A STUDY OF RICE FISSURING BY FINITE–ELEMENT
SIMULATION OF INTERNAL STRESSES COMBINED WITH
HIGH–SPEED MICROSCOPY IMAGING OF FISSURE APPEARANCE
C.–C. Jia, W. Yang, T. J. Siebenmorgen, R. C. Bautista, A. G. Cnossen

ABSTRACT. Finite–element analysis was performed to simulate stress distributions inside a rice kernel during drying. The
distributions of radial, axial, tangential, and shear stresses were mapped and analyzed. It was found that during drying, two
distinct stress zones existed inside a rice kernel: a tensile zone near the surface, and a compressive zone close to the center.
Although as drying proceeded, radial, tangential, shear, and axial stresses all decreased in magnitude after they peaked, the
first three (i.e., radial, tangential, and shear) stresses approached zero in magnitude and became neutral (i.e., neither tensile
nor compressive) after 60 min of drying at 60³C, 17% relative humidity (RH). Only axial stress remained at a pronounced
level even after 60 min of drying at 60³C, 17% RH, which helps explain why most fissures form perpendicular to the
longitudinal axis of rice kernels. The results were well supported by the fissure appearance caught in this study with
high–speed microscopy imaging and by other evidences on rice fissuring published in the literature.
Keywords. Rice, Fissuring, Cracking, Fissures, Internal stresses, Drying, Numerical simulation, High–speed imaging.

T

he ultimate goal of the rice industry is to produce
high–quality rice. To achieve such a goal, artificial
drying is typically necessary to prevent microbial
spoilage in freshly harvested, high MC (moisture
content) rice. During drying, moisture and temperature
changes are usually concurrent, which may induce a
complicated stress pattern within the kernels. Internal
stresses formed within a rice kernel during the drying process
may cause an initiation or nucleation of fissures or cracks, if
the stresses exceed the material strength, and the nucleation
may propagate in a subsequent process following drying
when conditions permit. Internal fissures or cracks can lead
to kernel breakage during milling and, accordingly, a
reduction in rice quality and its market value.
Over the past decades, substantial experimental work has
been reported to examine the cause of fissures. Kobayashi et
al. (1972) concluded that rice cracking during drying was the
result of complex strains caused by moisture content
gradients (MCGs) in rice kernels. Yang et al. (2000a)
determined the MCGs vs. drying durations by finite–element
modeling and examined the relationship of MCGs to the
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trend of head rice yield, a widely used parameter to judge the
severity of breakage of rice kernels. They found that head rice
yield was highly related to MCGs. Around the time when
MCGs peaked, head rice yield started to suffer a dramatic
decrease if rice was cooled immediately and no tempering
was performed following drying.
Arora et al. (1973) recognized that rice kernels would
experience stresses due to a temperature gradient as well as
a moisture content gradient during drying, but the moisture
content gradient had more effect on rice fissuring. Muthukumarappan et al. (1992) reported that the volumetric change
of rough, brown, and milled rice was linearly related to
changes in moisture content and temperature. Some regression models were developed to estimate the volumetric
change of rough, brown, and milled rice due to combined
changes in MC and temperature of kernels. Kunze and
Wratten (1985) and Yamaguchi et al. (1985) reported that rice
kernels could be modeled as linear viscoelastic materials.
Some empirical formulas were presented to describe the
physical and mechanical properties of rice kernels based on
experimental studies. Cnossen and Siebenmorgen (2000),
Cnossen et al. (2000a, 2000b), Perdon (1999), and Yang et al.
(2000a) used the glass transition temperature (Tg) and the
differences in material properties above and below Tg to
explain fissure formation in rice kernels. They found that the
Tg played an important role in rice fissure formation during
a desorptive process.
The stress pattern in a rice kernel during drying is a very
complex, physically unobservable phenomenon. It is currently impossible to directly determine the internal stress
distribution in individual kernels caused by temperature and
moisture content changes (Haghighi and Segerlind, 1988a,
1988b; Irudayaraj and Haghighi, 1993; Jia et al., 2000a;
Lague and Jenkins, 1991). This being the case, a numerical
simulation technique has been used to understand the
intra–kernel stress situation. There is limited published
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information on the simulation of stress within rice kernels
during drying, especially in regard to the interaction of
temperature and MC during drying on stress distribution.
The objectives of this research were to:
1. Develop a finite–element model to predict the internal
stresses of rice kernels during the drying process.
2. Infer and analyze possible fissuring patterns in rice
kernels based on the simulated stress distributions.
3. Compare the inferred fissuring patterns with high–speed
imaging of fissure appearance, as well as with published
observations, to validate the finite–element simulations.

{U}e = {u v}= {j1 + j2r + j3z j4 + j5r + j6 z}

The displacement components (u and v) can be expressed by
the element nodal coordinate:

HYGROSCOPIC AND THERMAL STRAINS
During drying, expansion or contraction occurs due to
temperature and moisture content change within a grain
kernel. A general assumption for the non–linear thermal–hygroscopic stress problem is based on the linear relationship
between strain and the change in temperature and moisture
content (Hammerle, 1972). Therefore, if the thermal expansion coefficient of a rice kernel is a, then the thermal strain
of the kernel is:

NODAL DISPLACEMENTS AND STRAINS
A brown rice kernel may be discretized with axisymmetric
linear triangular elements. The coordinate values of these
three nodes are (ri , zi ), (rj , zj ), and (rm , zm ). The nodal
displacement components (i.e., shrinkage) of an element are
(ui , vi ), (uj , vj ), and (um , vm ) in a cylindrical coordinate system.
They are governed by moisture loss and forces exerted by
adjacent shells. It was assumed that the nodal displacements
along the r and z axes are the linear function of the coordinate.
The nodal displacement matrix {U}e of element can be
written as:

742

u j = j1 + j2rj + j3z j , v j = j4 + j5r j +j6z j

(5)

um = j1 + j2rm + j3zm , vm = j4 + j5rm +j6zm
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S = (bi c j − b j ci )
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ai = r j z m − rm z j , bi = z j − z m , ci = rm − r j
a j = rmzi − ri zm , b j = zm − zi , c j = ri − rm
am = ri z j − rj zi , bm = zi − z j , cm = rj − ri
Substituting equations 7 and 8 into equation 3 and re–writing
in a matrix form, we have:
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where DT is temperature gradient. By analogy, the hygroscopic strain of the kernel, with the hygroscopic contraction
coefficient of b, can be expressed as:
where DM is moisture content gradient. The constitutive
equations and the finite–element approach for obtaining DT
and DM in equations 1 and 2 have been discussed in detail by
Jia et al. (2000b) and Yang et al. (2000b). The only difference
is that this study used brown rice (a 2–layer model), while
those studies used rough rice (a 3–layer model).

(4)

where

(1)

(2)

ui = j1 + j2ri + j3zi , vi = j4 + j5ri +j6 zi

Combining the above equations gives:

FINITE–ELEMENT ANALYSIS OF STRESSES
Brown rice was used in this study to facilitate the direct
observation of fissure appearance under a high–speed
microscopy imaging system. It is difficult to view fissure
occurrence in the endosperm of rough rice. Because of this,
finite–element modeling of internal stresses was also performed on brown rice. It was assumed that a brown rice kernel
is an elliptical body consisting of two parts (i.e., bran and
endosperm). During drying, no external forces are applied to
the kernels, and the kernel surface is free to expand or
contract.

(3)

where

(al + bl r + cl z )

(l = i, j, m)
2S
A fundamental difference exists between axisymmetric and
plane strains; a fourth component of the strain (eqq) must be
explicitly considered in addition to the other three strains
(err, ezz , and erz ). The circumferential strain at a point within
the axisymmetric body is caused by the radial displacement
(u) at the same point. Therefore, the strain vector (e) has four
components and is defined by:
Nl =

T
{e }= {e rr eqq e zz g rz }T =  ∂u u ∂v ∂u + ∂v  (10)
 ∂r r ∂z ∂z ∂r 

Substituting equation 9 into equation 10 and simplifying:

{e }= [B]{U}e

(11)

where [B] is as shown in equation 11a

TRANSACTIONS OF THE ASAE

(11a)

and
r=

(16a)
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THE STRAIN–STRESS RELATIONSHIP
Rice kernels may be regarded as a viscoelastic material.
Hammerle (1972) and Christensen (1982) described the
constitutive relationship between strain and stress in a
cylindrical coordinate system:
t

s (x, t ) = ∫ G(x, t − t ’)
0

∂
e ( x, t ’)dt’
∂t ’

(x = r,q , z)

(12)

Viscoelastic material properties are highly dependent on
temperature and moisture content changes. Hammerle and
Mohsenin (1970) suggested that this dependence must be
incorporated into the above viscoelastic module. Therefore,
the concept of time equivalence of temperature and moisture
content effects was put forward. Based on this principle, the
shifting procedure for constant temperature states (Christensen, 1982) was extended to transient moisture and temperature states by introducing a new variable called reduced or
shifted time. Hammerle (1972) defined the reduced time as:
x=

t
z

z +z
z= M T
z Mz T

t

0

(14)

∂[
e (x, t’) − e M ( x, t ’) − e T (x, t ’)]dt’
∂t ’
( x = r ,q , z )

1
1
∆T = (∆Ti + ∆T j + ∆Tm ), ∆M = (∆Mi + ∆M j + ∆Mm )
3
3
THE PRINCIPLE OF VIRTUAL DISPLACEMENT
The principle of virtual displacements is actually a special
case of the more general principle of virtual work in
elementary mechanics. When the virtual displacement is
negligible and does not affect the original state of the body,
the work done by the external forces in the direction of virtual
displacement is equal to the total virtual work done by the
internal stresses in the whole domain in the direction of the
virtual strains. This principle can be expressed mathematically as:

∫e(de )TsdV = ∫e(dU )T FbdV

V

(13)

By using reduced time to replace real time in equation 12, the
effect of transient thermal–hygroscopic change can be
incorporated into the stress–strain relationship (Haghighi and
Segerlind, 1988a, 1988b; Hammerle, 1972):
s (x, t) = ∫ G( x, x −x ’)

where for a triangle element, ∆ T and ∆ M can be expressed
as:

V

or
 T
 e
T
T
 ∫ B DBdV [U ] − ∫ B De0dV = ∫ N FbdV
e
e
V e

V
V

(17)

The Galerkin method was used to solve the boundary value
problem mentioned above (Jia et al., 2000b). Both the
triangular decomposition and the backward difference methods were applied to optimize this procedure. The final form
of equation 17 is:

[K ]e[U ]e = [F ]e

(18)

(15)

Using the matrix form to rewrite the above equations and
noting that a thermal–hygroscopic shear strain cannot exist
in an isotropic material, we have:

EXPERIMENTAL PROCEDURE AND
SIMULATION PROCESS

e rr − e M − eT 
e − e − e 

{s }= {s rr sqq s zz t rz }T = [D] qq M T 
 e zz − e M − e T 


e rz

EXPERIMENT DESIGN
Thin–Layer Drying
Tests were carried out in a thin–layer drying system in
which air conditions were adjusted to desired values by a
temperature–relative humidity (RH) control unit (model
150/300 CFM SS Climate Lab–AA). Long–grain brown rice,
variety Cypress, was dried under drying air temperatures of
40°C and 60°C, air RH of 15% and 17%, initial moisture
content of 20% wet basis (w.b.), and initial temperature of
25°C. Brown rice was prepared by dehulling rough rice with
a Satake lab huller. Average moisture contents of three 15 g

( e}− {e 0 })
= [D]{
where D(c – c’) is as shown in equation 16a
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rice samples were measured by the oven method (Banaszek
and Siebenmorgen, 1993). The moisture kinetics obtained
was used to verify the capability of the finite–element models
developed by Jia et al. (2000b) and Yang et al. (2000b) and
applied to brown rice drying in this study for DT and DM
determination.
High–Speed Microscopy Imaging
The microscopy imaging system used in this study and the
procedure of operations were similar to the video microscopy
system reported by Bautista et al. (2000). The system consists
of a CCD camera installed with a 50Ü magnification lens
inside a controlled–atmosphere chamber, a camera probe and
luminance controller (Moritex 803), a high–resolution
monitor (Sony HR Trinitron), a video recorder, a photo
printer, and a PC with image processor software. A fiber optic
light (Fiber Light model 1700, Dolan–Nenner, Inc.) illuminated the rice kernel under investigation with the light
directed parallel to the long axis of the kernel. For normal
observation, a 12.5 mm CCD camera (Moritex Scopeman
MS803) was used. For a sequential capture of fissure
appearance, a high–speed camera (Photron, Japan) was used
to capture images at a speed of 1000 frames per second, and
the images captured were processed using the software
developed by Sensors Applications, Inc. Drying air supplied
to the rice kernel under investigation was generated in the
same air parameter generation and control unit (model
150/300 CFM SS Climate Lab–AA) mentioned earlier.
SIMULATION PROCESS
An axisymmetric finite–element grid of a quarter cross–
section of a single brown rice kernel in cylindrical coordinates is shown in figure 1. Temperature and moisture content
were described using unsteady–state modified Luikov equations (Luikov, 1966). The finite–element technique, which
divides an elliptical grain kernel into a large number of small
triangle elements across a section of the kernel and describes
the variation of a field within an element using interpolating
polynomials, was applied to solve those equations, as
described in detail by Jia et al. (2000b) and Yang et al.
(2000b), and DT and DM were determined accordingly.
Thermal and hygroscopic strains were obtained by inserting
DT and DM into equations 1 and 2. These values with related
property parameters were substituted into equation 18 to
calculate the respective displacements at a given time step.
Finally, stresses were obtained from equation 16 by combining equation 11 with equations 1 and 2. This procedure was
repeated until the drying process ended.

Figure 1. Finite–element mesh for a Cypress (long–grain) brown rice kernel (1/4 cross–section, 123 nodes, and 199 elements).
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COEFFICIENTS AND VISCOELASTIC PROPERTIES FOR
SIMULATION
The property parameters for the simulation were taken
from published literature (Kunze and Wratten, 1985; Yamaguchi et al., 1985):
a (t ) = 0.00000312+ 0.003657M (t )2 + 0.01097M (t )3 (19)
b (t ) =

0.3533+ 0.001967(T (t )− 273)
2
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where
E(t ) =

1.0×1011
M (t )T (t )

V1(t ) = 1.81×105 e− A
V 2 (t ) = 4.32×106 e− A
z (t ) = 351e−0.02T (t )
T

z M (t ) = 6.49e−11M (t )

RESULTS AND DISCUSSION
VERIFICATION OF THE FINITE–ELEMENT MODELS
Comparison between the simulated and the measured
average moisture contents under two different thin–layer
drying conditions (i.e., 60³C, 17% RH, and 40³C, 15% RH)
is shown in figure 2. It can be seen that the simulated results
agreed well with the measured values. This indicates that the
finite–element formulas were capable of predicting the
brown rice drying process and could be used to accurately
obtain DT and DM for the internal stress analysis.

Figure 2. Simulated (curves) and measured (symbols) average moisture
contents for a Cypress (long–grain) brown rice kernel at initial moisture
content of 20.0% (w.b.) and two different drying conditions (T = drying
temperature, RH = drying air relative humidity).
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MOISTURE AND TEMPERATURE DISTRIBUTIONS
Figure 3 shows the moisture content distribution (upper
two graphs) inside the rice kernel at two selected times:
15 min and 60 min under drying condition of 60³C and 17%
RH. Only a quarter section of the kernel is shown due to the
symmetrical assumption of rice kernels. Figure 3 also shows
the temperature distribution (lower two graphs) inside the
rice kernel at two selected times: 1 min and 5 min under
drying condition of 60³C and 17% RH. It was found that the
whole kernel reached the drying temperature of 60³C after
about 2.5 min. Yang et al. (2000b) reported a similar result for
rough rice. In other words, temperature gradients died down
completely after the first few minutes of drying. However,
moisture content changes were much slower than temperature changes. The moisture content of the outermost layers of
the kernel decreased to equilibrium moisture content within
a short time, but moisture in the center part of the kernel was
still at a relatively high level even after 60 min of drying.
Moisture content differences between the center and the
surface existed throughout the drying process, but they
% w. b.

% w. b.

°C

°C

Figure 3. Moisture (upper two graphs) and temperature (lower two
graphs) distributions at selected drying times for a Cypress brown rice
kernel (1/4 kernel shown) at initial moisture content of 20.0% (w.b.) and
equilibrium moisture content (EMC) of 6.0% (w.b.) (Ta = drying temperature, RH = drying air relative humidity).
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dropped gradually over time. The results suggested that,
during the drying process of rice, the effect of temperature
gradients seemed to be much less than that of moisture
content gradients, which agreed with the conclusion by Arora
et al. (1973).
STRESS DISTRIBUTION AND BEHAVIOR
Four major stress components (i.e., axial, radial, shear,
and tangential stress) were calculated and are analyzed below
(figs. 4 to 7). Simulation results are shown, as an example, at
two drying durations (15 min and 60 min) and under two
drying conditions: 40³C, 15% RH (upper two graphs) and
60³C, 17% RH (lower two graphs). Initial moisture content
of the rice was 20% (w.b.). Positive values of stress represent
tension, while negative values represent compression. The
humidity ratio was 0.022 kg water/kg dry air in the air at
60³C, 17% RH, and 0.009 kg water/kg dry air in the air at
40³C, 15% RH.
Figure 4 shows the radial stress distributions under the two
drying conditions mentioned above. Compressive and tensile
radial stresses co–existed inside the rice kernel in different
locations. There were basically two major stress zones
observed inside the kernel: a tensile stress zone closer to the
surface, and a compressive stress zone closer to the center.
The size of the zones or the location of the zero stress plane
(i.e., neutral location, neither compressive nor tensile) varied
according to the duration of drying. At 15 min, the tensile
zone covered an area, on the surface side, that was
approximately 1/3 of the kernel’s thickness, and the rest
corresponded to the compressive zone closer to the center. As
drying proceeded, both compressive and tensile stresses in
the two zones gradually reduced their magnitude, after they
passed the peak values, and became neutral or stayed slightly
tensile (fig. 4). As can be seen from the 60 min graphs in
figure 4, the entire kernel almost became one zone, with
stresses very close to zero or slightly tensile everywhere
except the kernel tip, where the compressive stress was
gradually increased with time.
Kunze and Choudhury (1972) explained qualitatively the
phenomenon of compressive and tensile zoning, as confirmed in this study. During drying, the outer cells of a kernel
shrink as they lose moisture. In order for moisture to transfer
from a kernel to the environment, a moisture content
gradient, depending mainly on drying temperature and
humidity ratio, must exist from the center to the surface of the
kernel. Hence, the inner portions of the kernel are at higher
moisture content than surface portions. The result is that the
surface cells tend to contract, which generates a local tensile
stress that must be equilibrated by internal compressive
stresses. This phenomenon causes tension at the layers close
to surface and compression at the center of the grain. Tension
of this type decreases or disappears when the outer moisture
of the kernel is next to equilibrium moisture content, and
moisture content gradients gradually vanish.
Figure 5 illustrates the simulated axial stress distributions
under the two selected drying conditions. Similar to radial
stresses, two major zones of compressive and tensile stresses
were observed. Each zone occupied a certain area; the tensile
zone was close to the surface, and the compressive zone
surrounded the center. The axial stresses were higher in
magnitude than the radial stresses in either zone, given the
same drying time and drying conditions. As drying went on,
the stresses in the compressive zone gradually changed
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Figure 4. Simulated radial stress (srr ) distributions for a Cypress brown
rice kernel (1/4 kernel shown) at initial moisture content of 20.0% (w.b.)
and different drying stages (Ta = drying temperature, RH = drying air relative humidity). Positive and negative values are for tensile and compressive stresses, respectively.

Figure 5. Simulated axial stress (szz) distributions for a Cypress brown
rice kernel (1/4 kernel shown) at initial moisture content of 20.0% (w.b.)
and different drying stages (Ta = drying temperature, RH = drying air relative humidity). Positive and negative values are for tensile and compressive stresses, respectively.

magnitude towards neutral or slightly tensile. However, the
stresses in the tensile zone remained, although somewhat
deceased in magnitude, tensile at a considerable level and
covered a certain area next to surface (fig. 5), even after
60 min of drying. As a result, the entire kernel was subjected
to tension longitudinally. Similarly, compressive stresses
along the axial direction remained strong at the kernel tip.
Shear stresses were negative (i.e., compressive) during
drying under all drying conditions. Figure 6 shows the shear
stress distributions under the two drying conditions involved
in this study. The largest compressive shear stresses were at
the surface around the kernel tip. As drying went on, shear
stresses move further inside the kernel. Although their
magnitude gradually decreased, they remained at a certain
level. As can be seen in figure 6, in most regions of the kernel,
the magnitude of shear stresses was minimal throughout the
drying process, which indicates that the effect of shear
stresses on rice fissuring may be insignificant.

Tangential stress distributions are shown in figure 7. The
patterns and behavior of the tangential stress distribution
were very similar to those of radial stresses, in terms of
compressive and tensile zoning and compressive stress
concentration around the kernel tip, except that the absolute
peak values of tangential stress were greater than those of
radial stress. Like radial stresses, the tangential stresses
everywhere inside the kernel, except the kernel tip region,
also approached neutral after 60 min of drying (fig. 7).
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REFLECTIONS ON SOME RICE FISSURING PHENOMENA
One of the most prominent phenomena of rice fissuring is
the development of rice fissures along the radial direction
(i.e., perpendicular to the longitudinal axis). Although other
forms of fissures have been observed and reported in the
literature (Bautista, 1998), the predominant fissures were
perpendicular to the longitudinal axis of a kernel, especially
a long–grain kernel. Figure 8 shows a series of snapshots of
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Figure 6. Simulated shear stress (trz) distributions for a Cypress brown
rice kernel (1/4 kernel shown) at initial moisture content of 20.0% (w.b.)
and different drying stages (Ta = drying temperature, RH = drying air relative humidity). Positive and negative values are for tensile and compressive stresses, respectively.

a rice kernel taken by the video microscopy system depicting
the occurrence and development of a fissure inside a rice
kernel in 0.005 s between two fissures that have already
developed. The kernel was dried at 60³C, 20% RH, for
50 min and then naturally cooled in ambient conditions for
over one hour. From the fissure images recorded at 0.001 s to
0.005 s, it is obvious that the fissure occurred in a region
closer to the surface of the kernel on the ventral side. It then
worked its way towards the dorsal side at more or less a right
angle to the longitudinal axis.
The phenomenon that most fissures are perpendicular to
the longitudinal axis can be explained by the pattern of stress
distribution inside a rice kernel during drying, as found in this
study. As mentioned above, radial, shear, and tangential
stresses gradually died down as the drying proceeded. After
a sufficient drying duration, these stresses were not significant at all in magnitude and were very close to a neutral state.
However, the axial stresses remained considerably strong
even after 60 min of drying at 60³C. After a certain drying
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Figure 7. Simulated tangential stress (sqq) distributions for a Cypress
brown rice kernel (1/4 kernel shown) at initial moisture content of 20.0%
(w.b.) and different drying stages (Ta = drying temperature, RH = drying
air relative humidity). Positive and negative values are for tensile and
compressive stresses, respectively.

0.001 sec

0.002 sec

0.003 sec

0.004 sec

0.005 sec

Figure 8. Occurrence and propagation of a fissure between two existing
fissures inside a rice kernel as captured by the high–speed microscopy
imaging system. The kernel was dried at 60³C, 20% RH, for 50 min and
then naturally cooled in ambient conditions.

duration, the axial stresses were basically tensile throughout
the kernel, except around the kernel tip, and they were the
only significant stresses inside the kernel. When drying
stopped, the stress inside the kernel was carried over to
subsequent processes. It would remain inside the kernel
unless a tempering process was conducted to relieve it.
Therefore, any fissure or crack, no matter how tiny, initiated
inside the endosperm during or after drying would be likely
to propagate vertically because of the tensile effect created
inside the kernel. The effect of stresses in other directions was
insignificant, as discussed earlier.
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CONCLUSIONS
A finite–element model for brown rice drying has been
developed and verified by thin–layer drying kinetics. Internal
viscoelastic stress distributions in a rice kernel were simulated. The distributions of radial, axial, tangential, and shear
stresses were mapped and analyzed. It was found that two
distinct stress zones existed inside a rice kernel during
drying: a tensile zone that was closer to the surface, and a
compressive zone that was closer to the center. It was also
found that, as drying proceeded, radial, tangential, and shear
stresses gradually approached zero in magnitude and became
neutral in direction after 60 min of drying at 60³C, 17%
relative humidity. Only axial stress remained at a pronounced
level, even after 60 min of drying at 60³C, 17% relative
humidity, which helped explain why most fissures propagate
perpendicular to the longitudinal axis of rice kernels.
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NOMENCLATURE
E
Fb
G
K
M
M

= uniaxial tensile relaxation modulus (Pa)
= body force (N)
= shear relaxation modulus (Pa)
= bulk relaxation modulus (Pa)
= moisture content of a single grain kernel (d.b.)
= average moisture content of a single grain kernel
(d.b.)
r, z = r and z axes in a cylindrical coordinate system
S = total surface area of a triangular element (m2)
t = drying time (s)
T = temperature of a single grain kernel (°C)
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T = average temperature of a single grain kernel (°C)
u, v = element displacement along the r and z axis,
respectively (m)
GREEK SYMBOLS
a = thermal expansion coefficient (1/°C)
b = hygroscopic contraction coefficient (1/d.b.)
g = shear strain (m/m)
e = normal strain (m/m)
j = relaxation time (s)
z = shift factor
c = reduced time (s)
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s
= normal stress (Pa)
t
= shear stress (Pa)
f1– f6 = constants
SUBSCRIPTS
i, j, m = three nodes of an element
M
= moisture content
T
= temperature
rr
= radial
zz
= axial
rz
= shear
qq
= circumferential or tangential
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