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Abstract—A finite element based method was developed to simulate hygrostress muitiple crack formation
and propagation in a cylindrical, elastoplastic food undergoing a simultaneous heat and moisture transfer
process. Heat and moisture transfer was simulated using a model developed previously in the authors’
laboratory, and hygrostress formation using a virtual work principle-based, incremental method. Criteria
of critical, normal tensile stress and of crack-tip-opening angle were used to simulate hygrostress crack
formation and propagation, respectively. The developed method was validated experimentally. Simulation
results show temperature and moisture distributions were perturbed by multiple hygrostress crack for-
mation and propagation.

INTRODUCTION

Many foods undergo drying processes, since dehy-
dration is one of the key means of producing shelf-
stable products. During these processes, hygrostresses
are formed within the foods due to nonuniform
shrinkage and without careful process controls this
leads to stress crack formation and propagation. Since
stress cracks in foods result in products of inferior
quality, several researchers have developed simulation
methods for heat and moisture transfer and
hygrophysical changes to assist drying process
optimization.

Misra and Young [1] were the first researchers to
analyze moisture transfer, elastic hygrostrain and
hygrostress formation in food (spherically approximated
soybean). Litchfield and Okos [2] examined, using
their predictive model, simultaneous heat and moist-
ure transfer, viscoelastic hygrostrain and stress for-
mation in a spherically approximated corn kernel
undergoing drying, tempering and cooling processes.
Haghighi and Segerlind [3, 4] developed a finite
element model for estimating thermohygro visco-
elastic stress and applied it to simulated transport
processes and viscoelastic stress formation in spherical
food. Tsukada er al. [5] developed a simulation
method for simultaneous heat and moisture transfer
and hygrostress formation in elastoplastic food of an
axisymmetrically irregular shape. Lagué and Jenkins
[6, 7] developed a method for modeling heat and
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moisture transfer and viscoelastic hygrostress for-
mation and stress failure of axisymmetric food (rice).

The above published methods are useful to examine
transient state transport processes and hygrophysical
changes in biological material. However, no published
method is available to simulate hygrostress crack
propagation in food undergoing a heat and moisture
transfer process. Therefore, the objective of the
present work is to develop such a method applicable
to food of a cylindrical shape undergoing a dehy-
dration or hydration process.

MATHEMATICAL MODEL AND SIMULATION
METHOD

Heat and moisture transfer
Heat and moisture transfer in food was simulated
by equations developed in the author’s laboratory [8]
that include all thermodynamically interactive heat
and mass fluxes and mass flux correction factors.
Moisture transfer :

(0cjor) = —div{Ja} + 2 R, 6}

Heat transfer:

C,opo(@TJ01) = —div {J,} + Y AH, R +AH,n(dc/1)
j

fort>0andXeV. (2)
The fluxes {J,,} and {J,} are expressed below:
{Jm} = ~ B Dy, grad(C)
—B.D. grad(T)—; D, grad(p) (3)
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NOMENCLATURE
[A]  matrix defined by equation (20) [N]  shape functions of all nodes in one
{Aa} wvector of incremental displacements at finite element arranged as a 2 x 16 matrix
all nodes in one finite element, Au applicable to {Aa}
and Av of each node are arranged n sensible heat induced for pressure heat
alternately for all nodes as a 16-element flux
vector [m] P water vapor pressure [Pa]
a, water activity Q parameter in Gingenheim—Anderson—
B Stefan—Boltzmann constant de Bore equation
[W (m* KH™1] R universal gas constant [kJ (mol K)™']
[B] = [A][N], strain—displacement matrix R reaction rate [kg (s m®) ']
by, b, empirical constants for estimating r radial distance variable [m]
location variable ¢ and 4., S food surface
respectively S, volumetric shrinkage coefficient ; ratio
C volumetric moisture concentration of current volumetric element to the
[kg m~?) initial volumetric element
Cres Cro» €y €Mpirical parameters for T temperature [°C]
estimating o, Ty temperature [K]
C,.  specific mass capacity t time [s]
[kg moisture (kg dry solid °M)~'] Au  incremental displacement in the
Cpes Cpo» Cpi €MIpIrical parameters for r-direction at any location, an
estimating J, element of {Ad} [m]
C, specific heat [J (kg K)™'] V volume or space occupied by food
C, temperature coefficient except its surface [m?]
[kg water (kg dry solid K)™'] Av incremental displacement in the
CTA crack tip opening angle z-direction at any location, an
CTD crack tip opening displacement element of {Ad}
[D] = [D]+{[Dy)] w moisture content
[D.] elastic strain—stress tensor [kg water (kg solid)™']
D, pressure mass diffusivity W, food moisture equilibrated to 100%
[kg (m s Pa)™'] humidity (temperature-dependent)
[D,] plastic strain—stress tensor [g water (g dry solid) ']
D, soret mass diffusivity [kg (m s K)™!] W, food moisture equilibrated to 0%
D,  mass diffusivity (concentration humidity (temperature-dependent)
gradient based) [m? s~ [g water (g dry solid) ']
{Ad} vector of incremental displacement at W,  parameter in GAB equation
any location [g water (g dry solid)™']
E Young’s modulus [Pa) X spacial coordinates
{e,} outward normal unit vector z axial variable in cylindrical
G shear modulus [P,] coordinates [m].
H strain-hardening rate [Pa]
AH, rate of heat generated or consumed by Greek symbols
chemical reaction [W m™?] B, By, B; mass flux correction factors
AH, latent heat of phase change [J m™?] introduced by Furuta and Hayakawa [8]
Mn convective surface mass transfer ¥ magnitude of observed total shear
coefficient [kg (m?s Pa)™'] strain
h, convective surface heat transfer Ps magnitude of elastoplastic shear strain
coefficient [W (m? K)™ '] Y1, 72, 3 empirical parameters [8] for relating
{J,} heat flux [Wm™7] a static pressure change with
{J,} moisture flux [kg (m*s)~'] vaporized or condensed water mass,
k. Dufour thermal conductivity volumetric shrinkage and temperature
Wm?kg™] change, respectively
k, pressure thermal conductivity . critical crack tip opening angle [°]
[W (m Pa)~!] & magnitude of observed normal strain
k, thermal conductivity (temperature with the orientation represented by the
gradient based) [W (m K)~'] subscript
L parameter in GAB equation £ magnitude of elastoplastic normal
m sensible heat index for Dufour heat strain with the orientation represented by
flux the subscript
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{Ae} vector of incremental observed strains,
see equation (19)

{As,} vector of incremental elastoplastic
strain

{Ag,} vector of incremental stress free strains

{ yield stress parameter defined by

equation (26)

Luikov’s phase convergency criterion

angular variable

A random variates of rectangular
distribution whose values are
between 0 and 1 and which are
assigned to different axial location

Uo Gibbs free energy of saturated free
water [J mol ']

v Poisson’s ratio

& random variates of rectangular
distribution whose values are
between — b; and by, they are assigned
to different axial location

& random variates of rectangular
distribution whose values are
between —b, and b,, they are assigned
to different axial location

Do bulk density of bone dry solid [kg m™)

o magnitude of normal stress,
orientation represented by subscript
[kN m™?

feeli
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o equivalent stress (scalar) [kN m~?]

A magnitude of critical tensile stress for
crack formation [kN m~?

o magnitude of deviatoric stress
(kN m~7]

{6}  stress vector whose components are in
cylindrical coordinate direction

{o,; principal stress vector estimated from
{o}

{Ae} incremental stress vector

T magnitude of shear stress [kN m~?]

¢ mass transfer potential [°M]

Q product of emissivity and shape factor
for radiative heat exchange.

Subscripts
a ambient
fc critical value for crack formation

n normal to surface

e equilibrium

0 initial

pc critical value for crack propagation
¥ r-direction in cylindrical coordinate
s surface

z z-direction in cylindrical coordinate
6 0-direction in cylindrical coordinate
¢ mass transfer potential.

{In} = —k, grad(T) — (— 1)k, grad(C)

—(=1yk, grad(p). (4

In equations (3) and (4), grad(p) is correlated as
follows :

grad(p) = y,n grad(C) —7y; grad(S,) +v; grad(T).
&)
The initial and boundary conditions are:
1.C.:
C=¢C
B.C.:

T=T, fort=0 andXeSuV (6)

hm(pa —ps) = {en} {Jm} (7)
h(T,—T.)+ BT — T?) ~ hoy(1—n)AH, (p, —ps)

={e,}{J,} fort>0 andXeS. (8)

Since moisture concentration C was not mass trans-
fer potential [9, 10], it was converted to a proper
potential for better understanding of a transport
process, a potential based on the Gibbs free energy of
moisture in food [11]:

to-+RT Ina,

~ for W < W,
¢= {{(W— W) (W — W) + 1} 1o

forw > W,,.
®

Temperature and moisture dependent water
activity, a,, in the above equation was estimated by
the GAB (Gugenheim—Anderson-de Bore) moisture
sorption isotherm equation, equation (10), since this
equation estimates accurately moisture sorption iso-
therms of food [12],

W=W,QLa,/{(1-La,)(1-La,+QLa,)}. (10)

The volumetric concentration, C, in equations (1)—(6)
is transformed to the dry mass based concentration,
W, by

C=poW = (po/SHW. (1)

Moisture equilibrated within a volumetric element
in food depends on temperature and mass transfer
potential. Therefore, one has

dW = (8W/od), dd+ (@W/eT),dT

= C,dp+C,dT. (12)

Dependent variable C in equations (1)—(8) was
transformed to ¢ using eguations (9)-(12). For
example,

dC = (pro/S){(W/S)(AS,/dW)+1}C,n ddp+ C, dT).

It should be noted that S, of most foods depends only
on food moisture.

The above equations were solved by the Galerkin’s
finite element method using curved side, eight-node
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quadratic isoparametric elements, since this use
simplified fitting curved crack surfaces. (Interactively
solved equations for hygrophysical changes are given
below.)

Finite element descretization produced simul-
taneous, nonlinear first-order ordinary differential
equations. These equations were solved by the Crank—
Nicholson method.

Hygrostrain—stress formation

Food may be approximated as elastoplastic within
a small strain region. Therefore, the present work
assumed elastoplasticity. Since the material property
equations were nonlinear, an incremental method [13,
14] was used to estimate transient state strain-stress
distributions. Transient state hygrostrain—stress for-
mation was estimated interactively using finite element
solutions of the heat and mass transfer equation
(coupled solutions). The following equations show
Galarkin’s finite element-based governing equations
for the stress—strain field in an elastoplastic body:

Local strain change during time increment
{Ag} = {As,} + {Aeo}

Principle of minimum virtual work energy

(13)

J[B]T[D][B] dv{Aa} = j[B]T[D]{AEo} dv (14)

Strain—displacement relation

{Ae} = [A{Ad} (135)
Stress—strain relation
{Ac} = [D}{Ag;} = ([D.]+{[D,]){Ae}. (16)

{Ad}, {Ae}, {Ae}, {Ag} and {Ac} are vectorial
expressions of incremental displacement total (ob-
served) strain, elastoplastic strain, stress free hygro-
shrinkage strains and stress tensors, respectively :

-2

Ao,

Ao,

Ac} = )
{Ac} Ao,

Az,

an

(18)

Ae, As,,

Ag, Ac,,
Ag} = -
{As} Ac,

Ay,

{Ae} =

AsY?
A}

Agy} = 19
{A&} AS1S (19)

[A] is a matrix defined by
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élfor O
(A] = 0 élor 20)
1/r 0
0/oz  dfor

[D,] and [D,] are elastic and plastic stress—strain
matrices, respectively :

R 0
I—v 1—v
EQ 1 i 0
[DeI] — & 1—v \
(A+v)(1-2v)
1 0
1—2v
2(1 — v) J
symmetric tensor 21)
6> o6, 0,05 a1,
1 ¢? o¢.o’ o1,
[Dpl] =T 3 _2
oH 5 67 0o,
9G* 3G 2
symmetric tensor 22)
where G is the shear modulus defined as
G = E2(1+v). (23)
a,,0. and o are deviatoric stresses defined as
O'; = (20', —0,— 09)/3
6. =(20.—0;—0,)/3;. (29)
oy = (20y—06,—0.)/3

@ is the equivalent stress defined as
G = [05{(0', - 0_2)2 + (O-: - 0-0)2 + (GG '—O-r)z + 6Tr2:}] 1/2-
(25)

A yield stress parameter { in equation (16) is & depen-
dent as follows:

{ =0 when g < g4 for any & do
or when @ > 64 and 6dé < 0

{ =1 when & > ¢4 and 5,6 > 0. (26)

The total incremental displacement vector {Aa} at
each finite element node was estimated by equation
(14). The total strain vector at any location may be
estimated using finite element nodal shape functions:

{Ae} = [A][N]{Aa} = [B]{Aa}. @7

The shape functions, [N], of the isoparametric element
are given in most reference books on finite element
methods [equation (14)]. Incremental elastoplastic
strains {Asg,} were estimated by equation (13) and
finally incremental stress {Ae¢} by equation (16). Cur-
rent hygrostrains and stresses were obtained by adding
{Ag} and {Ac} to those at the previous time increment.
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Principal stresses {e,} were estimated at each node by
determining the characteristic values and vectors of
nodal stresses after expressing them in a tensorial
form.

Hygrostress crack formation and propagation

Many dried foods are brittle. A critical normal
tensile stress (tensile principal stress) has been used
as a failure criterion for such material. Additionally,
Tsukada er al. [5] observed that hygrostress crack
formation in sample food was related closely to the
magnitude of principal, tensile stress and that the
orientation of hygrostress crack was orthogonal to
the orientation of the critical, principal, tensile stress.
Therefore, it was assumed that a stress crack was
formed at the location where a principal, tensile
hygrostress exceeded a critical level, g, and that the
crack orientation was orthogonal to this hygrostress.

According to preliminary experimental work, the
critical stress level was independent of temperature
within a normal temperature range for food drying
(20-65°C) and of W in a high range. The critical
level increased when food moisture was reduced below
certain moisture concentration, W,.. Additionally,
there are likely location-to-location variations in ¢, in
the z-direction, since most cylindrical foods are made
through extrusion processes. Based on this obser-
vation, the following relationship was assumed :

(+E) (Co— Coy W) for W, < W Wy,
g, = "
(1+80)Cr forW, < W

(28)

where Cy, = Coy — Cy; Wieand &, = (21— 1).

In the above, 4 is a random variate of a rectangular
distribution between 0 and 1. One variate is assigned
randomly to each node in the axial direction.

There are several criteria for crack propagation, e.g.
criteria of crack tip stress, energy release rates, tear-
ing modulus, J-integral, and crack-tip-opening-dis-
placement (COD) or -angle (COA) [15, 16]. All of
these methods, except COD and COA, are applicable
only to the propagation of one crack, not to multiple
crack propagation. Therefore, the COA method was
used for the present work.

According to a simulation method based on the
COA, a hygrostress crack propagates along one side
length of a finite element when a COA exceeds a
critical angle, d.. Many foods become more brittle in
a low moisture region, while they are less brittle in a
high moisture region. Therefore, d, is small for low W
and J, increases for high W. Additionally, there are
likely z-directional variations in é, as in .. Based on
this, equation (29) was assumed.

_ (1+&)c0 forW,, < W< Wpc}
ST lA4E) CotenW)  forWe < W

pc
29
where Cp. = cpo+cp Wi and £, = b,(24—1).
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The COA criterion is incorporated into the finite
element method as follows: an abridged computer
program flow chart in Fig. 1. A sample body is sub-
divided into finite elements of two types : elements for
simulating hygrostress crack formation propagation
[Bs of Fig. 2(a)] and those of standard elements for
analyzing heat and moisture transfer and hygrostress
formation [As of Fig. 2(a)]. Element B was also used

T and
solutions

i

{e} and {o}
solutions

1

{op}
estimation

Crack formed
or propagated.
Humid air
properties
assigned to
crack gaps &
stress
Refaxation.

Fig. 1. Abridged flow chart of prepared computer program.

-8
i 10"m
(a) Start of Drying ] Surface
r A A A
A A A
A A A
4 4 4 4 ¥
8 8 B B B

—_—Z

(b) Crack formation

Crack elements

||

(c) Crack propagation

=0
Crack elements
TT T

Fig. 2. Finite elements for hygrostress crack formation and
propagation.
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for the heat and moisture transfer analysis until crack
formation or propagation. The side dimension of each
element B in the z-direction is extremely small (10~*
m for the present work). A crack of width 10~% m is
formed along the r-direction of a B-element, when
tensile, principal stress in the z-direction reaches the
critical level, equation (28) [Fig. 1(b), the maximum
tensile principal stress occurring in the z-direction
according to a preliminary analysis]. When a crack is
formed, a cracked B-element is filled with stationary,
humid air equilibrated to temperature and moisture
of surrounding A-elements. A crack propagates by
one r-directional side dimension of the adjacent B-
element, when a crack-tip-opening angle reaches a
critical angle, equation (29) [Fig. 1(c)].

M. IZUMI and K. HAYAKAWA

It should be noted that type B elements were placed
initially along the axial sides of each element in
addition to those shown in Fig. 1. However, the for-
mer elements were eliminated to save computer time,
since principal, tensile stresses of the radial orientation
were less than those of the axial orientation according
to preliminary simulations (probably no cracks in the
axial direction), and since most cracks were in the
radial direction according to preliminary drying
experiments.

EXPERIMENTAL

Drying experiments were conducted to validate the
above described simulation method. For this, cyl-

Table 1. Drying conditions and physical mechanical properties for the simulation

Air temperature (T,): 55 [°C]

Initial sample temperature (7y) : 25 [°C]

Initial sample moisture (W,) : 0.4 [kg water (kg solid)~']
Relative humidity: 0.11

Surface heat transfer coefficient (4,):23.2 [Wm™? K]

Surface mass transfer coefficient (A,,) : 0.0685 [kg m=2 kPa~!s~]

Volumetric shrinkage coefficient (S,):

S, = 0.8798+0.601(W—0.2)

Moisture diffusivity (D,,) :

D, = 1.448 x 10-(6.402 x 10~ * + 10W~3)2 5954 exp [8 x 10(0.147 + 1/(1+ 10W))(1/323— 1 /(T +273))/8.314] [m> s~ ']

Soret mass diffusivity (D): 0.0 kgm~'s™' K]
Pressure mass diffusivity (D,): 0.0 [s]
Thermal conductivity (k) :

k,=0.354+1.16x1073(T—273) +0.058 W/(1+ W) [Wm™' K~']

Dufour thermal conductivity (k.): 0.0 [W m* kg™']
Filtrational thermal conductivity (k,): 0.0 [W m~'Pa~']
Luikov’s phase conversion criteria (€) :

e=1-WiW,

Specific heat (C,) :

C, = 1.90x 10° = 12.1(T—273)+ 1.73 x 10* W/(1+ W) [T kg~ K]

Chemical reaction rate (R): 0.0 [kg s™']
GAB isotherm

W, = W,QLa,/[(1 - La,) (1— La, + QLa,)] [kg water (kg solid) ']

0 = 7.198 x 10~ exp (302/T)
L =0.370exp (142.1/T)
W, = 0.07259 exp (162.6/T)

Vapor pressure on the surface (P;) :

P, = 101.3 x 10%a, exp [13.087(1 —273.15/T)] [Pa]

Hygrostress crack formation and propagation

{(1+éf)(1501—4947W) for0 < W < 0.289

(1+&)71.3

& =0.0424—1) A = random variate between 0 and 1

5 - { (14£,)0.00025
© 7 L(14€,)(0.00043 +0.00714 W)

£, =0.042A—1) A =random variates between 0 and 1

for0.280 < W

for0 < W < 0.0289
for0.289 < W
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indrical samples (10 mm diameter x 200 mm length)
were prepared from high amylose starch powder
hydrate using plaster molds. Each of two samples had
an installed, copper-constantan thermocouple (36
gauge wires) at the center to monitor temperature
during drying. Saraples were dried in a pilot plant
forced air drying (C. G. Sargent’s Son Corp., Granit-
ville, MA). Weight changes of three samples were
monitored periodically by an analytical balance.
Additionally, separate samples were taken from the
dryer through a sampling window at three different
times (0.05, 0.1 and 0.5 h) for photographic obser-
vation of the stress crack.

The three samples used for monitoring the weight
changes were subjected to dry matter (solid mass)
determination by a vacuum oven method [17]. The
crack observation samples were bisected carefully and
cracks on the bisected surface were photographically
recorded using a stereomicroscope.

The drying experiments were duplicated. The para-
metric values of o, and J, were estimated by comparing
simulation results with those of one drying exper-
iment.

For the simulation, half of a bisected sample face,
20 mm initial length x 5 mm initial radius, was sub-
divided into 100 type A finite elements by dividing
both the z- and r-dimensions into 10. The crack
propagation elements, type B elements, were placed
between each of two adjacent type A elements in the
radial direction (each element size 1072 m in the
z-direction x 0.5 mm in the r-direction, initial
dimensions).

RESULTS AND DISCUSSION

Experimentally determined temperature and moist-
ure concentration histories and stress crack formation
and propagation were compared with those obtained
through simulation using the above described model.
All physical and transport properties except a, and &,
parameters were obtained from published papers [11]
(Table 1).

Experimentally determined central temperature and
average moisture concentration histories agree well
with simulated results, as shown in Fig. 3.

Figure 4(a) and (b) compares photographically
observed hygrostress crack formation and propa-
gation with simulated results. Figure 4(a) shows two
principal stresses on the bisected face. The third prin-
cipal stresses were orthogonal to those two and their
magnitudes were less than those shown in Fig. 6(a)
(three principal stresses at any location). The circular
images of the photographs in Fig. 4(b) were due to
the image field of the microscope. The central axis of
the sample is in the middle of the image field, as
indicated in Fig. 4(b).

There is a good agreement of the relative mag-
nitudes of stress cracks between observed and simu-
lated results. Stress cracks of significant sizes were
formed on the exposed surface within 0.05 h. In an
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Fig. 3. Temperature and moisture concentration histories
of cylindrical samples prepared from high amylose starch
powder hydrate (5 mm diameter x 200 mm long initial

dimensions).
(a}
~——— TENSION
e COMPRESSION
~ :100kN/m?
. Crack
~ | Time 0.05 hr Surface
% e e B e b
82
=
0 Center
0 10 15 20
LENGTH [ mm ]
64
— | Time 0.10 hr
£ P ISR ey ety Rtey g e~ S
N
® T
82+ P
<
]

0 . r y —
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G- .

z Time 0.50 hr

54'..,4... e .[,. ....... TN P .'.

w
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g ftl{l(i{']'
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0 5 10 15 20

LENGTH [ mm ]

Fig. 4. Comparisons between simulated (a) and observed (b)
cracks formed on half of an axially bisected sample face at
0.05, 0.1 and 0.5 h. Figure 4 shows two principal stresses
acting on the bisected face (only one when the other is too
small to be shown). Solid and dot bars in the simulation
figure are principal tensile and compressional stresses, respec-
tively, applicable at the intersection of a pair of bars or the
mid-point of a bar. Stress magnitude and orientation are
represented by bar length and orientation, respectively. Bars
extending from the exposed surface are hygrostress cracks.
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(b}
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Fig. 4—continued.

early stage of drying, surface moisture was reduced,
while there was no moisture reduction in the interior.
This resulted in large hygrostrains forming on the
surface, resulting in large tensile stress formation.
Therefore, stress cracks were formed on the surface
within a short drying time. It is of interest to note that
the location of large tensile stresses moved inward
with progress in drying.

Predicted moisture distributions at 0.016, 0.1 and
0.5 h of drying are shown in Fig. 5. Figure 5 shows

6.0

w/w
Surface 4 0
‘0. 8

] TIME 0.016 hr

4.0

2.0
i

RADIUS [ mm ]

Center
T

60 0.0

TIME 0.100 hr

; / Crack \

o=
- en

4.0

2.0
L

RADIUS [ mm ]

6.0 0.0

}

40
t B

20
l/

RADIUS [ mm ]

0.0

10.0 150 200
LENGTH [ mm ]

Fig. 5. Simulated moisture distributions on bisected face of
a cylindrical sample made from high amylose starch powder
hydrate at 0.016, 0.1 and 0.5 h of drying.

[
=3
n
-

that, at 0.016 h, the influence of drying remained in a
zone near the surface without any stress crack for-
mation and all iso-concentration lines were parallel.
However, at 0.1 h, irregular concentration dis-
tribution occurred around the cracks because of faster
moisture transfer through the cracks. This implies that
moisture transfer in food with cracks cannot be esti-
mated accurately without considering crack for-
mation and propagation. Additionally, this change of
moisture distribution after crack formation influenced
stress formation due to changes in hygrostrains.

At 0.5 h, cracks ceased to propagate due to no
additional shrinkage, because of low moisture content
and due to the influence of moisture content on ¢, and
0.

Figure 6 shows predicted temperature distributions
at the same drying times. Temperature distribution
lines at 0.016 h were parallel to the exposed surface
like the moisture distribution. However, the thermal
influence extended further to the interior due to a
greater heat transfer rate compared to moisture trans-
fer rate. After crack formation, the temperature dis-
tributions became irregular due to perturbed heat
transfer by cracks and the influence of latent heat for
moisture vaporization.

CONCLUSIONS

A finite element based method was developed to
simulate heat and moisture transfer, hygrostrain—
stress formation, stress crack formation and propa-
gation in an infinitely cylindrical, elastoplastic food.
Simultaneous heat and moisture transfer was simu-
lated by Furuta and Hayakawa’s model, hygrostrain—
stress formation by the incremental method based on
virtual work principle application, the stress crack
formation by the critical tensile stress criterion, and
the multiple stress crack propagation by the crack-tip-
opening-angle criterion.
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Fig. 6. Simulated ternperature distributions on bisected face
of a cylindrical sample made from high amylose starch pow-
der hydrate at 0.016, 0.1 and 0.5 h of drying.

Cylindrical samples prepared from high amylose
starch hydrate were subjected to forced air drying.
The experimentally observed results agreed well with
the simulated results.

According to the simulated results, moisture and
temperature distributions were perturbed by the
hygrostress crack formation and propagation. This
implies that physical changes of food should be
accounted for properly by accurate analysis of heat
and moisture transfer.
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