment of the packed bed at
a distance z from the inlet to the bed.

g = gas phase;
s = solid phase. S2T _ TrST _ 8T _

8z2 dz dt

When a temperature wave passes — f1 ~ ^\(—H =0 (3)
through a bed, heat may be exchanged b(pQg \ E /\br/r =b
between the flowing fluid and the
stationary solid phase. During onehalfof vn'^1
the cycle, heat is transferred from the
fluid to the solid and during the next T(°>') =>4(0)e^ (4)
half, it is returned to the fluid with the
direction of transfer being determined by T^°» ^ =° (5)
the temperature difference between the
fluid and the solid surface at each point T^ first term in this equation
in the bed. This exchange of heatandthe represents the transfer of heat by
fluid dispersion result in a reduction of diffusion in the longitudinal or axial
the amplitude and a shift in the phase direction and the second term accounts
angle of the temperature wave while for the heat transferred by bulk flow of
passing through the bed. If the inlet the fluid- The third and fourth terms
temperature wave has an amplitude A(0) represent the accumulation of heat in the
and frequency co, then its instantaneous fluid and solid Phases, respectively,
value is given by Equation (3) can obviously not be solved

without first expressing the last

7X0,0=7,^(0*'"'=,1(0)sin<o, (1) termgk^ „terms of the fluid
Moreover, in a linear system the instan- temperature at any value of distance and
taneous fluid temperature at any distance time. This has been done (6, 20, 23) by
z> downstream of the inlet, may now be solving the conservation of energy equa-
written as tion for a single solid sphere, subject to
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a sinusoidally varying surface tempera
ture. Otten (16) extended the solution to
include hollow spheres.

The temperature in the spherical shell
is given by the solution to

dt \pc)sL8r2 r 6>J

with

Ts=A(r)e*Utei<l)(r)

and

<r<b ....(6)

&Ts(b)

S^(g)
6r

(^) \Ts(b) - T{z\ =0atr =b.. (6)

atr=0 ..(8)

The instantaneous steady state peri
odic solution to equations (6) and (8) was
obtained by Otten (16) and presented by
Turner and Otten (26). From this
solution an expression was derived

fflr.for and then substituted into

equation (3). Both the expression and the
solution to equations (3) to (5) are
complicated and may be found in the
above references. For our purpose, it is
sufficient to say that the final solution
for a section of length L of a semi-infinite
bed is most conveniently given in terms
of the natural logarithm of the amplitude
ratio and phase lag of the travelling heat
wave.

Thus

""•ffifrs-ppy »
and

r|s| _ p,-] 1/2
*-i a J (10)
where

s=(Pi2+P22)112 (ID.

Pl =(U/2D)2 +(1/D)/1-E\Yi (12)

P2 =(1ID)[(^\y2+Gj\ (13)
Both Y\ and Y2 are part of the "complex
shunt admittance" of the packing and
therefore are functions of the heat

transfer coefficient, thermal conductivity
of the particles, volumetric specific heat
of the particles, and dimensions of the
particles. The actual expressions occur

in the equations for 1-^)
\o> )r = b

104



At this point an analytical solution has
been obtained which describes the res

ponse of a packed bed of spheres to a
sinusoidal temperature perturbation in
terms of the amplitude ratio and phase
lag. By experimental measurement of the
amplitude ratio and phase lag at a
minimum of four frequency values, it is
possible to extract the desired heat
transfer parameters from the model
solution. The mathematical details of the
computations have been presented by
Turner and Otten (26) and Turner (25).

APPARATUS

The accuracy of experimentally deter
mined heat transfer parameters will
depend on the agreement between the
experimental method and the mathemati
cal model used to describe the physical
system. In addition, the experimental and
mathematical boundary conditions must
be the same. In order to satisfy these
requirements, a great deal of care was
taken to ensure that the experimental
system satisfied the assumptions made in
developing the mathematical model.
Another reason for this was that Turner

(23) had demonstrated that because the
mathematical analysis involves differ
ences of large numbers, small errors in
amplitude ratio and phase lag measure
ments caused the results to be unreliable

or even meaningless.

The apparatus has been outlined by
Gross and Turner (9) while the design
details were given by Goss (8) and the
modification by Otten (16).

SOME EXPERIMENTAL RESULTS

In order to test the suitability of the
model and the accuracy of the apparatus,
the initial set of experiments were
performed on precision ground, soda lime
glass spheres, and borosilicate glass
spheres. In both cases, the experimentally
determined heat transfer parameters were
compared with those reported in the
literature, with special attention paid to
the agreement of the thermal conductivi
ty values.

Subsequent work involved such mate
rials as ceramic catalyst support balls,
iron ore pellets, fertilizer granules and
soybeans. In all cases, the experimentally
determined heat transfer coefficient and
dispersion coefficient were well within
the values reported for other packed bed
systems.

In Table I, the experimental thermal
conductivities are compared with values
found in the literature. It is difficult to
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TABLE I AVERAGE THERMAL CONDUCTIVITY VALUES (CAL/CM2SEC C)

Material

No.

of

runs

kexp
X103

@25°C

SD*
X103
@5°C

kht

X103 Source

A. Ground glass 16 2.10 0.20 2.0 @ 0°C
2.3 @ 100°C

Handbook of chem &

physics 49th Ed.

B. Borosilicate glass 6 2.76 0.08 2.6 @ 25°C Perry's chemical engineers'
handb. 4th. Ed.

C. Ceramic balls 6 4.79 0.14 2.8 - 7.6 Ibid.

D. Iron ore 3 6.96 0.06 17.0 (pure
Fe304)
38.0 (pure
Fe203)

Touloukian and Ho,
T.P.R.C.

Vol. 2, Purdue University,
Lafayette, Ind.

E. Fertilizer 3 1.79 0.02
- -

F. Soybeans 2 0.60 0.01 0.26 Watts & Bilanski (1973)

* SD, standard deviation.

make this comparison because conductivi
ty is very sensitive to small variations in
composition. It is felt, however, that the
values of soda lime glass and borosilicate
glass are sufficiently close to the litera
ture values to conclude that the model
and apparatus are capable of producing
reliable thermal conductivity data. Un
fortunately, the other materials cannot be
compared as readily because of the
varying compositions and methods of
producing the granules. The ceramic balls
fall within the normally accepted range of
values for that type of material; while the
iron ore pellets have a value of the
expected order of magnitude.

Our thermal conductivity value for
soybeans is about twice the value
determined by Watts and Bilanski (29).
As a result of the experimental arrange
ment and assumption, they gave at least
four reasons why their mean value was
probably much too low and that it should
only be regarded as an estimate of the
order of magnitude. Our results tend to
confirm their conclusion.

DISCUSSION OF THE METHOD

One of the advantages of the frequen
cy response approach is that it not only
provides a measurement of the thermal
conductivity of the packing material but
at the same time it gives measurements of
fluid-to-particle heat transfer coefficient
and dispersion coefficient. Both those
coefficients are of considerable impor
tance in heating, drying and cooling of
granular materials.

A second advantage is that only a
small amount of heat is needed per unit
time. Temperature changes are relatively

small so that the peak-to-peak swing of
the fluid temperature is even smaller. This
small temperature change is important
because migration of moisture due to a
temperature gradient within the particle
should be minimal.

The frequency response method also
eliminates such difficulties as thermal
contact resistance between the sample,
heat source and temperature measuring
devices. Reidy and Rippen (19) listed
contact resistance as an important source
of error or disadvantage for all the
existing methods of determining thermal
conductivity.

Unfortunately, our method has some
experimental limitations. Most of these
result from the difficulty of generating a
pure sinusoidal temperature wave with
frequencies greater than 1 cps and
sufficient amplitude to measure accurate
ly. This problem has limited the range of
materials that can be tested, and initial
results have shown that certain agricul
tural products may be near the limit of
the range of permissible thermal conduc
tivities. A second limitation is that the

apparatus only produces heat transfer
parameter values at about room tempera
ture, so that it is not possible to obtain
parameter values as function of tempera
ture.

Finally, the mathematical analysis
requires accurate values of the dimensions
of the particle and its volumetric specific
heat. For spherical materials it is
relatively easy to obtain an average
diameter, but for non-spherical particles
it becomes a question of whether an
equivalent volume or surface area diam
eter should be used. Additional work is

necessary to answer this question. A
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Hterature survey has shown that very few
accurate heat capacity measurements are
available for agricultural products. At the
moment, an adiabatic calorimeter suitable
for granular materials is being designed in
order to complement the frequency
response apparatus.

CONCLUSIONS

There are not enough results on
granular agricultural products to draw
definite conclusions regarding the effec
tiveness of the frequency response meth
od; however, we feel that the method is
very promising, especially since it does
not suffer from the problems encounter
ed in the above described methods.
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