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Abstract—A simulation model was developed for three-dimensional heat and moisture transfer and visco-

elastic hygrostress formation in a composite body undergoing drying. In the model the chemical potential

of moisture in the body was used as a mass transfer potential since different materials had different affinities

to moisture. The governing equations were solved numerically by a finite element method. The model was

validated experimentally through drying experiments using triply layered brick shaped samples made of
the hydrates of starch granules and of 3: 1 mixture of starch granules and sucrose.

INTRODUCTION

Most foods undergo volumetric changes during the
drying process. These changes are accompanied with
internal strain—stress formation, resulting in inferior
product quality or product loss due to stress-crack
formation, without careful process control. Therefore,
several researchers have developed methods for simu-
lating heat and moisture transfer and hygrostrain—
stress formation in food undergoing drying to assist
process optimization and control.

Gustafson et al. [1] analyzed heat transfer and elas-
tic stresses in a corn kernel during heating and cooling
by a finite element method. Misra and Young [2]
simulated moisture diffusion and the elastic shrinkage
in spherically approximated soybeans during drying.
Tsukada et al. [3] developed a computerized method
to estimate simultaneous heat and moisture transfer
and strain—stress formation in elastoplastic food dur-
ing drying.

Since many foods are viscoelastic, several
researchers determined their viscoelastic properties
[4-7]). Hammerle [8] derived an equation to analyze
stresses in a viscoelastic slab for known temperature
and moisture distributions. Rao et a/. [9, 10] analyzed
the stresses in a viscoelastic cylinder or sphere for
assumed moisture and temperature distributions.
Litchfield and Okos [11] used Rao et al.’s [9] spherical
stress equations together with heat and moisture
transfer equations to estimate the hygrophysical changes
of viscoelastic corn kernels during drying, tempering
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and cooling processes. Haghighi and Segerlind [12,
13] developed a method for simulating strain—stress
formation in a viscoelastic, homogeneous biological
material and applied it to analyze thermo-hygrostress
formation in an elastic spherical food undergoing
drying. Irudayaraj and Haghighi [14] developed a
simulation model for heat and moisture and thermo-
hygro viscoelastic stress formation in an axisym-
metric, heterogeneous body of an arbitrary cross-sec-
tional contour (a two-dimensional problem). They
assumed implicitly homogeneous hygrochemical
affinities for all heterogeneous components since
moisture concentration was used as a moisture trans-
fer potential although heterogeneous viscoelastic
properties were assumed. Irudayaraj ez a/. [15] applied
the developed method to analyze drying processes of
soybeans and corn kernels.

Many foods are irregular and nonhomogeneous.
Within such foods, heat and moisture transfer and
strain—stress formation are three-dimensional. Fur-
thermore, one needs to consider the interactive influ-
ence of nonhomogeneity on heat and moisture trans-
fer as well as on strain—stress formation since different
components have different affinities to water.
However, virtually all published papers are for homo-
geneous and one- or two-dimensional transport pro-
cesses.

The objective of this work is to develop a method
for predicting three-dimensional heat and moisture
transfer with viscoelastic strain—stress formation in a
composite food during drying.

THEORY

Heat and moisture transfer
Simultaneous, transient state heat and moisture
transfer in food is simulated using a modified Luikov’s
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NOMENCLATURE
A deplacement—strain matrix defined by H high amylose starch granules hydrate
equation (32) [m~"] Hy mass transfer Biot number defined by
Al dimensionless matrix corresponding to A equation (43)
Aum  matrix defined by equation (A1) H;  heat transfer Biot number defined by
Ayr matrix defined by equation (A2) equation (43)
Aqy  matrix defined by equation (A3) HSH triply layered composite brick shaped
Arr  matrix defined by equation (A4) sample with one layer of S between two
ay moisture shift factor layers of H
ar temperature shift factor AH® enthalpy of saturated liquid water
Ay water activity [J mol™"]
B¢ strain—nodal displacement matrix AH,; reaction heat of jth chemical reaction
defined by equation (56) kg™
By  matrix defined by equation (A4) AHY  dimensionless reaction heat defined by
Byr matrix defined by equation (AS5) equation (43)
By matrix defined by equation (A7) AH, latent heat of moisture vaporization or
Bir matrix defined by equation (A8) condensation [J kg™']
C volumetric moisture concentration AH? dimensionless latent heat defined by
[kgm™I) equation (43)
C matrix defined by equation (30) B, mass transfer coefficient
C*  vector defined by equation (30) [kgm™2Pa's™]
Cn  (0W]0¢), specific mass capacity h, heat transfer coefficient [W m~2 k™)
[g water (g dry matter)'M~'] Jy heat flux [W m?]
Cum coefficient defined by equation (41) Jn moisture flux (kg m=2s~1]
Cur  coefficient defined by equation (41) K bulk modulus [Pa]
cp specific heat [kJ kg=' K~] k. anisotropic Dufour thermal
Cr  (0W/oT),, temperature coefficient conductivity [W m? kg™
[g water (g dry matter)~! K] K¢ stiffness matrix defined by equation
Crm  coefficient defined by equation (41) (57)
Crr  coefficient defined by equation (41) Kynv  matrix defined by equation (42)
D,  anisotropic pressure mass diffusivity Kyr matrix defined by equation (42)
[s] Ky matrix defined by equation (42)
D, anisotropic Soret mass diffusivity K;r matrix defined by equation (42)
[kgm™'s7TK™ k, anisotropic filtration thermal
D,  anisotropic moisture diffusivity conductivity [W m~' kg~ ]
[m?s™"] k, anisotropic thermal conductivity
d nodal displacement vector Wm—'K
E constant in Gugenheim-~Anderson— Le Luikov number defined by equation (43)
deBore isotherm formula 1 characteristic dimension [m]
F, components of body force vector N shape function matrix
[Pam™!] n outward normal unit vector
Fo a,t/I%, reference Fourier number n, number of finite elements used to map
Fy  moisture flux vector defined by food volume
equation (A9) n, power for converting S, to stress free
Fr heat flux vector defined by equation strain element [—]
(A10) p water vapor pressure equilibrated to
G shear modulus [Pa] exposed food surface moisture and
G,(f) shear modulus relaxation function [Pa} temperature, a,p, [Pa]
G4(Fo) function obtained replacing ¢ in )R water vapor pressure of air [Pa]
G,(?) by Fo I*/a, [Pa] Ds saturation water vapor pressure [Pa]
Gy reference shear modulus relaxation Q constant in Gugenheim-Anderson—de
value normally G, (0) Bore isotherm formula
G,(#) bulk modulus relaxation function [Pa} R reaction rate [kg s~! m~7]
G,i(Fo) function obtained replacing ¢ in R¢ force vector defined by equation (59)
G,(9) by Fo I’/a [Pa] R gas constant [J- K~! mol~]
Giju elements of material properties tensor S surface variable or hydrate of high
denied by equation (22) [Pa] amylose starch granules—sucrose 3: 1
AG® Gibbs’ free energy of saturated, liquid mixture
water [J mol~1] S, surface exposed to atmosphere
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S interface between two components

S, volumetric shrinkage coefficient

triply layered brick shaped sample with

one layer of H between two layers of S

molar entropy of pure water

[Jmol' K™Y

T temperature [K]

t time [s]

U displacement vector [m]

U element of displacement vector [m}

v volumetric variable [m*

vV dimensionless volumetric variable

vV space occupied by food except its

exposed surface

total volume occupied by food

moisture content

[kg water/kg dry solid]

moisture content of food equilibrated

to 100% humidity [kg water/kg dry solid]

W, empirical constant in GAB formula
[kg water/kg dry solid]

W,  moisture content of food equilibrated
to 0% humidity {kg water/kg dry solid}

X dimensional coordinate vector [m]

X dimensionless coordinate vector [—]

X,Y,Z dimensionless coordinates. X = x//,
Y=y/land Z = z/I.

Greek symbols

o, ki/(c, p), reference thermal diffusivity
B Stefan-Boltzman constant
Wm?K™

B coefficient defined by equation (43)
r functional defined by equation (56)

1 flux correction factor [m® Pa kg~']
s flux correction factor [Pa]

Vv P2 (6’ v/ac)

Y3 flux correction factor [Pa K]

initial strain (stress free shrinkage
strain) tensor

g strain tensor

& ST,

3 Luikov’s phase change criterion
& elemrient of strain tensor
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& element of stress free shrinkage strain
tensor (strain for stress free deformation)

A reduced time defined by equation (24)
[s]

u chemical potential {J mol™']

4 dummy variable

i density of material as is [kg m™3]

05 density of dry porous solid [kg m~?

o stress [Pa]

0 (T—Tr)/T,—T"), dimensionless
temperature

T dimensionless time

(0] (¢ — "/ (¢p,— ¢"), dimensionless mass
transfer potential

¢ mass transfer potential, symbol M is
used to represent the unit of the
potential [M]

¢, product of radiative adsorptivity and
shape factor

@ relative humidity
v dimensionless equilibrium vapor
pressure.

Superscripts

d dimensionless

n value at Fo,

n+1 value at Fo,

r reference property

T transpose of matrix.
Subscripts

a atmosphere or equilibration to

surrounding air (e.g. ¢, is ¢ of food
equilibrated to air)

o initial condition

i,j dummy subscripts representing x, y, z,
XX, Yy, 22, Xy, ¥Z Of zX

k,1  dummy subscripts representing x, y or

z
m,n,n+1 numbers of time increments
s exposed surface
X,Y,Z X,Yand Z directions or
components
o, components.

model [16], equations (1) and (2)
c,py 0T/0t = —div (1) + Z,AH R+ AH & Oc/0t
t>0 xeV (1)

dc/ot = —div(J)+ZR t>0 xeV. (2

The second term on the right hand side of equation
(1) is heat generation or dissipation due to chemical
reactions and the third term is latent heat for vapor-
ization or condensation. The second term in equation
(2) is a moisture source or sink due to chemical reac-
tions. Fluxes J, and J in equations (1) and (2) are

expressed as follows for a homogeneous anisotropic
food

Jn = —k,-grad (T)— (— 1)k, - grad (C)
—(—D"k,-grad(p) (3)
Jn = —D,, - grad (C)—D, - grad (T) —D, - grad (p)
Q)

where k,, k; and k, are anisotropic (orthorhombic)
thermal conductivity, Dufour thermal conductivity
and filtration thermal conductivity, respectively, D,,
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D, and D, are anisotropic mass diffusivity, Soret mass
diffusivity and pressure mass diffusivity, respectively.

Luikov [17] treated pressure p as a dependent vari-
able together with 7 and C, resulting in three simul-
taneous equations for the simulation. However, vari-
able p was eliminated in the above model since it is
related to local moisture vaporization or condensation
shrinkage and temperature, equation (5)

grad (P) = (y,&L—7, 0S,/0C) grad (C) +y, grad (T)
= (160 —72) grad (C)+vy; grad (7). (5)
The initial and boundary conditions are:
I.C.
C=0C,, T=Ty,whent=0andxeS, &V (6)
B.C. for surface of material
h(T,~T)+ P (T2 —T*)
—hy(1-e)AH,(p—p)) = J,'n (7)
hn(p—pa) = o'
where ¢ > 0 and x€ S,. ®)

The volumetric concentration of moisture, C, is used
in the governing equations given above. Therefore, they
are not applicable to nonhomogeneous food, whose
components have different chemical affinities to water.
Luikov [17] used a mass transfer potential derived
from normalized moisture sorption isotherms of filter
paper. Since this potential did not properly account
for the influence of temperature on the mass transfer
potential, the chemical potential of water in each com-
ponent was used as a mass transfer potential ¢ [18]:

_ f{#o+RTIn(a.) for W< W,
O = W= W) (W Wt + g for Wy < W
©

where g, is the chemical potential of saturated liquid

water, equation (10):
U = AG° = AH°—TAS". 10)

Water activity, a,, may be related to dried mass based
moisture concentration W using any reliable moisture
sorption isotherm formula (equilibrium assumed
between adsorbed moisture in food and vapor in pores
within a minute volumetric element). For the present
work, Gugenheim—Anderson—deBor (GAB) formula
was used since this estimated accurately the isotherms
of many dried foods [19]

W = W,EQa./{(1-Qa.)(1-Qa,+ EQa.)}.
(11

Equations (9)-(11) show W dependent on ¢ and 7.
Therefore, one has

AW = (OW/d¢)rdep+ (OW/OT), dT
= C,dé+CrdT.

W is related to volumetric concentration C

(12)
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W=Clp,=CS,/pso- (13)

Substituting equations (9) and (11)-(13) into equa-
tions (1)—(5), the governing equations were trans-
formed as follows

(Copy— AH, &, (p,+0p,/0W - W)Cr} 8T}t
—AH 5 (p, +0p,J0W - W)C,, d¢/ot
= —div(J,)+ZAHR, (14)
(ps+ W 0p,JOW)(Cpn 801+ Cr OT)1)
= —div(J)+ZR (15
J, = —[k(+(—1)"y3kp+{(—l)mkc-{-(—l)"kp

9ps
X (Y160 —72)} (ps+ 5§—VW> Cr- }grad s

- [{(— D7k + (= 1)K, (y160—72)}

x (ps+ 2. W) cm] - grad (¢) (16)

dps .
J, = — |:,Ds+ a";VW{DW+<)’18L—V2>Dp}CT

+ (D1 +Dpy3)} -grad (T) — [ <p5+ g;s/ W)

*{Dy+ (160 —v’z)Dp}Cm] -grad (¢). (17)

The initial and boundary conditions, equations (6)—
(8), are transformed through similar substitution.
Conditions on the interface between two different
components o and § are
T,=T,
Jio 1, = Jyg ny

$a = g

Jmu ‘n, = Jmﬁ 'nﬁ

} when ¢ > 0and xe§; (18)
} when ¢t > 0 and xe S;. (19)

Viscoelastic strain—stress

Linear viscoelasticity is assumed since it has been
used successfully simulating strain—stress formation
in many biomaterials [20]. The following are equa-
tions expressed in the three-dimensional Cartesian
coordinates.

Constitutive equations:

0; = Jl Gijk/{i(t) _i(é)} {a[Ek((f) — &y, 8(5)]/66} dé.

(20)

In the above, ¢ is a dummy integration variable and ¢
is any time value representing a current drying time.

Using a convolution expression, equation (20) is
rewritten as
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65 = Gy * (8 — 8kr) 21)
where
Gy () = (1/3)[G, () — G1(D)]60u
+(1/2)G, (D0 +0:.,6,]  (22)
G(1) = Gi(1)/2,K() = G, (1)/3 23

G and K are shear and bulk moduli, respectively. 4
is the reduced time to account for temperature and
moisture dependency of stress by extending or reduc-
ing the effective time as defined below [12]

A0 = tf{ar(T)am(w)} @4

where a; and ay are temperature and moisture shift
factors, respectively.

Equilibrium equation :

oy +F =0 (25)

where g;;; denotes differentiation of o;; with respect to

jand F, is a body force vector element
& = (1/2) (U + Uy). (26)

Virtual work. The above given equations describe
strain—stress behavior at any one location. To solve
these equations, an integrated expression applicable
to an entire body is required. This is a functional T,
virtual work of a deforming body. When there is no
body force applied, one has

r= %j [Gijkl * & * Eyy _Gijkl * ﬁisj *eyldv.  (27)
A governing equation is obtained by minimizing func-
tional I'(6T" = 0).

For an isotropic body, equation (27) reduces to
as follows with the vectorial representation of strain
tensor &

= %.[, [Ci*exg—C*xelxgldy (28)
e§=AU 29
where
C=
[K+4G/3 K—-2G/3 K-2G/3 0 0 0]
K-2G/3 K+4G/3 K-2G/3 0 0 O
K-2G/3 K-2G/3 K+4G/3 0 0 O
0 0 0 G 0 O
0 0 0 0 G 0
L 0 0 0 0 0 G
3K
3K
C*={3K> (30)
G
G
G

1177
(e rasw
g, &
€ ¢
B=T£ \ gs=<0& g =S»fori=1,2and3
Xy
&, 0
[ &x ) L0 (€2))
d/0x 0 0 ]
0 o/oy 0
Ao 0 0 a/oz
(1/2)é/oy  (1/2)0/ox 0
0 (/2)0/oz  (1/2)0/dy
| (1/2)0/0z 0 (1/2)0/ox |
(Us
U=<U, 32

U.

In equation (31) & is the initial strain and S, is a
volumetric shrinkage function determined through a
stress-free drying experiment (uniform moisture dis-
tribution in a sample body throughout drying). For the
present study, negligible thermal strains were assumed
because of negligible thermal expansion of most food.

When the vectorially expressed strain tensor g is
used, the constitutive equations (21) and (22) become
as follows

6 = G * (& — &%)

(33)
where

Gy = Cy. (34)

Dimensionless model

The following dimensionless equations are obtained
through the dimensional analysis of the above heat
and moisture transfer and viscoelastic strain—stress
equations.

Heat and moisture transfer:

00 ov
Crr m = Crym % +div(Jr)

+div (Jpm) + Y AHGR!  (35)
7

oD a0 .
MM TFO = —Cur m +div (Jur)

+div (Jym) + Z Rf (36)
J
Jrr = Kqr - grad (6),
JMT = KMT ‘ grad (9),
Initial condition :

® =@, and 0 = 6,,

Jrm = Ky - grad (@)

37
Tura = Ky - grad @), C7

when Fo = 0 and Xe S, and V.
(3%
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Boundary conditions:
when Fo > 0 and Xe S,

(Hr+ B (0= 0) — (1 —e ) HuAHI (Y — )

= J’rr'n+JTM'n

Hyu(—¥,) = Iyr n+Jyn 0 (39)
when Fo > 0 and Xe S,
0,=0s Jrr-n,=Jdrr-ng
o, = (I)ﬁa Jvm 0 = Jum Thg (40)
where
T T AHS d i3
CTT = (Cp/Cp)(pb/ps) - FeLps CT(Ta -T )’
AHS
Cm = ?stng(¢a —¢"
Cum = Psdcm(¢a —¢")/Le, Cyr = piCr(T,—T7)/Le
“1)

EN

Krr = [{ke+ (= D":k }/K7]

+H{(= D"k + (= )"k (718 —72) K5035 Cr

Kov = {(=D"ke+ (= D"k, (716 —72)}/
krlpipiCr(da— ¢/ (T.—T7)
Kum = [{Dy+ Dy (7160 —75)} /D313 Crn (0 — 87)
Kur = [{Dw+Dp(V13L—V/z)}/D:v]PgCT(Ta—Tr)
+ {4+ Dyys)/ DL (T — T/ P! |
42

Hy = hljki, Hy =Ip.ha/(Dypl), ¥ =plp'
Le = Dicipifki, R{=IR;/Dip!
AHY = Dy p;AH/ki(T,—T")

AH = D\p;AH,/k{(T,—T")

P = (p,+ Wop,joW)/p: >

po BEIE=TY {(1 LT )
kK T,—T"

t
Tr 2 Tr
+{0+ 6+
T,—T" T,—T°)

In the above, 0, ® and Fo are dimensionless tem-
perature, dimensionless mass transfer potential and
reference Fourier number, respectively. K r, K1y, Kyt
and Ky are dimensionless matrices of orthorhombic
thermal conductivity, Dufour thermal conductivity,
mass diffusivity and Soret mass diffusivity, respec-
tively. Cyr, Crm, Cmum and Cyr are dimensionless tem-
perature coefficient, latent heat, specific mass capacity
and heat and mass interactive coefficient, respectively.

“3)
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Stress—strain :

ol =t f " G464 (Fo)
1 Gr 0 1

— 1) IO~ @148
—Ghe(—) (44)
GY, = Gy /G )
G (Fo) = G (Fo)|G, = G\ (Fo)2G?),
K%(Fo) = K (Fo)/G", = (1/3)G,(Fo)/G  (46)
24(Fo) = Fol{ar (8)aw(®)} @

e =r/{G\P’} = I/ZJ [Ci*ef %6 — C* vl xg]dv?

(48)c? and c*! are obtained by replacing K and G in
equation (32) by K® and GY, respectively. Although ¢
is dimensionless, it is transformed to &°

& = Al U (49)

A% is obtained by replacing x, y and z of A, equation
(32), to corresponding dimensionless location vari-
ables and UY by replacing its components, equation
(32), with those expressed in the dimensionless variables.

Transient state hygroviscoelastic stresses at any dry-
ing time may be estimated as follows. One obtains
first instantaneous temperature and mass transfer
potential distributions. From these distributions, one
determines an instantaneous, free shrinkage strain g%,
distribution, a corresponding hygrostrain, &%, dis-
tribution solving 6I'* = 0. By repeating this, one
obtains a hygrostrain history at any location in food
undergoing drying (coupled solutions of the heat and
moisture transfer equations required). A transient
state hygrostress, 6°, history at any location in food is
estimated from the strain history using the constitutive
equation (45).

NUMERICAL SOLUTION ALGORITHM

The governing equations, both heat and moisture
transfer and strain—stress formation, are solved apply-
ing Galerkin finite element method. For this appli-
cation, a solution domain is subdivided into curved
side isoparametric elements, 20 nodes per each
element, since an irregular shape may be mapped with
a small number of these elements [21, 22].

The following equations of nodal mass transfer
potentials and temperatures are derived from equa-
tions (35)—(40) :

(50)
Anint @+ Apr 0+ Brin {0®/0F0} Byr {06/0F0} = F,
(51
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where #, ® and Fo are nodal dimensionless tem-
perature vector, nodal mass transfer potential vector
and time, respectively. The coefficient matrices and
vectors in equations (50) and (51) are given in the
Appendix.

Equations (50) and (51) are nonlinear since all
transport properties are dependent on temperature
and mass transfer potential. They are solved using a
three-time level, stable noniterative method developed
by Comini et al. [23, 24]. Since this method is not self-
starting, Crank—Nicolson method was applied for the
first increment (iterative computations required).

Virtual work functional I', equation (48), is min-
imized applying the Galarkin method and summing
the resultant expressions over all elements for each
time increment :

r¢=(1,2) 2} J (f+Clrgl—gf «CHrg}d® (52)

where v, denotes the volume of an element and n, is
the number of elements used to map the solution
domain. The incremental displacements at any

location in each ¢lement are approximated by
AU¢ = N-Ad% (53)

Substituting equation (53) into a dimensionless equi-
valence of equation (29), the incremental strain vector

is given by
A = B?- Ad? (54)

where

B = AY-N. (55)
Substitution of equation (54) into equation (55) yields
= (1/2)@7 +K?+«d*—d‘T +R?) (56)

where the stiffness matrix K and the force vector R
are

K=Y J BYTCB? dv® (&)
e=1 v,
Ré= ) J BTC* » 4 dv. (58)
e=1 Ve
The variation of equation (56) is
8T = S[d°T x K¢ « d'] —5[d*T + RY]. 59
Setting equation (59) to zero, I is minimized :
K¢+d'—R?=0. (60)

From the definition of the convolution form, equation
(60) becomes

I " K (Fo) ~ 14(8)) A (O] = R (Fo). (61)

§=0
Equation (61) is approximated as

§ KO (Foy 1) — 2 (Fou)lAd (Fo,) = Re(Foy..).

m=0

(62)
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put Data )] Set iitial Conditions |
Y

A n=0
| FO4=0

c D
A BYEI8F | —] nodale's o' |
E

T

Fig. 1. A bridged flow chart of prepared computer program.

The last increment of displacement is obtained as fol-
lows

K*(0)Ad*(Fo,,,) = R*(Fo,,.)— Y K'(A*(Fo,,.)

m=0

—2%(Fo,))Ad(Fo,). (63)

The displacement increment at each time step is deter-
mined solving equation (63).

The stress is estimated using equation (44) and (54)

O (Fous) = S CHMFonsr)— A(Fou)B*A (Fo,)

=Y C (PO~ 1(F0)) - A (Fo, ).

m=0

64

According to equation (63), the current nodal dis-
placements, Ad, are determined by numerically inte-
grating K¢ with respect to nodal displacement from
zero time to the last time step. Additionally, the cur-
rent nodal hygrostresses are estimated numerically
integrating C? B with respect to Ad?, C* with respect
to stress free strains, equation (64). Since K¢, C¢ and
B¢ are dependent on 8 and ¢, directly or indirectly,
nodal @ and ¢ histories are required for the inte-
grations.

A computer program was prepared using the
numerical solution algorithm, Fig. 1. Initially, 6, ¢,
Ad*® and ¢ were computed simultaneously at each
time step (coupled estimation). However, the esti-
mation of @ and ¢ followed by the estimation of Ad¢
and ¢ at each time step (partially uncoupled esti-
mation) produced results virtually identical to the
coupled computations with significant computer time
saving. Therefore, the partially uncoupled com-
putations were employed in the computer program,
blocks C and D for estimating nodal 8 and ¢ at the
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current time and blocks E, F and G for estimating
nodal ¢? at the current time. Nodal K¢ histories are
required to estimate current nodal Ad%, equation (63),
and nodal Ad? histories are required to estimate
current nodal ¢¢; equation (64). Therefore, nodal K¢
and Ad? at each step were stored together with nodal
0 and ¢.

EXPERIMENTAL VALIDATION

Triply layered sample shaped samples were pre-
pared from the hydrates of high amylose starch gran-
ules (H) and of 1: 3 mixture of sucrose and high amy-
lose starch granules (S). The initial, overall dimension
of each sample was 19.3x15.8 x 14mm (length x
width x height). Samples were made arranging differ-
ently H and S layers. In one arrangement, one 6 mm
thick rectangular S plate (19.3x15.8 x6 mm) was
placed between two 4 mm thick rectangular H plates,
HSH brick sample. Another had the reversed layer
arrangement, SHS brick sample. The initial moisture
content and temperature of each sample were 0.2 g
water/g dry matter and 25°C, respectively.

A copper—constantan thermocouple made from 36-
gauge wires was inserted at the center of a brick of
each layer arrangement to monitor a temperature his-
tory during drying.

The prepared samples were dried in a 50°C forced
air dryer (C. G. Sargent’s Sons Corp., Graniteville,
MA). Those without the installed thermocouples were
taken out periodically from the drier to determine
gravimetrically changes in the overall average mois-
ture concentration of each sample (the dry matter of
each sample determined by a vacuum oven method
[25] upon completing the drying experiment).
Additionally, different samples were subjected to
different drying processes at the same conditions and
taken out to determine the average concentration of
the S or H layer after separating it carefully. Other
samples were taken out from the drier at 0.2 and 1.0
h of drying. Each sample was bisected across the layer
thickness at the midpoint of 14.3 mm (initial size)
edge to take pictures of cracks on the bisected surface.

Table 1 shows the drying conditions and physical
property values of the samples. The listed values were
obtained from Furuta e? al. [26], Sakai and Hayakawa
(18] and Tsukada et al. [3]. The values of A, and A,
are dependent on the sample shape and size and drying
conditions. Therefore, they were determined from a
separate set of experimental temperature and moisture
histories through an optimization method.

Figure 2(a) and (b) shows experimental and theor-
etical temperature and moisture histories of HSH and
SHS samples, respectively. The experimental histories
agree well with the respective theoretical histories,
especially when one considers difficulty in determining
the moisture history of each layer of the composite
brick samples. The figures show significant influence
of the layer arrangement on the moisture histories,
much smaller concentration differences between the
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Fig. 2. Moisture concentration and central temperature his-
tories of HSH and SHS brick samples. (a), HSH brick; (b),
SHS brick; solid lines are predicted histories and plotted
symbols are experimental data. (A) Central temperature;
(B) average moisture concentration of outside layers; (C)
average concentration of middle layer; (D) overall average
concentration solid; (X, central temperature; <, average
concentration of outside layers; V, average concentration of
middle layer ; X, overall average concentration.

outside (H) and middle (S) layers of the HSH sample
compared to those for the SHS sample. This is due to
interactive influence of a moisture flux (D-fiux) due
to drying and a flux (I-flux) across the H and S inter-
face due to ¢ difference between H and S.

Figure 3 shows the moisture sorption isotherms of
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Fig. 3. Moisture sorption isotherms of high amylose starch
granules (H) and of H and sucrose 3 : 1 mixture at 25°C.
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H and S at 25°C, the initial sample temperature (simi-
lar relationship of both isotherms at higher tem-
peratures). It is clear from this figure and equation
(9), ¢ of S (¢,) is greater than that of H (¢,,) at the
zero drying time. Therefore, with the HSH sample,
the middle layer (S) lost moisture due to the I-flux
flowing out to the outside layer (H) across the inter-
face in addition to the D-flux flowing out directly to
the air through its exposed, side surface. This resulted
in a large moisturs gain by the outside layers from the
middle layer, causing a small moisture concentration
difference between the middle and outside layers, Fig.
2(a).

With the SHS sample, the initial direction of the I-
flux was from the outside layer (S) to the middle layer
(H) against the influence of drying while the D-fluxes
outflowing directly through the exposed surfaces of
both middle and outside layers. This results in a larger
moisture concentration difference between the outside
and middle layers, Fig. 2(b), because of greater mois-
ture loss by the outside and less moisture loss by the
middle compare to the HSH sample.

The drying rate of the outside layers controlled the
sample drying rate since their volume was greater than
the volume of the middie layer by one third of the
latter. Therefore, the SHS sample dried faster than
the HSH sample, although the I-flux direction in the
former was the outer to middle layer, against the
influence of drying, since the outside layers of SHS
lost moisture at much greater rates than the outside
layers of SHS.

Since the temperature history was monitored at the
geometrical center of the middle layer, the history is
influenced strongly by the drying rate of this layer
(latent heat effect). Therefore, the central temperature
of the HSH sample was slightly lower than that of the
other sample because the HSH middle layer dried
faster than the SHS middle layer.

There are three principal stresses formed at any
location in a strained body. These stresses are oriented
orthogonally to each other and unidirectional stresses
(tensile or compressional stresses) are locally
maximum along these orientations.

Figure 4 shows the orientation and magnitudes of
two principal stresses estimated at each of 16 selected
locations (intersection of each pair of bars) on the one
quarter of the 15.8 x 14 mm bisected plane of the HSH
sample, both actzd on the plane, at 0.2 and 1 h of
drying together with photographs of stress-cracks, on
the same plane. The solid line bars represent tensile
principal stresses and broken line bars compressional
principal stresses. Only one bar is shown when another
was too small to show and no bar was shown when
both were too small. The third principal stresses,
which are not shown, were orthogonal to the plane,
i.e. the stresses shown in the figure, and less than
those shown. Since the sample is brittle, the maximum
tensile principal, stress may be used as a criterion
for fracture [27]. Large principal, tensile stresses were
formed at 0.2 h in the middle layer, at a location close
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to the interface and to the exposed side surface. One
oriented about 45° from the x-axis and another about
135° from the axis, both about 4800 kN/m?. Therefore,
cracks could be formed at this location. The mag-
nitudes of tensile stresses were reduced greatly at 1.0
h. No cracks of significant sizes are apparent from the
photograph taken at 0.2 h. However, the photograph
at 1.0 h shows a large crack formed at a location close
to the location of the large tensile stress estimated at
0.2 h, the crack extended to the outside layer. Cracks
could be formed shortly after 0.2 h since the mag-
nitudes of tensile, stresses were reduced after 0.2 h.
The crack extension to the outside layer could be due
to crack propagation which was not addressed in the
present study.

Figure 5 shows simulation results and photographs
for the SHS samples. The maximum tensile, principal
stress at 0.2 h was about 60% of the maximum stress
in the HSH sample. At 1.0 h, stresses were reduced
greatly. Therefore, less cracks would be formed in the
SHS compared to the HSH. The photographs show
no cracks of significant sizes.

There was no shrinkage in both H and S when
W <02 g water g dry solid ™! as indicted by the
shrinkage function in Table 1. Since the initial sample
moisture was 0.2 g g, there should not be volumetric
change in the sample if it is homogeneous. However,
with the HSH sample, there was the I-flux from the
middle layer (S) to the outside layers (H). Therefore,
moisture concentrations became greater than 0.2 g g™’
at locations adjacent to the interface in the outside
layers according to the simulation. This caused volu-
metric changes at these locations, resulting in stress
formation. Similar simulation results were obtained
with the SHS sample.

CONCLUSIONS

Governing equations were obtained to simulate
transient state, three dimensional heat and moisture
transfer and viscoelastic hygrostress formation in a
composite body during drying. In these equations, the
chemical potential of water in food was used as a mass
transfer potential since moisture concentration could
not be used because different composite components
had different affinities to moisture. These equations
were solved numerically by a finite element method
subdividing a composite body into 20-nodes iso-
parametric elements.

Heat and moisture transfer and hygrostress for-
mation were simulated for the layered bricks made
from the hydrates of starch powders and of starch
powders—sucrose 3:1 mixture, which were subjected
to forced-air drying. Simulated results agreed favor-
ably with those observed experimentally. Both simu-
lated and observed results show the strong influence
of layer-arrangement on moisture transfer and stress
formation and slight influence on heat transfer.
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Fig. 4. Estimated two principal stresses at 16 selected locations, specified by intersection of each pair of
bars, on one quarter of bisected face of HSH brick and photographed cracks at 0.2 h (a) and 1.0 h (b) of
drying. The stress magnitude and orientation are presented by bar-length and bar-orientation, respectively.
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Fig. 5. Estimated two principal stresses at 16 selected locations and observed cracks on one quarter of
bisected face of SHS brick at 0.2 h (a) and 1.0 h (b).
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Table 1. Drying conditions, transport and physical properties used for the simulationt

Air temperature (7,) 323 [K]
Initial temperature (7,) 298 [K]
Initial moisture content (W,) : 0.2 [kg water (kg solid) ']
Relative humidity in air (RH) 0.11
Surface heat transfer coefficient (4,) 232Wm K"}
Surface mass transfer coefficient (k) 8.22x 107 kgm~2Pa~'s7}
Volumetric shrinkage coefficient of H (s,) 1.000+0.601(W—0.2) for W >0.2

1.00 for W < 0.2
Volumetric shrinkage coefficient of S (S,) 1.000+0.737(W—0.2) for W > 0.2

1.00 for W < 0.2

Moisture diffusivity (Dy)
Dy = 1.448 x 1074(6.402 x 10™* + W x 107 3)2W5%3% » exp [8 x 104(0.147 + 1/(1 + 10W7))
x (1/323=1/(T+273))/8.314] [m?s™']

Soret mass diffusivity (D) 5.54x10~° [kgm~'s™' K]
Pressure mass diffusivity (D,) 0.0 [s]
Thermal conductivity (k) 0.35+1.16 x 10~*(T—273) +0.058 W/(1+ W) [Wm~' K]
Dufour thermal conductivity (k) 0.0 Wm?kg™']
Filtrational thermal conductivity (k) 0.0[Wm™'Pa™]
Luikov’s phase conversion criteria (&) 1-W/w,
Specific heat (c,) 190 x 10°—12.1(T—273) + 1.73x 10°W/(1 + W) T kg~ K]
Density of H (p,) 0.603 x 10°(1 + W)/S, [kg m~]
Density of S (p) 0.741 x 10°(1 + W)/S, [kg m |
Chemical reaction rate (R)) 0.0 [kgs™']

_ W.EQa,
T (1-Qa,)(1—Qa, +EQa,)

Equilibrium moisture content (W)

W,

H S

E =7.198 x 10~ * exp (3021/7), E=
0 =0.370exp (142.1/7), Q=
w, = 0.07259 exp (162.6/7), W, =
Equilibrium vapor pressure on the surface (P)

1.37 x 10~% exp (3021/T)
0.642exp (142.1/T)
0.02088 exp (162.6/T)

P = (101.3 x 10°exp [13.087(1 —373.15/T,)] * (a. at surface moisture) [Pa]
Bulk and shear moduli (K(?), G(¢))

EQ@) E@®
KO =302 U =305y

E(f) = 1.31 x 10°4-2.00 x 10®exp (—1/3.50 x 10%) +8.27 x 107 exp (—¢/1.43 x 10?) [Pa]
v=1035
no=1/3
Moisture shift factor (ay) 1.0
Temperature shift factor (ar) 1.0
Stefan—Boltzman constant (f) 567x107 8 [Wm 2K
b, 0.64

+ Applicable to both H and S unless stated otherwise. Property values were from Furuta et al. [26], Sakai and Hayakawa
[18} and Tsukada et al. [3].
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APPENDIX

The elements of the matrices and vectors in equations (50)
and (51) are shown below:

ONT AN ONT ON
Apm = J (KMMX 3Y 3% + Kumy 5Y 37

+KMMZa—;qZ—T g)dV (Al)
Aur = LT (KMTXaa_]::- g—l:, +KMTY%N7T %,
+KMTzaalzTg) (A2)
Ay = J;T (KTMX(‘;—I}T g—l; +Kmv?§ Z_l;
+sz% Z—I;)dV (A3)
e [ (2
N ax X 3Y oY
+K1-rz%Nzt g)dV—# (Hr+B4) ~LNTN ds (A9
By = CMMJ NN va NdV (AS)
Byr = Cur J N'NdV (A6)
By, = —cm.[ N'NdV (A7)
By = C-n-J. NTNdV_[, NTNdV (AB)
Fy = —HM(./,—l)j NTdS+RfJ NTdV (A9
Sa 2
Fr={Hr+f:—(1-¢) HMAHS('//“I)}j N'ds
Sa

+ZAH‘,’J-R;"[ NTdV. (Al0)
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