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Brown, R.B. and Otten, L. 1992. Thermal conductivity and con
vective heat transfer coefficient for soybean and white bean
seeds. Can. Agric. Eng. 34:337-341. A method for determining
thermal parameters of seeds from a system thermal response to a
pseudo-randomtemperaturedisturbance is described. This technique
was used to find the particle thermal conductivity and convective
heat transfer coefficient for soybean and white bean seeds. Tests
were conducted at air temperatures of 40 and50°C, overa range of
seed moisture contents from 4.5 to 13.6%. Particle thermal conduc

tivity values for soybean seeds were 0.211 to 0.221 W»m" •°C" at
the stated conditions, and white bean seeds yielded values of 0.206
to 0.225 W-m^C1. The average fluid-particle convective heat
transfer coefficient was 131 W«m" ^C"1 for soybean seeds, and 106
W»m" •°C" for white beans.

Une methode est decrite pour determiner les parametres ther-
miques de semences a partir de la reponse thermique d'un systeme a
une perturbation de temperature pseudo-aleatoire. Cette technique a
ete utilisee pour trouver la conductivite thermique et le coefficient de
transfert de chaleur de convection pour des semences de soja et de
pois blanc. Les tests ont ete conduits a des temperatures de 1'air de
40 a 50 °C, et sur un intervalle de teneur en humidite de 4.5 a 13.6%.
Les valeurs de conductivite thermique des particules pour les se
mences desojasontde0.211a0.221 W»m" •°C" danslesconditions
donnees, et de 0.206a 0.225W»m" •°C" pour les semences de pois
blanc. Le coefficient de transfert de chaleur de convection fluide-par-
ticule est de 131 W«m" •°C" pour les semences de soja et de 106
W«m" ^C pour le pois blanc.

INTRODUCTION

Heated-air drying and aeration of grain in storage bins are
fundamental operations in our food and feed production sys
tem. Both processes involve simultaneous heat and moisture
transfer between individual kernels and air moving through
the grain bulk. Physical and chemical quality factors of grain
are sensitive to its time-temperature history, and all seeds
undergo internal chemical changes that affect their nutritive
or processing quality if they are overheated. In addition,
sudden temperature changes in corn cause kernel stress
cracks which result in increased breakage. Soybeans, and the
edible bean seeds in particular, also experience seed coat
damage and splitting if they are subjected to high drying
stresses (Otten et al. 1984; Ting et al. 1980).

The thermophysical properties of grain are usually re
ported as effective bulk properties in the literature, for
example, thermal conductivity. However, those bulk proper
ties are not particularly useful for assessing quality effects,

since it is the individual rather than the average kernel treat
ment that is important. The basic thermal parameters which
are essential for analysis of single-seed heat transfer are
therefore largely unknown.

Simulation for design of grain dryers or dryer control
systems, where quality is of primary importance, is virtually
impossible without that information. Single-seed properties
that are necessary are the particle thermal conductivity, kp,
and the fluid-to-particle surface heat transfer coefficient, hc.
In addition, the specific heat, Cp, of the kernels is required to
model simultaneous heat and mass transfer. Some physical
seed properties like size, particle density, moisture content,
and bed porosity are required in addition to the thermal
parameters.

The specific heat of grain and oilseeds can readily be
determined with calorimetry using the method of mixtures
(Otten and Samaan 1980). It is not possible to measure the
other thermal properties directly with standard methods be
cause the seeds are too small and the integrity of the seedcoat
and internal tissues must be maintained.

Indirect methods for determination of particle thermal
conductivity have been reported for packed beds of glass
beads (Dhingra et al. 1984; Shen et al. 1981; Goss and Turner
1971) and for fertilizer granules, iron ore pellets, and dry
soybean seeds (Otten 1974). In each of those studies a ther
mal system response function was obtained experimentally
for a bed of particles, and then a parametric model for the
system response was fitted to these experimental data. Values
for several unknown thermal parameters in the model can be
obtained simultaneously with this approach, if the parameters
are independent. A procedure of iterative substitution for
parameter values is followed to obtain a best overall fit of
observed with calculated responses (i.e., a least-squares esti
mate).

System response parameter estimation for moist biological
material is complicated by the coupling phenomenon which
occurs between heat and mass transfer processes. Imposition
of a large temperature gradient in such material causes con
comitant moisture migration which results in a thermal
response that is highly nonlinear.

Pertinent published studies on system response parameter
identification fall into two categories, frequency response
analysis of packed beds and pulse response methods. Pulse
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response identification methods, which introduce a large
fluid temperature perturbation, cannot be used because of the
coupled moisture migration. Preliminary work with soybean
seeds reported by Otten (1974) also indicated that frequency
response analysis of moist seeds is unsatisfactory due to high
attenuation of the necessarily small amplitude test signal
required to preserve linearity.

The objective of this study was to develop and evaluate a
different approach to system identification using a pseudo
random binary noise sequence (PRBNS) input signal with a
correlation technique. The PRBNS technique uses a derived
thermal impulse response for the fluid (air) phase of a packed
bed of seeds to obtain estimates for the thermal parameters of
the individual particles (seeds).

THEORETICAL DEVELOPMENT OF THE METHOD

PRBNS system identification

The theoretical development of the PRBNS parameter esti
mation method and verification with a packed bed of small
acrylic spheres has been presented earlier (Brown and Otten
1988). PRBNS signals are deterministic approximations of
white noise which are used for statistical system testing. One
useful property of a PRBNS signal is its autocorrelation
function (ACF) which is very close to that of an ideal impulse
signal when N, the sequence length, is large. Since the signal
is periodic, the cross-correlation function (CCF) between the
input signal and the output signal can be identified after a
minimum of two sequence runs. Using convolution integral
theory, the CCF for a discretely sampled system with a
PRBNS input yields the time impulse response directly
(Davies 1970), as ( a list of symbols is at the end of the
paper):

h(nAt) =
N

azAt(N+l)

Nn

Ozu(nAt) +j:^Wi
i=\

(1)

N-\

®zu(nAt)=- ^ZjUj-n (2)

y = 0

The second term in the brackets on the right-hand side of
Eq. 1 represents a steady-state gain or bias term. This term
can be measured experimentally and subsequently subtracted
out to yield a corrected impulse response curve.

Mathematical model of the system

The modified Dispersion-Concentric (D-C) model, as de
scribed by Wakao and Kaguei (1982), is routinely used to
describe unsteady state heat transfer in a packed bed of
spherical particles. Assumptions for that model are that the
fluid phase is in dispersed plug-flow mode and that individ
ual particles exhibit a radially symmetrical temperature
gradient. For seeds which are roughly spherical, like soy
beans (Glycine max) and white beans (Phaseolus vulgaris),
those conditions are met during forced air drying. The system
of equations comprising the modified D-C model is:
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An analytical solution for the model is possible if an
appropriate transformation of Eqs. 3 to 5 is made. In the
Laplace domain, the solution takes the form of a transfer
function relating the inlet and outlet air temperatures across
abed of particles:

F(s) = exp

where,

40ax

LU

20Lax
(l-Vl+6) (6)

b =
UL

. ,3^(1-8)
R2pfCfE

and,

(() =RAs/QLp

and where L is the length of a finite section of a deep bed, and
s is the complex Laplace variable.

EXPERIMENTAL EQUIPMENT AND PROCEDURE

Apparatus and methods

A section through the apparatus built to determine the experi
mental response data is shown in Fig. 1. The acrylic section
holding the bed of seeds was 305 mm long and 146 mm in
diameter. It was mounted in a 3500-mm length of PVC pipe
machined to the same inside diameter to ensure flush mount

ing and fully developed flow at the bed inlet. The
bed-to-particle diameter ratio was greater than 10:1 for any
of the particles studied.

Ambient air supplied by a blower was humidified by forc
ing it through a column packed with wetted ceramic saddles.
Both the inlet air and the water sprayed over the column
packing were heated to achieve outlet air saturation at a
particular temperature. The saturated air was then heated
with an electric heater to a particular range for the conditions
of the test. This airstream was split between the inner duct
containing the particle bed and an outer concentric duct
enclosing the bed section. The outer wall of the column was
heated in order to eliminate any radial heat transfer. The
balance of airflow between the inner and outer ducts was

adjusted to establish a superficial air velocity of 0.5 m«s_1
through the bed (i.e., 0.5 m s"1 per m of cross-sectional
area), a value typical of the airflow rate in many commercial
grain dryers (Meiering et al. 1977).

A personal computer was used as a data logger to monitor
air temperatures at the inlet and outlet planes of the bed with
a pair of resistance wire temperature detectors. These data
were written to a RAM disk during experimental runs, and
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D
A main air duct
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C upper RTD transducer

E D bed of seeds
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G air pulse diffuser

Fig. 1. Diagram of apparatus bed test section.

then at the end of the run they were permanently stored on a
floppy disk for analysis. A BASIC program was written to
calculate the thermal impulse response of the bed from the
temperature data using the correlation procedure described
earlier.

The data logging computer was also used to simultane
ously control the input air temperature identification signal.
A software-generated, 7-bit shift register with modulo-two
(i.e., "exclusive or") feedback from stages 4 and 7 generated
the identification signal pulse train as a maximum-length
PRBNS sequence. The shift register output logic level was
written to the parallel port, where it appeared as either a 0 or
+5 VDC signal. That output signal, connected to an opto-iso-
lated solid state relay, would open either of a pair of solenoid
valves. The valves in turn diverted a stream of compressed air
to either a hot or a cold heat exchanger, resulting in an
intermittent flow of hot or cold air. The compressed air
stream was then introduced into the main airstream through
a diffuser at the bed inlet, producing the series of small
temperature perturbations. The PRBNS amplitude was 2.0°C
and the sequence length was 127 bits with a base pulse width
of 15.0 s.

Soybeans (variety Maple Arrow) and white beans (variety
Seafarer) were studied. Wet samples at about 22% moisture
content (wet basis) were conditioned to moisture levels of
about 10, 12, 14, and 16% prior to tests. The equilibrium
relative humidity for the seeds at each temperature and mois
ture level was calculated from the Chung-Pfost equation with
constants from Standard D245.4 (ASAE 1988) for soybeans
and edible beans. The tests were run at two air temperatures,
either 40 or 50°C.

Parameter estimation

The D-C model describes the response of a finite section of
an infinitely long bed (i.e., the ends of the bed are very far
from the region of interest). However, an experimental re
sponse also contains end effects as well as the effects of any
transducers used to introduce test signals and measure vari

ables of interest. A procedure using the responses for two bed
lengths was developed to remove those effects. The Laplace
transform of a measured impulse response is a transfer func
tion which is the product of individual transfer functions for
the transducers, the end effects and bed effects. The quotient
of response curves for two bed lengths then, in the Laplace
domain, is the corrected transfer function for a finite section
from an infinite bed. The length of that section is equivalent
to the difference in length between the two beds used. In this
study bed lengths of 76 mm and 38 mm were used.

Determination of estimates for hc and kp resulted from an
iterative comparison of an observed system response to a
calculated response using Eq. 6. As the unknown parameter
values in the model expression were adjusted, the two re
sponses ultimately converged. Adownhill simplex method of
multi-dimensional minimization similar to the "amoeba" al
gorithm of Press et al. (1986) was used to arrive at the best
parameter estimates. That scheme did not require derivatives
of the objective function to be minimized. First, a discrete
Laplace transform of experimental response data over many
values of the complex Laplace variable, s, was performed.
The optimization routine then sought a minimum of the root
mean square error between the transformed observed data
and the calculated response.

RESULTS AND DISCUSSION

The Chung-Pfost equilibrium moisture content relationship
used to calculate the air state points for maintaining a particu-
lar moisture content was very inaccurate. This was
particularly evident at low moisture levels. With the air hu
midity determined for a nominal 10% moisture content, after
equilibration the actual moisture content was 8.7% for soy
beans and 8.0% for the white beans. Similarly, the other
treatments were all 1.5-2% lower than expected.

Preliminary tests were conducted to demonstrate the valid
ity of the method and to confirm the proper operation of the
apparatus. These tests were run with 6.35-mm diameter
acrylic beads. The thermal conductivity of the acrylic beads
was known to be in therange of 0.188 to0.201 W«m" •°C" ,
and the value from the experiments was 0.193 W«m~ ^C"
(Brown and Otten 1988). The convective heat transfer coef
ficient for the acrylic beads, 92.0 W»m"2»°C"1, was the same
as the value calculated from a formula published by Wakao
etal. (1979) for smooth spheres (92.3 W-m'Vc1). From the
close match between the observed and expected parameter
values for the test particles, it was concluded that the method
was valid and the apparatus was satisfactory.

An important limitation of the test method was discovered
when tests were conducted with moist seeds. Parameters for

seeds above 13-14% moisture content at 40°C could not be
determined. Apparently the humidity of air in equilibrium
with seeds at that temperature and moisture level was so high
thatevena smalltemperature depression of 2°Ccaused some
condensation, with the release of latent heat of vaporization.
It was impossible to maintain a stable operating air tempera
ture for those conditions. At 50°C the highest moisture level
which could be accommodated was only 9-10%. Conse
quently, only the tests at a nominal moisture content of 10,
12, and 14% were conducted.
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Table I. Summary of parameters for experimental
determination of thermal properties.

Soybean seeds White bean seeds

Void fraction 0.400 0.382

Interstitial air velocity (m»s~ ) 1.23 1.29

Seed radius (mm) 3.33 3.35

Seed density (kg»m~ ) 1190-1200 1270-1400

ctax (m2«s_1) 4.42xl0-3 4.66xl0"3
Bed depths (mm) 38,76 38,76

Table II. Results of thermal parameter determination

Moisture Content <Convective heat Thermal

(% wet basis) transfer coefficient conductivity

(W^rnVc"1) (W^m-Vc1)

Soybeanseeds (40°C)
4.5 129 0.211

8.7 132 0.215

11.8 125 0.216

13.6 124 0.221

Soybeanseeds (50°C)
8.7 144 0.220

White bean seeds (40°C)
8.0 102 0.206

9.8 114 0.212

12.5 116 0.216

White bean seeds (50°C)
8.0 98 0.208

9.8 100 0.225

Experimental parameters for the soybean and white bean
tests are listed in Table I. Three thermal response curves were
determined for each combination of seed type, moisture and
temperature. These were averaged, and the convective heat
transfer coefficient and the particle thermal conductivity for
each combination were determined and are listed in Table II.

The particle thermal conductivity determined for both
types of seeds was about the same. The values increased from
0.211 to 0.221 W»m" ^C" for soybeans over the moisture
range from 4.5 to 13.6% wet basis. For white beans, the
conductivity values were 0.206 to 0.225 W»m~ •°C" over a
similar moisture content range. The thermal conductivity was
slightly higher with both seed types at the same moisture
content but for the higher equilibrium temperature of 50°C
The standard deviation of the conductivity values was 0.25
mW»m" ©C" for all combinations.

The surface characteristics or particle dimensions of the
seeds would not be expected to vary significantly over the
moisture content or temperature ranges studied. Therefore, it
is reasonable to expect that the surface convective transfer
coefficients determined should be the same within each seed

type. Variations in air velocity and particle packing charac
teristics among experiments could cause the slight
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differences observedamongtreatments. The averageconvec
tive heat transfer coefficient was, therefore, calculated. It was

•m 2.0C"131 W^m'Vc1 (95% confidence limits 8.4 W
for soybean seeds, and 106 (± 6.3) W^m'Vc1 for white
beans. Forcomparison, the valuefor smoothsphericalacrylic
spheres ofthe same size ina packed bed was 92W^mVc1
(Brown 1989). The greater surface roughness of the seed-
coats could account for the higher coefficients observed for
seeds.

)

CONCLUSIONS

The implementation of a PRBNS system identification tech
nique for determining thermal parameters of moist seeds in a
packed bed was investigated. Pertinent conclusions drawn
from this study are:

1. Application of the method was limited to seeds with a
moisture content of 14% (wet basis) or less.

2. The average fluid-particle convective heat transfer coef
ficients, at the superficial velocity of 0.5 m»s_1, were
131 WTn'Vc1 for soybean seeds and 106 W#m"2*°Cl
for white beans.

3. Particle thermal conductivity values were 0.211 to 0.221
W»m" •°C" for soybean seeds over the moisture con
tent range of 4.5 to 13.6 % (wet basis). White beans
yielded values of 0.206 to 0.225 W*m' •C"1 over the
range of 8.0-12.5 % moisture.
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SYMBOLS USED

a = amplitudeof PRBNS (°C)
Cf= heat capacity of fluid phase (kJ«kg~ •°C" )
Cp = heat capacityof the particle (kJ»kg~ •°C" )
hc= convective heat transfer coefficient (W«m~ •°C" )
i,j = index variables

kp = particle thermal conductivity (W«m~
L = length of bed section (m)
N = length of PRBNS sequence
r = particle radial displacement (m)
R = particle radius (m)
5 = complex Laplace variable
t = time interval (s)

Tf = temperature of fluid (°C)
Tp = temperature of solid particles (°C)
u = inputsignal level (°C)
U = interstitial fluid velocity (m»s~ )
Wi= impulse response weighting factor
x = bed axial displacement (m)
z = output signal level (°C)

2 1a = thermaldiffusivityof fluid, (ax), or particle, (p) (m" »s )

e = bed porosity factor

p/ = fluid density (kg»m~ )
pp = particle density (kg«m" )

•°Cl)
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