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Water, vapor, and heat transport mechanisms and thermomechanical changes occurring inside the expanding extrudate
were described using hybrid mixture theory-based unsaturated transport equations. Transport equations were trans-
formed from the Eulerian coordinates to the Lagrangian coordinates. Good agreements between the predicted and
experimental values of surface temperature, moisture content, and expansion ratio of the extrudates were obtained. The
model was also used to calculate temperature, moisture content, pore-pressure, and viscoelastic-stress distribution in
the extrudate. Matrix collapse and glassy crust formation under the surface was calculated as a function of extrusion
conditions. Expansion behavior of the extrudate was described using the difference between stress due to pore pressure
and viscoelastic stress. The modeling results can serve as a guide for predictably modifying the extrusion parameters
for obtaining specific textural attributes of expanded starch for various food, feed, and biomedical applications. © 2015
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Introduction

Starch is a low cost, abundantly available renewable biopol-
ymer. Expansion of starch exiting the die of an extruder has
been widely used for production of various biodegradable
materials useful in agricultural, medical, and biotechnological
applications. Expansion is an important phenomenon that
affects the structural, mechanical, and textural characteristics
of the extruded products. Expansion involves various phenom-
ena such as phase transition, glass transition, nucleation, bub-
ble growth and collapse, and evaporative cooling.' When the
starch wetted with plasticizer (water or blowing agent) is proc-
essed in an extruder, it is subjected to various degrees of shear-
ing, heating, and mixing along a single or a pair of screws as it
approaches toward the end of screws. Starch granules break
down to various degrees, forming a melt. This melt, when fur-
ther passed through a restriction (die nozzle), is subjected to
more shear and is finally released to the atmosphere. Just
before exiting the die, water or blowing agent exists in a
superheated state due to high pressure in the final stages of
extrusion. Due to low pressure outside the extruder, some lig-
uid evaporates to vapor phase. The extrudate first undergoes
swelling due to bubble growth and then collapses due to elas-
tic recovery.z_6 As this process happens, the starch melt and
plasticizer undergo phase changes along with release in pres-
sure and drop in temperature (due to evaporative cooling)
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resulting in a final porous plastic like structure. Expansion is a
very critical process that determines the final extrudate
characteristics.

Several studies have concentrated on relating the final (sta-
ble) expansion of product with extrusion conditions such as
screw speed, mechanical energy input, extrusion temperatures,
and die design®*"'; with material properties such as mois-
ture content2’10_13; with starch composition and sourcelo; with
system parameters such as residence time distribution™'*!?;
with viscosity of the melt in die'*"%; with specific mechanical
energy’®'; and with molecular weight reduction.”’**
Reviews on the dependence of expansion on various process-
ing parameters during extrusion were performed by Lai and
Kokini,"® Kokini et al.,?> Colonna et al.,>* Harper and Tribel-
horn,” and Mitchell and Areas.?® In spite of a large amount of
experimental work, expansion has not been adequately
explained and modeled due to complexity of the underlying
heat- and fluid-transfer processes. It is important to model this
process to be able to predictably control the properties of
extruded product. The process involves multiscale characteris-
tics, which cannot be addressed adequately using single-scale
equations with various assumptions as attempted in the litera-
ture (see, e.g., Ref. 27). Several attempts have been made to
model expansion of polymers during extrusion.'?’ " Park?
and Kokini et al.’ described the phenomena of extrudate
expansion by accounting for bubble growth as the main cause.
The effect of extrudate swell was neglected. Shafi et al.*®
explained that the main causes of free expansion of polymer
foaming were nucleation and bubble growth. Fan et al.*®
accounted for heat and moisture losses to the surroundings
from an expanding bubble cell and concluded that during
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expansion, the temperature of extrudate decreases rapidly
while the glass transition temperature increases. They con-
cluded that melt viscosity was the dominant factor resisting
cell growth and shrinkage and that the surface tension effect
was negligible. The melt elasticity was neglected and vapor
pressure was considered to be the only factor affecting expan-
sion. Mao et al.*' noted that a realistic model for foam expan-
sion should involve macroscale flow information, microscale
(same as our mesoscale) bubble growth dynamics governed by
pressure and concentration gradients and bubble diffusion
equations. After making comparison of model predictions to
experiments, they conclude that future works should consider
replacement of specific pressure forms and Henry’s law with
more general equations. These studies provide an excellent
insight into the physical mechanisms involved in expansion.
However, most studies used single-scale approaches and
focused on a given type of mechanism because it was difficult
to study all the factors using experimental methods or single-
scale modeling approaches. Lee*’ compiled various expansion
models used in extrusion of polymeric foams, which are also
based upon single-scale approaches. Wang et al.¥ developed a
model for describing the nonisothermal expansion in starch-
based foams during extrusion. The nucleation of bubbles, bub-
ble growth, and diffusion of water vapors from the starch
matrix into the bubbles occurred at a microscopic level and
extrudate expansion occurred at a macroscopic level. In con-
trast, the hybrid mixture theory (HMT) is used in this manu-
script, which involves a generalized framework of multiscale
equations based upon the laws of continuum thermodynamics.
This helps to avoid paradoxes, which are prone to arise in
unsaturated porous media problems (such as foam expansion)
formulated using conventional approaches.*

Many methods are available for incorporating multiscale
phenomena.‘”’34 In methods such as matched asymptotic
expansion34 and volume averaging in the sense of Whitaker,*
constitutive equations are formulated at the microscale (of the
order microns). Although, this captures the microscale
physics, the material coefficients in equations also need to be
measured at this scale. These material coefficients are difficult
to determine because of the difficulties involved in devising
experiments at microscale. HMT involves using the mathe-
matical filtering theorems® to average the microscale field
equations twice to obtain equations at the meso and macro-
scales. First, microscale equations are averaged over the solid-
vicinal fluid domain to obtain the mesoscale equations. At
mesoscale, equations are further averaged over the solid-fluid
mixture and bulk phases to obtain equations at the macroscale.
At macroscale, constitutive equations are formulated by
exploiting the entropy inequality in the sense of Coleman and
Noll.*® During upscaling (averaging), some microscale infor-
mation is lost. However, the effect of microscale transport
mechanisms and thermomechanical processes on macroscale
behavior is incorporated. One significant advantage of upscal-
ing is that material coefficients in equations show up at the
macroscale, which are easier to measure via macroscale
experiments or obtain from other experimental studies using
conventional methods. Upscaled equations are solved in macro
and mesoscale representative elementary volumes (REV),
which saves the computational time significantly in compari-
son to time needed for solving the microscale equations. HMT
was initially used to explain the thermomechanical behavior
of swelling and shrinking porous media like clays.’’~° Singh
et al.***! applied HMT, to swelling biopolymeric systems
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with viscoelastic behavior. Recently, Takhar** used HMT to
obtain transport and thermomechanical relations for biopoly-
mers subjected to unsaturated transport processes.

In this study, the extrudate is considered as a poroviscoelas-
tic medium composed of three phases: solid, liquid water, and
gas (mixture of water vapors and dry air). At microscale, the
solid and fluid phases of the material are considered as visco-
elastic and viscous, respectively. At macroscale, the interac-
tion between the viscoelastic solid and the viscous fluids in
pores results in a poroviscoelastic matrix.*> The developed
model can be used to understand the unsaturated transport
mechanisms involved during extrusion and to identify the
effect of process parameters on the properties of extruded
starch. It will be useful to reduce design time and raw material
wastage involved in running the trial and error experiments in
the production of starch-based products. This modeling
approach integrated with the relevant experimental work,
developed in this study, will be useful to improve the design
and to optimization of the extrusion process of starches and
other biopolymers.

In order to describe the expansion phenomenon adequately,
this study uses the two-scale HMT-based equations of
Takhar** coupled with the poroviscoelasticity equations for
predicting the transport processes and mechanical changes in
the extrudates during expansion. The modeling results for the
surface temperature, moisture content, and expansion ratio are
compared with the experimental results in order to assess the
validity of the extruded expansion model. In addition, the tem-
perature, moisture and pressure profiles, stress profiles, and
glass transition behavior are plotted and used to elucidate the
expansion mechanisms.

Mathematical Model
System description

Figure 1 is a three-scale (micro, meso, and macro) represen-
tation of starch composed of solid, liquid, and vapor phases.
At the microscale (of the order of microns), the solid (predom-
inantly amylose and amylopectin chains) and vicinal liquid
(water or blowing agent adsorbed on the solid surface) are dis-
tinct from each other (in walls of starch cells). Nucleation of
bubbles in expanding starch occurs in micropores of nucleat-
ing agents. It is affected by the roughness and porosity of the
nucleating agents and thermodynamic equilibrium among
solid, liquid, and gas phases.43 Liquid phase on a nucleation
site follows its surface contours, thus exerting greater influ-
ence on the phase equilibria than the macroscale boundaries.
At mesoscale (of the order of millimeters), solid and vicinal
liquids are homogenized together and cannot be distinguished
from each other. In addition, domains of bulk water (or blow-
ing agent) and vapor phase are present. Properties of the vici-
nal liquid such as chemical potential, specific heat, and
viscosity may be different from the bulk phases because of its
adsorption over the solid surface. At mesoscale, the phenom-
ena affecting bubble growth and starch expansion are intermo-
lecular forces between the biopolymers and fluid phases,*
capillary forces in mesopores,43 and the exchange of thermo-
dynamic properties between various phases.*” At mesoscale,
different microscale nucleation sites compete and coalesce
with each other. At the macroscale, the starch cells are homog-
enized with domains of bulk liquid and vapor phases to form a
homogeneous mixture at each microsized spatial point. The
capillary forces in the macropores and macroscale
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Adsorbed

Microscale
Figure 1. Three-scale structure of the extrudate.

Mesoscale

Macroscale

Particle denotes solid polymers together with adsorbed fluid. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

heterogeneities affect the liquid and vapor transport, and
starch expansion.

After the cornstarch melt exits the die, the solid matrix
expands to form a porous structure because the expanding
vapors and moving liquids interact with the solid wall. These
interactions are partially driven by the physical pressure differ-
ence between the inside and the exterior of the matrix.

In analyzing the mass- and energy-transfer changes in the
deforming extruded starch during expansion, the following
assumptions were made—the extrudate was considered as a
poroviscoelastic material, which consisted of viscoelastic solid
matrix and viscous water and gas in pores; the extrudate was
assumed to be a homogeneous, linear viscoelastic, and iso-
tropic porous material inside the macroscale REV; both solid
and liquid water phases were assumed to be the incompressi-
ble at microscale (macroscale matrix expansion was still
allowed) while the gas phase (the mixture of water vapor and
dry air) was assumed to be a compressible fluid; the effect of
gravity was neglected; the extrudate was cylindrically sym-
metric when it exited the die and remained so for the entire
expansion process; the various phases were at local thermal
equilibrium inside the macroscale REV; the extrudate expan-
sion was due to the generation of internal pressure in the
pores; and the effect of thermal radiation on the convective
flow was not considered.

Generalized multiphase transport equations

The generalized Darcy’s law can be coupled with the mass
balance equations to derive the generalized transport equations
for various ph51Sf:s.4()"“’45 The two-scale mass balance equa-
tion for the o-phase is*?

D (p?) R
~—r +VEg - (e"p*vg )—a“p“g =Z Fe*,  wherea=w,g

p=w.g
pta

ey

where D°/Dt and dot over a variable (¢°) represent material
time derivative with respect to the solid phase, ¢* and ¢° are the
volume fractions of the o and solid phases, respectively, p” is
the density of the a-phase, Vg is the spatial gradient in Eulerian

AIChE Journal December 2015 Vol. 61, No. 12

Published on behalf of the AIChE

coordinates, vy =v%—vy is the Eulerian velocity of the o-

phase relative to the solid phase, and B¢ is the net rate of mass
gained by transferring a quantity from the f-phase to the o-
phase. At mesoscale, the mass exchange occurs only between
the water and gas (in term of vapors) phases due to evaporation
or condensation. Therefore, "'é¢ is nonzero for o = w, g.

For the water-phase transport, it is assumed that the water
phase is incompressible at the microscale, which makes
p% =0in Eq. 1, and it simplifies to

&S

& pV+Vg - (SWPWVEV’S)—SWPW%:—Wég )

For problems involving the phase change, the mass gained
by liquid phase (condensation term—"¢#) is equal to the mass
lost by the gas phase (8¢").

The gas phase is compressible at the microscale (p#£ 0).
Thus, the gas-phase mass balance is

oS
EpE+itps+ Vg - (ggng%-S)_ggpgi:Wég 3)
85

Similarly, as the gas is a mixture of air and vapors, the mass

balance equation for the vapor phase is
oS

&' p e p +VE - (8 p vyt ) —e pt —="e" 4)

S

™

where "eV ="¢8.
The solid phase is assumed to be incompressible (p° = 0) at
microscale. The mass balance equation for solid phase is*’

& +&'VE - vy =0 (5)

The volume fraction constraint for the material can be writ-
ten as

S+eV+ef=1 6)

The sum of volume fraction of water and gas is equal to the
porosity (¢), ¥ + ¢ = ¢p. Therefore, the ¢* and &° terms in
Egs. 1-5 can be replaced by porosity using the relations &* = 1
—¢ and &* = —¢. In addition, the volume fraction of the gas is
equal to the volume fraction of the vapor and air (¢f = &" = &%).
Therefore, the ¢* can replace ¢" in Eq. 4.
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Generalized Darcy’s law relations

The generalized Darcy’s law relation for the water phase for
the isotropic biopolymers with a short-memory can be written

aS42

KW KW
Vgi=— (8“’ — Vep"V+e"D¥ Vg™ +¢&" —NWVEéW> 7
o i

During unsaturated transport in biopolymers, the velocity of
fluid flow is directly proportional to the pressure and concen-
tration gradients, which is represented by the first and second
terms on RHS. The last term on RHS represents the mixture
viscosity effect of polymers. The permeability of water (K%) is
related to the diffusivity of water (D%) via the relation*?:
K" =D"u"/E.

The velocity of gas phase was represented using

VS =gt Ij—: Vep* (8)
The velocity of vapor phase was represented using
v =vE +viE )
with
vpt=— D—:VEw" (10)
o

where vi® represents the binary diffusion for the mixture of
vapor and air*® and o = p"/(p* + pY).

Energy balance

The energy transfer within the porous material was assumed
to be driven by the convection due to moving phases, heat
conduction, and phase change.*>**’ It was represented using*®

D*T WA
Z SU'P“C;E=VE~ ( Z (a“ky)VET> —\Ves (11)

oA=S,W,g o0=8,W,g

The following equation can be used to modify the material
time derivative with respect to the «-phase to with respect to
the solid phase

D*T _D°T
Dt Dt

+V%’S . VET (12)

where the material time derivative of temperature following
the velocity of a particle in solid phase is related to the spatial
time derivative by

DT 0T

=" 4vS.
oy =g TV Vel (13)

Therefore, the energy balance Eq. 11 can be written as

oL aT o
Z 8"‘p’”V‘C‘p <E +VE - VET> =Vg

o0=8,W,g

: ( > (s“k‘”)VET> —ivet (14)

0=S,W,g

where the Eulerian velocity of the a-phase is calculated using
the relation: vE+vg®+v5.

The first term on LHS of Eq. 14 is the energy storage term
and the second term on LHS represents energy convection due
to movement of various phases across the REV boundary. On
RHS, the first term represents energy conduction and the sec-
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ond term represents source/sink of energy due to evaporation/
condensation.

Poroviscoelastic equations

Deformation of the extrudate was calculated from the dis-
placement field. The linear momentum balance for an isotropic
mixture of solid and fluids can be written as*

2
> p“a—E—VL-c:Fb (15)
oL=S,W,g ot

where o is the stress tensor, Fy, is the body force, and
u = u(r,0,z) is the displacement field in cylindrical coordinates
of a material point attached to the solid matrix. The displace-
ment field is considered as the dependent variable in Eq. 15.
The displacement field was calculated as a function of internal
stress in the porous matrix. For the cylindrical arrangement,
the displacement in the 0 direction was neglected because the
material points were assumed not to rotate in the expanding
extrudate.

The mechanical stress in the material was described as a lin-
ear viscoelastic stress. The total stress tensor comprised stress
due to pore pressure (6,,) and viscoelastic stress (Gyiscoelas)

0=0p +Gyiscoelas (16)

where g,=—p,I=— Z s*p*I  and

=w.g

t
Oyiscoelas (t) :J G(t_‘L')

0

where G(1)=Goo+ S0 | Gpe Y/

After the extrudate exits the die, the pore pressure (pp),
which is the average pressure exerted by the fluids contained
within the pores on the solid walls, is suddenly developed in
the matrix and can be used to calculate the stress due to pore
pressure (()'P).50 In addition, pore pressure can be used as the
variable governing expansion and shrinkage in the extrudate
matrix. It is represented using p,=s"p% -i-sgpg.51

Generalized Maxwell model was used to model the visco-
elastic response of the extrudate. It consists of an elastic ele-
ment in parallel with the Maxwell elements.”” For viscoelastic
stress, G(t) is the stress relaxation function, 7 is the relaxation
time, G is the modulus of the equilibrium spring element, n
is the number of Maxwell units, G,, is the relaxation modulus
of the mth spring element, and t,, is the relaxation time of the
mth dashpot.

The components of the nonlinear strain tensor can be
expressed in terms of the displacement field (u) as”

88—(‘5)031 an

1
SU:E (Viuj+Vjui+ViumVjum) (18)

Transforming Eulerian to Lagrangian coordinates

After extrudate leaves the die, expansion occurs due to the
pressure difference between the inside and the exterior of the
extruded matrix. Therefore, expansion of starch involves solv-
ing the moving boundary problem. The system of equations
was transformed from Eulerian to Lagrangian (or material)
coordinates.

It was assumed that the solid phase of the material is incom-
pressible at microscale. The differential volume (dv) in
deformed material is related to the initial undeformed differen-
tial volume (dV) by54
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dv=jdv (19)

where j is the determinant of the Jacobian matrix. For an
unsaturated system, j can be written as*?

& _1—¢;

& 1—¢

The extrudate was assumed to be of cylindrical shape so the
Eq. 19 becomes

(20)

rdrdfdz=jR dR d® dZ (21)

When a cylinder in Lagrangian coordinates is transformed
to a cylinder in Eulerian coordinates or vice versa, the shape
of extrudate was assumed to remain geometrically similar
(r=/{_R and z={Z). Additionally, the material points were
assumed not to rotate in the angular direction during volume
change (d = d®). Therefore, using dr/dR = dz/dZ =r/R = (,
the Eq. 21 becomes

j=0C (22)

In axisymmetric cylindrical coordinates, the Eulerian gradi-
ent operator can be written as
0 0
VE=—é+—¢ 23
oot 5,0 (23)
Using the chain rule, the relation between gradient operator
in Eulerian and Lagrangian coordinates can be expressed as

OR 0 0Z 0 . 8R(8 8A) 1

+ =
Ve= or R R 3 82" ¢

R R 5z )T Ve

(24)

where dR/dr =1/ and Vi = a%é;ﬁ— o%é2~ The displacement
coefficient { is a function of volume fraction of solid (or
porosity) at a given spatial coordinate. By substituting { = ]1/ 3
in Eq. 24, we obtain

VE=J'*‘/3VL=(1 ¢> Vi (25)
1—=¢;

Using Eq. 25, the mass balance equations 2—5, momentum
balance equations 7-10, and heat balance equation 14 can be
transformed to the Lagrangian coordinates as

Water phase

[— )\ 13 . ; A
&Vp +<1 (f) VL - (e¥p™v)” )+£WpW%:—WeV (26)

13 .
where VVLV’S=—<%> ( = SN +eV DYV e+ ,NWVLéW>.
Gas phase
P : l_d) W5V
eEpe+itpt+ =y VL (e2pBvE") +e8p® g ¢
(27)
1/3
where v{*=— (%) et K Vipt.
Vapor phase
1=\ é
8V 468V + \V4 VyVS) o8V T —wav
P +ifp (1_¢i) L(pVL)Spl_d)
(28)
where v, *=v{* +v]¢ and va—f(ll (Z)) LV
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Solid phase

N1/
_;’) Vi - v =0 (29)

b=

Energy balance

N3
Z aocpmcx(FT vy (11_(?:) VLT)

o0=S,W,g

1_¢>1/3V <1_¢>1/3< o0 ) W sV
(=2 (KT | —2vé
<l—¢i EANE Zg -

(30)

where v =v{*+v} .

Equations 26-30 coupled with the poroviscoelasticity Eq.
15 can be used to solve the unsaturated transport problems for
the deforming biopolymeric materials.

Input parameters and material properties

All physical, thermal, and mechanical properties of materi-
als required to solve the transport equations are given in
Tables 1-3.

Volume Fraction of Water. The relation of the moisture
content and volume fraction of water in the extrudate can be
calculated as

o Kap(1=22)

(€29)
Xupstpy

Evaporation/Condensation Term. The source/sink term
due to phase change can be calculated using61

res=" é(peq—p ) (32

where ¢ represents the evaporation rate constant, pgq =dywPsat 1S
the equilibrium vapor pressure, a,, is the water activity of the
matrix (Table 3) and py, is the saturated vapor pressure at a
given temperature (Table 1). The p” is calculated using the
thermodynamic relation: p* = p*'R"T, where the p" is the
dependent variable obtained by solving the Eq. 28.

Capillary Pressure. The generalized Darcy’s law relations
(Eq. 7) involve flow of water due to both concentration gradi-
ent (V&%) and pressure gradient (Vp%). The capillary pressure
relation can be used to calculate p* from p® and p°©

pE—p"=p° (33)

where the following relationship between capillary pressure
(p°) and water-phase saturation (s%) is used’>"?

p=101325 {12.12 sexp(—5.939 s*)+0.046(1 —sW)(sW)*”}

[1-2.79%1073(T~273)]
(34)

Heat- and Mass-Transfer Coefficients. After the extrudate
exits the die, convective heat and mass transfer occurs
between the extrudate surface and the surrounding air. The
water and vapor fluxes can be determined using the partial
pressure of vapors across the extrudate surface’® as shown in
Table 4. In convection heat-transfer studies, a ratio of heat
convection relative to heat conduction across the fluid layer
can be written in terms of the Nusselt number as
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Table 1. Physical, Thermal, and Mechanical Properties of Materials Used in the Model

Property

Source

Coefficient of diffusivity (m* s~ ")

Water 2.9%10° exp(f 13.9/( RuT)) Vagenas and Karathanos®
Vapor —2.775X10 °+4.479X10" 8T +1.656x 101072 By fitting to data from Bolz and Tuve®
Density (kg m™>)
Air Ideal gas
Water 838.466+1.4017—3.011X10 372 +3.718 X107 '7° Poling et al.”’
Molecular weight (kg/mol ")
Air 28.97x1073 Denny’®
Water 18.02x1073 Denny5 8
Vapor 18.02x10 73 Denny>®
Specific heat (J kg~ ' K1)
Air 1047.637—0.373T+9.453X 107412 —6.024x 107773 Poling et al.”’

+1.286x107107*

Water 12010.147—80.407T+0.3107T2—5.382x 104713 Zébransky et al.>’
+3.625%1077T*

Vapor 13604.734—90.430T+0.277T> —4.213X 10*T? Poling et al.”’
+3.184X1077T*=9.561x107''1°

Thermal conductivity (W m~' K™

Air —2.276X1073+1.155X1074T—7.903x 10872 Vargnaftik®
+4.117x10" 173 —7.439x 10~ 151*

Water 0.869+8.949X 10 3T—1.584X10 T2 +7.975x10°T3 Vargnaftik®

Vapor 1.317X10 4 45.150X10 5T +3.896X 10872 —1.368x 10173 Vargnaftik®

Viscosity (Pa s)

Alr —8.383%X1077+8.357X10 3 T—7.694x 1011 7>

+4.644X107 473 —1.066Xx 10 147*

Poling et al.>’

Water 1.380—2.122X1072T+1.360X 10472 —4.645x 107 T° Poling et al.”’
+8.904X 1071074 ~9.079x 10~ 13 T* +3.846 X 101070
Vapor 1.420X107°+3.835X 10787 —3.852x 1071272 Poling et al.”’

+2.102x107 1573
Evaporation rate constant (s m~?) £=0.5
Latent heat of vaporization (J kg~ ') 1=2.792X10°—160T—3.43T2

Mixture viscosity (Pa s) N¥=1.12X10°[9826.208 —14215.012X,, +(35.883X,,— 18.326)T]
—6096.939T7 1 +21.241-2.711X107°T

+1.67X107°T?+2.434log(T)

Saturated vapor pressure (Pa) ps=exp

Universal gas constant (J mol ' K1) R,=8.314462

Fang and Ward®'

Stanish et al.%

Adapted from Ditudompo et a
Perry and Green®

1.63

hrL

Nu T (35)
where Ay is the heat-transfer coefficient (W m™ 2 K™ 1), L is
the length of material, and k® is the thermal conductivity of
gas phase (W m~ ' K™'). This number can be used to calcu-
late the heat-transfer coefficient when Nu, L, and k® are
known. Yang’® expressed the experimental results of axial
thermal convection along a cylinder using the following
relation

1/6 2

L 0.5 R
Nu= 0.6(5) +0.387 a

16/9
[1 +(0.492/Pr)” ‘6}

(36)

where D is the diameter of material, Ra is the Rayleigh num-

ber (Ra= %‘;‘;g‘%),ﬁ is, f is thermal expansion coeffi-

cient (f§ = 1/Ty), and Pr is Prandtl number (P1‘=C§ug /Kg). All

Table 2. Physical and Thermal Properties of Gas (Mixture of Water Vapor and Dry Air)

Property Equation

Source

Specific heat (J kg—l K1
Gas permeability (m?)
Thermal conductivity (W m™' K™  jo_ xwe o xw
X0V X2 | X2 +XY
av — [/ (e /)2
and @ 805 (M /M)
Xaﬂu + X‘t‘ﬂ\,

Viscosity (Pa s g— Xt X'u
y (Pas) K= o ix T xorax

C§=(U“Cg+a)VC; where w*=1—w" and w'= -~
K&=1.01X10"%exp(—10.865") where s
where X*=1-X",X"= . o= [ (e /) (e /)]

v

ey Chapman-Enskog theory*®
Ni et al.®> and Feng et al.%

Chapman-Enskog theory™*®

=_&
eV +tee

e’ SOS(MV/Ma)M

Chapman-Enskog theory“’s
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Table 3.

Geometry and Physical, Thermal, and Mechanical Properties of the Extrudates

Property Unit Equation or value Source
Initial diameter m 3%x10°7? Measured
Initial length m 45%1073 Measured
True density kg m~? 1423.7 Measured
Specific heat Jkg 'K 2570.1X,, —1694.4 By fitting to data from Hwang et al.®’
Water activity exp[—5.9x 1073 /X220 Modified Halsey model®® by fitting
to data from Ditudompo et al.®*
Thermal conductivity Wm 'K 0.214+4.1X107T Maroulis et al.*
Coefficient of elasticity MPa 1.7 Fan et al.””
Poisson ratio 0.3 Agbisit et al.”!
Viscoelastic parameters Pa G,=2.52x10* By fitting to data from Ditudompo et al.®*
(Generalized Maxwell model) Pa G,=1.52%x10*
S 7;=10.9
s ,=123.7

gas phase properties are evaluated at the film temperature of
Tt = (T + Tym)/2. The range of hr calculated using (36) are
given in Table 4.

The convective mass-transfer coefficient (h,,) for forced
corgxection of the fluid flow across a single cylinder are given
by

I =0.692R e 0480,,8 5, ~0.644 (37)

where Reynolds and Schmidt numbers for the gas flow parallel
to the cylinder axis are expressed as Re = v&p®L/u® and
Sc = u&/p®D". The properties of gas phase are evaluated at the
film temperature.

In addition, the mass and heat transfer are analogous phe-
nomenon under certain conditions. The coefficients of mass
and heat transfer are related by Lewis analogy and can be
expressed as’®

hr

_ 2/3
. =pCyLe

(38)
where Le is the Lewis number, Le = (Sc¢/Pr). This analogy is
valid for liquids and gases within the range of 0.6 < Sc < 2500
and 0.6 < Pr<100. For this study, both forced and natural

convection relations, and Eqs. 37 and 38 were used depending
upon the range of air velocities and dimensionless numbers.

Glass Transition Temperature. Zhong and Sun’’ used the
differential scanning calorimeter (DSC) to determine the ther-
mal behavior of gelatinized cornstarch in a moisture content
range of 13.5-31.6% (db). Their study showed that the gelati-
nized cornstarch undergoes glass transition at 19.1-98.3°C.
Similar results were observed by Shogren,78 and Ditudompo
et al.%® Prediction of glass transition temperature of gelatinized
cornstarch (Tg) was obtained using the Gordon-Taylor
equation

. waT;;{ JrCgl(l 7wa) ;l
wa +Cg1(1 —wa)

ol (39)

where X,,, is the mass fraction of pure water, ¢ is a constant,
and Tg‘{ and T;l are the glass transition temperatures of pure
water and pure starch, respectively. For pure water, Té’{ is
taken as 138.2 K. Zhong and Sun’’ reported the values of Col
and T§1 are 0.176 and 551.0 K, respectively. Additionally, the
Xpw 1s defined as the bound water or nonfreezing water that is
tightly bound to the gelatinized cornstarch molecules and

Table 4. Initial and Boundary Conditions and Experimental Parameters of the Extrudates Extruded at Feed Moisture Content
of 26.1% (db), Barrel Temperature of 413.2 K, and Screw Speed of 300 rpm

Property Equation Quantity
Water transport 26 IC: IC : eV =¢g}"
BC: at r = R; water flux Qw=—/hm(py, —Pyms) (kg m2sh
with /1, =0.097—0.125 (m s~ ') where pl, = por, RY=fa, py =V = B0t
and pgyr,,, is the saturated vapor pressure at Typp.
Gas transport 27 IC: p; =p{ +p} (Pa) where p{=ay, 1,psaT;, w1, 15 the water activity at Tj,
Py, is the saturated vapor pressure at T;, pi =piR*T;, p? is the air density at T;, and R*=R, /M".
BC: at r = R; p®=pump[pa] (Pa)
Vapor diffusion 28 IC: p{ =55 (kg m™?)
BC: at 7 = R; vapor flux Ov=—hn(p"—pym) (kg m2sh
Solid mass balance 29 IC: ¢p=¢;
Energy transfer 30 IC: T=T; (K)
BC: at 7 = R; heat flux Qp=h(T—Tamp) (W m™?) with Ar=3.59—159.0 (W m 2K )
Poroviscoelastic 15 IC: 6;=—(s"p"¥ +s2p)I (Pa) U,; =0 and U,; = 0(m)

BC:atr =Rand z =Z; p = pamp (Pa)

Ambient parameters:

Ambient pressure

Ambient temperature

Relative humidity

Extrudate properties at initial state:
Moisture content

Pamp =101325(Pa)
Ty =298.15(K)
Ry =0.45

Xwi =0.213 (kgohy)

Porosity Pi=e" +e£=0.284
Temperature T; =419.3 (K)
Volume fraction of gas £=0.048
Volume fraction of water &'=0.236
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Figure 2. Schematic diagram of the extrudate showing the fluid and heat transfer during expansion.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

cannot be crystallized to ice. It can be determined using the
DSC and expressed as gram of water per gram of dry starch.”’

Initial and boundary conditions

The initial moisture content of the extrudates at different
extrusion conditions were measured after exiting the die to be
0.143-0.245 kg iskg..f,q- The volume fraction of water phase
was calculated using the Eq. 31 and the initial volume fraction
of gas phase was estimated by using the difference between
the moisture content of the feed mixtures and initial moisture
content of the extrudates at the die exit. Various initial and
boundary conditions and experimental parameters needed to
obtain the solution of the transport model for extrudate during
expansion are summarized in Table 4.

Materials and Methods
Experimental procedures

Extrudate samples were prepared from native cornstarch
(Tate & Lyle Ingredients Americas LLC, Decatur, IL) with
initial moisture content of 8.7% (db). The cornstarch was
blended with distilled water, adjusted to moisture content of
19 and 27% (db) and then stored in a refrigerator for 24 h to
equilibrate the moisture. The average moisture content of the
equilibrated samples were 18.3 = 0.5 and 26.1 £0.5% (db),
respectively. Next, the cornstarch samples were extruded with
a twin-screw extruder (C.W. Brabender Instrument, South
Hackensack, NJ) with a screw diameter of 1.8 cm and a screw
length of 80 cm. The die nozzle had a single circular hole with
a diameter of 3 mm. The mixtures were fed manually at feed
rates consistent with the preset screw speed of 200, 300, and
400 rpm. The temperature of the three heating zones of the
extruder barrel and die were maintained at 323.2, 393.2, 393.2
K; and 323.2, 413.2 and 413.2 K, respectively. Temperatures
and pressures for each extrusion condition were set and
recorded automatically by the extruder heating and cooling
system (PL 2000 Controller, C.W. Brabender Instrument). In
this study, the temperatures of melted blends at the end of the
extruder barrel were expressed as extrusion temperatures.
After the extrudates exited the die, they were collected at 1, 5,
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10, 20, and 40 s and immediately immersed in the liquid nitro-
gen for 1 min.

Moisture content of extrudates was determined by gravimet-
ric method.®* The samples were dried in an air oven at 105°C
for 24 h and cooled to room temperature in a desiccator. Mois-
ture content (% dry basis) is presented as an average of six
measurements.

An infrared ThermaCAM SC640 camera (FLIR systems,
Inc., Boston, MA, USA) was used to record the two-
dimensional (2-D) images of the extrudates after exiting the
die, which were recorded under steady-state conditions for
every 0.05 s for 2min. ThermaCAM Researcher Pro 2.10
Analysis Software (FLIR systems) was used to analyze the
infrared images for determining the temperature distribution
on the surface of extrudates. For each image, the surface tem-
perature along the length of extrudate was defined as the maxi-
mum temperature in each section along the length. Each
reported value is an average of 10 measurements. The expan-
sion of the sample was evaluated on the basis of diameter
change. The expansion ratio was calculated by dividing the
cross-sectional diameter of the extrudate by the cross-sectional
diameter of the die nozzle. For analyzing the infrared images,
an image analysis software (ImageJ, Ver 1.48; National Insti-
tutes of Health, Bethesda, MD) was used for measuring the
diameter along the length of each extrudate. An average
expansion ratio of 10 measurements is reported. Further details
about experimental procedure are given in Ditudompo.80

Numerical solution and model validation

The extrudate was assumed to be of cylindrical shape.
Therefore, a 2-D-axisymmetric finite element geometry was
used for the simulations (Figure 2). A commercial finite ele-
ments software package (COMSOL Multiphysics Ver 4.4;
Comsol, Burlington, MA) was used for solving the mass-,
momentum-, and heat-transfer equations coupled with the
poroviscoelasticity equations in order to investigate the
extruded cornstarch during expansion. A mapped mesh was
generated at time zero with predefined distribution type and
100 elements with an element ratio (ratio of center to surface
element length) of 5. The solution was achieved using the
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Figure 3. Comparison of experimental and predicted surface temperature of the cornstarch extruded at feed mois-
ture contents of 18.3 and 26.1% (db), barrel temperatures of 393.2 and 413.2 K, and screw speeds of 200,

300, and 400 rpm.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

MUMPS solver®! with a time step size of 0.1 s. Each simula-
tion run was completed in about 18 min on a PC with Intel
Core i7 processor with 3.40 GHz and 32 GB RAM.

The conservation of water, gas, vapor, and solid phases in
Eqs. 26-29 were solved for the dependent variables ¥, p®, p*,
and ¢, respectively; the conservation of energy in Eq. 30 was
solved for the dependent variable T; and the poroviscoelasticity
Eq. 15 was solved for the dependent variable u. Subsequently,
the model was validated by comparing the model results with
the experimental data, which were surface temperature, mois-
ture content, and expansion ratio of the extrudates. The coeffi-
cient of variation (CV) and the average absolute deviation
(AAD) were used to measure the differences between the pre-
dicted and the experimental data. The AAD was calculated as

(Xexp _Xpred) ‘
Xexp i

where 7 is the number of the data points, X, is an experimen-
tal value, and X.q is the predicted value.

n

1
AAD=;Z

i=1

(40)

Results and Discussion

The experimental results for the surface temperature, mois-
ture content, and expansion ratio were compared with the
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modeling results. The purpose of this validation was to test the
numerical code for solving the unsaturated transport—porovis-
coelasticity model of Takhar** for prediction of moisture con-
tent, temperature, and expansion ratio in cornstarch extrudate.

Surface temperature distribution

Figure 3 shows the comparisons between the experimental
and predicted surface temperature of the extrudates. The
experimental surface temperature of extrudates after leaving
the die quickly increased and then decreased gradually as the
distance from die exit increased while the simulated surface
temperature showed only the decreasing trend after exiting the
die. Rising temperature may have been caused by a lag in tem-
perature increase that was occurring when the extrudate was
passing through the die. In the model, the initial conditions
were taken at the moment starch exited the die. The experi-
mental results agree well with the predicted results as con-
firmed by the AAD that was less than 2.6%. In addition, the
model’s ability to predict the surface temperature of the extru-
dates was confirmed by CV that varied between 0.8 and 2.9%
(Figure 3). Therefore, there was a good agreement between
the predicted and the experimental data as indicated by low
AAD and CV. Comparison of the experimental values of aver-
age surface temperature of the extrudates at different screw
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Figure 4. Comparison of experimental and predicted
moisture content of the cornstarch extruded
at feed moisture contents of 18.3 and 26.1%
(db), barrel temperatures of 393.2 and 413.2
K, and screw speeds of 200, 300, and
400 rpm.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

speeds (Figure 3), showed that the screw speeds had no signifi-
cant effect on the average experimental surface temperature of
the extrudates at feed moisture content of 18.3% (db) and bar-
rel temperature of 393.2 K and at feed moisture content of
26.1% (db) and barrel temperature of 413.2 K after exiting the
die at 3.3 and 1.1 s, respectively (P > 0.05). The predicted sur-
face temperatures of the extrudates at different screw speeds
were significantly different.

Moisture Distribution. The predicted average moisture
content values are plotted together with the experimental
results in Figure 4. The moisture content trends predicted by
the model were found to be consistent with the experimental
values with both showing a decreasing trend. The CV for the
average moisture content of the extrudates at feed moisture
content of 18.3% (db) and barrel temperature of 393.2 K and
at feed moisture content of 26.1% (db) and barrel temperature
of 413.2 K were 1.2-3.3 and 8.7-11.6%, respectively. Simi-
larly, the AAD for the average moisture content of the extru-
dates at feed moisture content of 18.3% (db) and barrel
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temperature of 393.2 K and at feed moisture content of 26.1%
(db) and barrel temperature of 413.2 K were 1.0-3.2 and 8.5—
11.4%, respectively. The prediction of moisture content of the
cornstarch extruded at feed moisture content of 26.1% (db)
and barrel temperature of 413.2 K was less accurate. This
could have resulted since the equation for coefficient of diffu-
sivity was based upon the experimental data in the temperature
range of 333.2-393.2 K.>® The diffusivity equation used in the
model was extrapolated to the higher temperature range
(>393.2 K).

Simulated temperature and moisture profiles

The predicted Ty of extrudate increased from 325.9 to
348.5 K because of reduction in water content of the extrudate
after exit from the die. The average temperature of extrudates
decreased from 419.8 to 322.6 K in 40 s (Figure 5a) and the
average volume fraction of water decreased from 0.236 to
0.170 in 40 s (Figure 5b). After exit from the die, extrudate is
considered in the rubbery state (solid line). It turned into the
glassy state (dash line) when the volume fraction of water
became less than 0.178, which occurred beyond 15.8 s after
exit from the die. At this time, the average temperature of
extrudate was lower than Ty (<344.5 K).

The predicted change in the temperature profile across the
radial cross-section of the extrudate at various times is shown
in Figure 6a. After exit from the die, the temperature near the

440 -
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360 1 t=1585, T=3445K
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Figure 5. Simulated data of cornstarch extruded at
feed moisture content of 26.1% (db), barrel
temperature of 413.2 K, and screw speed of
300rpm: (a) changes in average and glass
transition temperatures with time and (b)
average volume fraction of water. The solid
and dash lines represent the rubbery and
glassy states of the extrudate, respectively.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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surface layers reduced rapidly but the temperature near the
center reduced slowly. For example, for the extrudate at 5 s
after exiting the die, the locations near the surface layers
(1.26 mm from center to the surface) were in the glassy state
(dash line) but the inside layers (distance from center to
1.26 mm) remained in the rubbery state. The solid lines from
t =0-1 s show that the extrudate at all spatial locations were
completely in the rubbery state while the whole extrudate
turned into the glassy state at 50 s or more after exit from the
die. Correspondingly, Figure 6b shows that when the extrudate
exited the die, (1) it was in the rubbery state (¢ = 0-1 s); (2) it
started changing to the glassy state from the surface to the cen-
ter (5 <t<45 s); and (3) it was completely in the glassy state
at t>50 s. Furthermore, the volume fraction of water at the
surface dropped very rapidly due to high evaporation rate.®?
The volume fraction of water near the center dropped slowly
due to formation of dry layer near the surface (crust), which
became thicker with time. The crust had lower diffusion coef-
ficient of water and water permeability values as compared to
the core, which caused the decrease in the rate of mass and
heat transfer. Therefore, the volume fraction of water and/or
average temperature of the extrudates cannot be used as the
indicators to define their states. Determination of the states
requires temperature and/or volume fraction of water at the
different spatial locations inside the extrudate, which can be
estimated using numerical results from this study.
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Expansion ratio

After the high-pressure melt passes through the extruder
die, the gelatinized starch embeds in the extruded matrix, the
liquid water turns to steam and then evaporates quickly, which
helps to form a porous structure.'®?® The comparisons
between the experimental and simulated expansion ratios of
the extrudates are shown in Figure 7. The expansion ratios of
extrudates increased quickly within 0.5 s after exiting the die
because of the rapid change in pressure and then gradually
decreased until the constant expansion ratios were reached.
These trends can be observed in both simulations and experi-
ments, which show the agreement. The AAD for the expansion
ratios of the extrudates at feed moisture content of 18.3% (db)
and barrel temperature of 393.2 K and at feed moisture content
of 26.1% (db) and barrel temperature of 413.2 K were 15.0—
22.4 and 29.1-33.4%, respectively. Additionally, the model’s
ability to calculate the expansion ratios of the extrudates was
confirmed by CV that varied between 15.6 and 35.0%. Fan
et al.?® discussed that the initial temperature, moisture content,
and melt viscosity were the dominant factors affecting expan-
sion in starchy extrudates. The mechanical properties of the
extrudates, such as coefficient of elasticity and Poisson’s ratio,
were related to melt viscosity. Further improvement in predic-
tions is expected if these properties are known with greater
accuracy.

Figure 8 presents a comparison between experimental and
predicted expansion ratios when the extrudates were assumed
to be poroelastic and poroviscoelastic materials. It clearly
shows that the poroviscoelastic model provides better predic-
tion of expansion trend than the poroelastic model. This is
because the extrudate exhibits both viscous and elastic charac-
teristics”’' when undergoing expansion. The poroelastic
model exhibits a hump in expansion ratio curve at 1.1 cm from
die exit. This hump gets relaxed in the poroviscoelastic model,
in agreement with the experimental trend.

For the linear viscoelastic component, the average mechani-
cal properties of the extrudates such as the Poisson’s ratio (v)
and the instantaneous shear modulus (G), which is the value
of G(¢) at t =0, were obtained from independent studies.”®7!
The change in the volume of a sample increased as the Pois-
son’s ratio decreased.®® Evans and Lips84 demonstrated that
the value of Gy increased approximately linearly with starch
concentration, which implies that higher values of G, can be
detected at lower moisture content. Chanvrier et al.** found
that the value of G, decreased when the temperature of the
cornstarch extrudates increased. Increasing the value of Gy
means an increase in the solid-like behavior. The extrudates
exhibit a decreased solid-like behavior when the temperature
and moisture content are increased.> The sensitivity of the
parameters in the linear viscoelastic model to affect the expan-
sion ratio is shown in Figure 9. It is clearly demonstrated that
the expansion ratio was a function of the G, and v, which
depended strongly on the moisture content and temperature of
the extrudates. Increase in the values of Gy and v resulted in
decrease in the expansion ratios. Therefore, the mechanical
properties play a dominant role in the expansion of the extru-
dates, which is in agreement with work by Kokini et al.>® Fig-
ure 9 can provide guidance for predictably controlling the
expansion behavior as a function of the mechanical properties
of the material. Expansion/contraction can further be
explained using the pore pressure in the poroviscoelastic
matrix as discussed in the next section.
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Figure 7. Comparison of experimental and predicted expansion ratio of the cornstarch extruded at feed moisture
contents of 18.3 and 26.1% (db), barrel temperatures of 393.2 and 413.2 K, and screw speeds of 200, 300,

and 400 rpm.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Simulated pressure profiles

Various pressure profiles across the radial cross-section of
the extrudate at various times are shown in Figure 10. The pre-
dicted gas pressure at the die was 422 kPa (Figure 10a). The
extrudate expanded after exit from the die because the gas
pressures increased quickly up to 1 s and then started decreas-
ing because of the decrease in temperature of the extrudate
due to evaporative cooling and energy loss to the
surroundings.

A decrease in moisture content of the extrudate after exit
from the die resulted in an increase in the capillary pressure.
Figure 10b shows that the capillary pressure near the surface
layers increased rapidly while the capillary pressure near the
center increased slightly. The high value of capillary pressure
near the surface layers can cause the negative water gage pres-
sure (Figure 10c) because the p* = p® — p°.

The effect of gas and water pressure on expansion/contrac-
tion of matrix can be combined using pore pressure
(pp =s"p" + s*p®) (Figure 10d). The extrudate expanded after
exiting the die due to pore pressure increase up to 1 s, which
was the main driving force for extrudate expansion. The pore
pressure of the extrudate near the surface was lower as com-
pared to the center (Figure 10d). The negative water pressure
near the surface layers would make the pore pressure negative,
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which would result in collapse of matrix near the surface. The
extrudate expands suddenly after its exit from the die as the
pore pressure is much higher than the viscoelastic stress to
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Figure 8. Experimental and predicted expansion ratio
obtained on the basis of the poroviscoelastic
and poroelastic models of the cornstarch
extruded at feed moisture content of 18.3%
(db), barrel temperature of 393.2 K, and
screw speed of 300 rpm.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Figure 11. Spatial distribution of R-component of
viscoelastic stress across the radial cross-
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=z Go = 1.9MPa [Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]

make the positive total stress (see Eqgs. 16, 17; Figure 11).
Next, the matrix expansion slows down and finally it comes to
a stop when the total stress becomes equal to zero
(6 = Gyiscoelas)- The matrix collapses when the total stress
becomes negative (6, < Gyiscoelas)- Thus, control of mechanical
and textural attributes of extruded products can be predictably
controlled to obtain end-products with different characteristics

by studying the effect of extrusion parameters on pore pressure
[Co!or figure 'can be. Vie.wed in the online issue, which is and viscoelastic stress.
available at wileyonlinelibrary.com.]
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Figure 9. Expansion ratio at various: (a) Poisson’s ratio
and (b) instantaneous shear modulus of the
cornstarch extruded at feed moisture content
of 18.3% (db), barrel temperature of 393.2 K
and screw speed of 300 rpm.
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[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Conclusions

The HMT-based model was developed to investigate the
expansion phenomenon of the cornstarch extrudates. The
extrudate was treated as a porous medium, which was com-
posed of three phases: solid, liquid water, and gas (mixture of
water vapor and dry air). The model consisted of coupled two-
scale multiphase equations of mass, momentum, and energy
transport along with the poroviscoelasticity equations. At
microscale, the solid phase was assumed to be a viscoelastic
solid and the fluid phases were considered as the viscous flu-
ids. At macroscale, the viscoelastic solid interacted with the
viscous fluids in the pores to create a poroviscoelastic system.
Mass transfer was driven by pressure and concentration gra-
dients, which included the diffusion between air and vapor
phases, bulk and capillary flows, and phase change in terms of
evaporation/condensation. Heat was transferred by conduction
and convection with phase change playing an important role.
The transport equations, which involved both liquid water and
gas phases moving through the extrudate matrix, were trans-
formed from the Eulerian coordinates to the Lagrangian coor-
dinates. Correspondingly, the volume change of the extrudate,
which occurred due to expansion, was assumed to be geomet-
rically similar to its original cylindrical shape. The volume
fraction of water, gas pressure, vapor density, porosity, tem-
perature, and displacement field were considered as the
dependent variables in the simulations. The values of surface
temperature, moisture content, and expansion ratio of the
extrudates at different extrusion conditions were determined
for model validation. Simulation results compared well with
the experimental results (AAD = 0.7-33.4% and CV =0.8—
35.0%).

When the extrudate exited the die, the glass transition tem-
perature increased as the moisture content of the extrudates
deceased. In general, the average values of temperature and/or
volume fraction of water can be used to indicate the state
(glassy or rubbery) of the materials. However, the simulation
results showed that these average values were not a good mea-
sure of the state because of nonuniform temperature and/or
volume fraction of water at different spatial locations across
the cross-section of the extrudate.

Furthermore, the simulated temperature, moisture content,
and pressure distribution within the extrudate were investi-
gated. The temperature and moisture content dropped very
rapidly from the surface to the interior. It can be seen that the
glassy crust was developed from the surface to interior hence
the rates of mass and heat transfer decreased due to lower dif-
fusion coefficient of water and water permeability values of
the crust. Additionally, the extrudates expanded after exiting
the die due to pore pressure development inside the extrudate
matrix. Expansion/contraction occurred due to difference
between the stress due to pore pressure (o) and viscoelastic
stress (Oyiscoelas)- At the beginning, the starch expanded rapidly
in a few second after exiting the die, as the total stress was
positive due to an increase in pore pressure. After that, the
pore pressure continued to drop so the extrudate growth
slowed down and finally stopped expanding when the total
stress became zero. Next, the extrudate started collapsing
when the total stress became negative due to 6, < Gyiscoclas-
The model obtained in this study can be used for design or
modification of the specific texture characteristics of expanded
products, and optimizing and/or controlling the process
conditions.
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Notation

a,, = water activity, decimal
= constant in Eq. 39, dimensionless
C* = specific heat of the a-phase, J kg™' K™
db = dry basis
D = diameter of the material, m
D* = coefficient of diffusivity of the a-phase, m*> s~
= Young’s modulus or coefficient of elasticity, Pa
é” = net rate of mass gained by the f-phase from o-phase, kgm > s~
Fy, = body force, N m 3
g = acceleration due to gravity, m s
Gy = instantaneous shear modulus, Pa
G,, = relaxation modulus of the mth component in relaxation function,
Pa
G(t) = relaxation function, Pa
G, = elastic part of relaxation function, Pa
= mass-transfer coefficient, m s~
+ = heat-transfer coefficient, W m 2K!
I = identity matrix
J
o

2

j = Jacobian, dimensionless
= thermal conductivity of the a-phase, W m~' K™
K® = permeability of the gas phase, m
K" = permeability of the water phase, m>
= length of the material, m
Le = Lewis number, dimensionless
M?* = molecular weight of the a-phase, kg mol '
Nu = Nusselt number, dimensionless
NY = mixture viscosity of the material, Pa s
= atmospheric pressure, Pa
p° = capillary pressure, Pa
pp = pore pressure, Pa
Pr = Prandtl number, dimensionless
Psar = saturated vapor pressure, Pa
= pressure of vapor phase at equilibrium, Pa
p” = partial pressure of the a-phase, Pa
+ = heat flux, W m 2
Q, = vapor flux, kg m s !
0,, = water flux, kg m2s!
Ra = Rayleigh number, dimensionless
REV = representative elementary volume, m®
R, = universal gas constant, J mol ' K™!
R? = coefficient of determination, dimensionless
Re = Reynolds number, dimensionless
Ry = relative humidity, decimal
R* = specific gas constant for the a-phase, J kg~ ' K™
Sc = Schmidt number, dimensionless
s = degree of the saturation by the a-phase, dimensionless
t= time,
T = temperature, K
Tam = atmospheric temperature, K
Ty = film temperature, K
T, = glass transition temperature, K
T? = glass transition temperature of the o-phase, K
u = displacement field, m
Xpy, = mass fraction of bound water (dry basis), kg, eKgioha
X, = mass fraction of water (dry basis), kgyerK€eotia

Greek symbols
& = volume fraction of the a-phase, dimensionless
f = thermal expansion coefficient, K"
= density of the o-phase, kg m >
viscosity of the a-phase, Pa s
Poisson’s ratio, dimensionless
velocity of the a-phase, m s~ '
porosity of the material, dimensionless
latent heat of vaporization, J kg™
displacement coefficient, dimensionless
evaporation rate constant, kg m > s~ Pa”
stress tensor, Pa
relaxation time of the mth component in relaxation function, s
£ = strain tensor, dimensionless

o

=
R =
Il

<
Il

QA v o
1l
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Special symbols
dv® = Eulerian volume of the solid phase, m?
dv = Eulerian volume of the material, m’
dV = Lagrangian volume of the material, m*
.96, = unit vectors in Eulerian coordinates
€Rr,€e,6; = unit vectors in Lagrangian coordinates
LHS = left-hand side
RHS = right-hand side
v, s = velocity of the a-phase relative to the solid phase, m s
Vg = spatial gradient in Eulerian coordinate, m ™'
VL = spatial gradient in Lagrangian coordinate, m
dot (-) = material time derivative following the solid phase motion
(DYD), s~

Subscripts
0 = reference state
amb = ambient
bw = bound water or non-freezing water
E = Eulerian coordinate
eq = equilibrium
gl = glass transition
i = initial state
L = Lagrangian coordinate
M = Maxwell unit
P = denotes pore-pressure or stress due to pore pressure
viscoelas = viscoelastic

Superscripts

g = gas phase

s = solid phase

v = vapor phase

w = water phase

o = general representation of a phase
f = general representation of a phase
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