AIChE

BIOMOLECULAR ENGINEERING, BIOENGINEERING, BIOCHEMICALS, BIOFUELS, AND FOOD

Transport in Deformable Hygroscopic Porous Media During
Microwave Puffing

Vineet Rakesh and Ashim K. Datta
Dept. of Biological and Environmental Engineering, Cornell University, Ithaca, NY 14853

DOI 10.1002/aic.13793
Published online March 30, 2012 in Wiley Online Library (wileyonlinelibrary.com).

Microwave puffing is a process used to obtain low-fat healthy foods by rapid heating of food products to develop high
internal pressures in the material that cause significant structural changes. Two-way coupling of complex multiphase
transport and large deformations in the material, which is critical to simulate the puffing process accurately, was
implemented. A porous media model that includes different phases, solid, liquid water, and gas, and incorporates pressure
driven flow and evaporation was used to describe the transport processes in the material. Large deformations were included
to model structural changes, with the material treated as hyperelastic. Arbitrary Lagrangian—Eulerian (ALE) framework
was used. The model was validated using experimental temperature, moisture, and volume measurement and used to
comprehensively understand the puffing process. Uncertainty analysis was carried out to estimate uncertainty in model
prediction due to the choice of critical input parameters such as bulk modulus and permeabilities. © 2012 American

Institute of Chemical Engineers AIChE J, 59: 33-45, 2013
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Introduction and Objectives

In food processing, puffing is the rapid heating of food
products to form vapor (and thus generate pressure) inside
the material that in turn changes the food structure.
Increased interest in the process is due to its ability to obtain
low-fat healthy foods and ready-to-eat products that emulate
some of the mechanical properties of deep fried foods.'™
Microwaves provide an excellent means to perform puffing
because of the high internal heating rates involved. During
the puffing process, the material is subjected to rapid heating
using microwaves that leads to evaporation and pressure
generation. This pressure build-up in turn causes the material
to puff. The volume change in materials during processes
such as potato puffing can be approximately4 15-25%. To
develop and optimize this complex process, a comprehensive
understanding of the process through physics-based modeling
and experimentation is needed. Additionally, the physics of
the problem is very similar to the general class of problems
involving coupled multiphase transport and deformation in
porous media relevant to various disciplines such as oil-gas
flow in rocks,5 ground water transpor[,6 and biomedical
applications.” The developed model can, therefore, be used
to understand and optimize these important processes as
well.

Microwave puffing is definitely a process with rapid heat
and mass transfer combined with large deformations."®
Although studies have been reported that aim to determine
optimum processing conditions**~'? by measuring proper-
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ties'>™1® of fruits and vegetables for different puffing meth-

ods, attempts to understand the process comprehensively
with the help of physics-based models are lacking with one
exception in the case of vapor-induced puffing.'” However,
this particular work involves modeling bubble expansion in
the pores in molten starch and does not consider the overall
solid structure of the material that is critical and is intended
in this work. Also, the model'” is defined at a microscopic
level and, therefore, does not include transfer of heat and
water vapor in the continuum. Similarly, others have used
bubble growth models for different applications.'®' Some
others?>*! have also used bubble growth models for study-
ing extrusion and included transport of water vapor;
however, these models used the effective diffusivity
formulation, which does not provide insight into the
transport phenomena, especially pressure driven flow and
evaporation/condensation.

To model the microwave puffing process accurately, two-
way coupling effects of transport and large deformation need
to be considered. The transport problem itself is very complex
due to the presence of multiple phases—solid, liquid (water),
and gas (air and water vapor)—and multiple modes of trans-
port—capillary flow, binary diffusion, and pressure driven
flow—along with rapid phase change (evaporation/condensa-
tion). Researchers have implemented the transport problem
with all the different components for various applications,zz_26
but they neglected any deformation. Some have only consid-
ered heat transfer with small*’ or finite deformations.*® Others
have implemented relatively simple transport problems coupled
with small deformation models that do not account for all the
different phenomena mentioned above !

In case of microwave puffing, the solid mechanics prob-
lem becomes complex as well due to both geometric and
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Figure 1. Flow chart showing the coupling between the different physics and the solution methodology.

material nonlinearity. The structural changes in the material
are large, and hence, large deformations have to be consid-
ered. Most of the modeling work that have included detailed
transport formulation have only implemented the small de-
formation version of the problem32_35 in which the unde-
formed and deformed configurations of the material are con-
sidered to be the same. This assumption makes the model
formulation simpler, but it cannot be applied to a process
such as puffing where deformations are large, and one of the
main objectives of modeling is to determine the deformation.
Moreover, some of this work®>*® use Luikov-type models
where the transport cannot be easily related to measurable
physical processes. Some others have included empirical
models for deformations.*® Other researchers®’ " have con-
sidered large deformations, but their transport problem was
not as complex with no phase change or hygroscopicity of
the material. Yet others have included detailed transport but
used linear constitutive relationships for large deformation
problems,”*! which makes their models inconsistent. In this
work, we not only implement multiphase transport in a po-
rous material but also consider large deformations for the
solid mechanics problem using a consistent hyperplastic
(nonlinear) formulation. Although excellent texts exist that
discuss similar problems especially in groundwater flow
applications,®**** in our knowledge this complete problem
with all the transport and solid mechanics components has
not been solved.

Mathematical Model

As discussed earlier, the two-way coupling of multiphase
porous media transport and solid mechanics (including large
deformations) is critical to accurately simulate the micro-
wave puffing process. The coupling is implemented by for-
mulating the set of equations in a moving Arbitrary Lagran-
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gian-Eulerian (ALE) grid setting.’”*** The models for
transport and solid mechanics and their coupling are dis-
cussed in detail in the following sections. The coupling is
also shown schematically in Figure 1.

Transport-multiphase porous media model

A multiphase porous media model was formulated to
describe the heat, mass, and momentum transport during
microwave puffing. The sample was considered porous46
with three phases: solid, liquid water, and gas. The gas phase
had two components: water vapor and air. The schematic of
a representative elementary volume (REV) of the material is
shown in Figure 2a. The volume fraction of pores in a REV
of the material, AV, at any time ¢ is denoted by porosity, ¢

AV, AV, +AV,

N AV

AV ey

where AV, and AV, are the volume occupied by liquid water
and gas phases in the REV, respectively. Note that this
definition of porosity is generally what is considered in the
porous media literature*® and it includes the volume fraction of
the gas as well as the liquid phase (water). This definition is
different from the conventional meaning of porosity that only
refers to gas phase volume fraction.

As the structure of the sample matrix changes due to de-
formation, the porosity changes. The volume of the solid
matrix, however, does not change. Therefore, the porosity,
¢, at any time 7 in a deforming medium can be determined
using the following relation

(1= 9)AV = (1 — ¢y)AV, (2)

where AV, and ¢, are the initial volume and porosity of a
REV, respectively.
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Figure 2. (a) REV of the porous medium with the differ-
ent phases and modes of transport consid-
ered; (b) the initial and current configuration
of a REV during deformation.

Here F is the deformation gradient tensor.

Momentum Balance. Darcy’s law is considered for the
flow of the movable phases (liquid water and gas) in the po-
rous medium. For the deforming medium, the superficial ve-
locity for each moving phase due to the gas pressure gradi-
ent in the medium, with respect to the solid matrix velocity,
v,, is therefore given by

VP 3)

kik
Vsupiis = —

K

where i = w denotes the liquid water phase and i = g the gas
phase. Here, the relative velocity, Vi s, is defined as Vgup i s
= Vgpi — Vs and the total gas pressure is the sum of the
partial pressures of vapor and air based on the ideal gas law, P
= pa + pyv. The relative velocity (with respect to the solid
matrix) due to the gas pressure for each phase based on the
volume occupied by that particular phase, is therefore, given
by

1 kike;
Sip 1
where S,, and S, are the liquid water saturation and gas

saturation, respectively. The saturations, S;, denote the volume
fraction of the liquid or gas phase with respect to pore volume

Vis = VP (4)

AV A,

i*A—fom ©)

Liquid water in the pores experiences capillary pressure, p,, in
addition to the gas pressure. Therefore

pW:P_pc (6)

The effective velocity of the liquid phase (with respect to the
solid matrix) is therefore given by
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1 kwkrw 8pc
=Vws + o : VSy (7
© o Swo py OSw )
Equation 7 can be rewritten in terms of capillary diffusivity,*’
D, = — kv 9 "ang water concentration, ¢y = oS
C b, 08, s bw P w w
D
Veffws = Vws — —= vCw (8)
Cw

Mass Balance. The mass balance equation for the trans-
portable phases includes the effects of bulk flow (convec-
tion), binary diffusion (gas phase), and capillary flow (liquid
phase). Mass conservation equation for the liquid water
phase includes the bulk flow, capillary flow, and phase
change. The equation is written using the ALE description
with the mesh moving with the solid matrix velocity v

Ocy
L"F(Vw—

o Vq) - Ve + ¢y V- vy =V - (D.Vey) =1 (9)

Similarly, the continuity equation for the gas phase is given by

%—l—(vg—vs)-ch—kch-vg:i (10

Mass balance equation for the vapor component of the gas
phase includes bulk flow, binary diffusion, and phase change
dcy
ot

+ (Vg = Vs) - Veg 4 ¢,V - v =

C? .
V- <sg¢p—ManDeff,ng> +i (11)
g

Here, vapor concentration is related to the gas concentration
by its mass fraction, ¢, = wyc,. Similarly, concentration of air,
Ca, 18 w,C,. The mass fraction of air can be calculated using the
mass fraction of vapor from Eq. 11

w, =1—wy (12)

Energy Balance. The energy balance equation is solved
for the mixture, and the effect of microwave heating is
included as a source term. Detailed discussion regarding
microwave source term calculation is included in the “Input
Parameters” section. Energy conservation includes convec-
tion due to moving phases, conduction, phase change and
microwave power absorption term

5 o

i=s,w,v.a

oT
E + A Z (Vi — Vs) . V(C‘ic‘pﬁiT)

i=w,v,a

+ Z (cicp‘iT V- Vi) — cpwT V- (DcVey)

i=w,v,a

=V (kettVT) — M + Qmic  (13)

Here, the effective thermal conductivity is given by the
volume weighted average of the different phases and
components
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Figure 3. Schematic and boundary conditions for the
problem.

ket = (1= §)K® + G{Suk® + S, (k™ + wok™)}  (14)

Evaporation/Condensation. The porous media model
incorporates the change of phase between liquid water and
vapor (evaporation/ condensation) throughout the domain
using the following expression®?

I= Kevap % (pv,eq - pv) (15)
where p,.q is the equilibrium vapor pressure, which is a
function of both temperature and moisture content of the
material.

Boundary Conditions. The boundary conditions for the
transport problem are now listed and are also shown in Fig-
ure 3. Pressure was set to ambient at the open surfaces (top
and right boundaries in Figure 3) for solving Eq. 10

Pls: Pamp (16)

Water from the interior can move out of the boundary as vapor
after evaporation. When the liquid water saturation becomes
high (S, = 1), water can also move out of the open surfaces
directly by drip flow. Therefore, the boundary condition for
Eq. 9 was set as

jn,w‘s: hmd)SW (pv - pv, oven) + Can«,W (17)

——

when Sy,=1
where j,, is the total normal flux of water at a particular
surface. Vapor can be convected away from the open surfaces.

Therefore, the following was set as the boundary condition for
Eq. 11

j“v"’s: hmd)S% (pv — Py, oven) (18)

The air inside the microwave is at room temperature;
therefore, the surface of the sample is subjected to cooling
by convection. The loss of heat due to evaporation of water,
removal of liquid water (during drip flow), and vapor is also
included in the boundary condition for heat transfer (Eq. 13)

qn|s = h(T - Tamb) - hm¢Sw (pv — Py, oven)ﬂ“
- hmd)(sw + Sg) (pv - va, 0ven) cp,vT - cwvn,w cp‘wT (19)
—_————

when Sy,=1

where ¢, is normal heat flux.
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Initial Conditions. The initial conditions for the different
variables are listed in the input parameters (Table 1).

Solid Mechanics

To determine the deformation in the material during the
puffing process, an appropriate solid mechanics model®
needs to be formulated and solved. The model should
include geometric as well as material nonlinearity.’® Large
deformations in the REV and the deformation gradient tensor
for the mapping are illustrated in Figure 2b.

Linear Momentum Balance. The linear momentum bal-
ance is solved to obtain the stresses. As large deformations
are involved, Lagrangian measures of stress and strain are
used.** The gas pressure gradient causes the deformation.
Therefore

Vx-(S-F')—vP=0 (20)

where S is the second Piola—Kirchhoff (PK2) stress tensor, F is
the deformation gradient tensor, and P is the gas pressure.
Notation X refers to the Lagrangian reference frame. The PK2
stress is related to the Cauchy stress, which is normally used
for small deformation problems, by56

S=JF'.¢-FT 21)

where J is the Jacobian determinant of the deformation
gradient tensor, F. The strain measure is the Green—Lagrange
(or Green) strain tensor, E, given by56

_1 T
E=>(F-F-1I) 22)

The stored energy function, W, relates the stress and strain
tensors**

ow
S = 9E (23)
To solve Eq. 20, we need to consider an appropriate material
model (constitutive equations) and thereby determine the form
of this stored energy function. This is now discussed.
Constitutive Equations. As discussed earlier, puffing
involves large deformation of the material and therefore, a
nonlinear material model (stress—strain relationship) needs to
be used to obtain a consistent formulation for the problem.
The linear Hooke’s law of elasticity is applicable only for
the special case of small deformations and is not valid in
this case. The hyperelastic Neo-Hookean material model is
an extension of the Hooke’s law of elasticity to large defor-
mations. Therefore, the Neo-Hookean formulation is consid-
ered for the problem. The stored energy function for a Neo-
Hookean material is given by44

K G -
W:EU—N—EM—Q (24)

where K and G are the initial bulk and shear modulus,
respectively. Here, I, is the first invariant (trace) of the right
Cauchy—Green tensor, C (= F' - F), for the volume preserving
(deviatoric) part. The first and second terms on the right-hand
side of Eq. 24 are the volumetric and deviatoric contributions,
respectively. The multiplicative split of the deformation
grz;gient tensor into volumetric and deviatoric parts is defined
by
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Table 1. Input Parameters for the Simulations

Parameter Value Source
Sample size (m) 0.034 (dia) x 0.008 (h)
Viscosity
Water, piy, (Pa s) 0.988 x 1073
Vapor and air, u, (Pa s) 1.8 x 107°
Intrinsic permeability
Water, k,, (m?) 5% 107'¢ Ref. 48
Vapor and air, k, (m*) 2x 107" Ref. 48
Relative permeability
Water, &, [(Sy — 0.09)/0.917° f(d), Sy > 0.09; 0, S, < 0.09 Ref. 46
Vapor and air, k., [1-1.18] f(d), Sy < 1/1.15 0, S, > 1/1.1 Ref. 46
Capillary diffusivity (water), D, (m* s~ ") 4.5 x 1077 exp(—=2.8 + 2M)
Binary diffusivity, Des, (m* s™") 2.6 x 107° Ref. 48
Specific heat capacity (J kg™' K™")
Solid, ¢ps 1650 Ref. 49
Water, ¢y 4178 Ref. 49
Vapor, ¢py 2062 Ref. 49
Air, ¢p, 1006 Ref. 49
Thermal conductivity (W m 'K
Solid, £ 0.21 Ref. 49
Water, k0 0.57 Ref. 49
Vapor, A 0.026 Ref. 49
Air, kb 0.026 Ref. 49
Density (kg m )
Solid, pg 1530
Water, p, 998
Vapor, p, Ideal gas law
Air, p, Ideal gas law
Latent heat of vaporization, 2 (J kg~ ") 226 x 10°
Evaporation rate constant, K (s™hH 1 x 1073 Ref. 22
Equilibrium vapor pressure, py oq (Pa) PsadT) exp (—0.0267M 1656 Ref. 50
4 0.0107¢~ 28BS 00 (T))
Ambient pressure, P, (Pa) 101,325
Mass transfer coefficient, i, (m s~ ') 0.011 Ref. 23
Heat transfer coefficient, # (W m 2 K1) 20 Ref. 23
Ambient temperature, 7oy (°C) 22
Microwave source term, Qpic (W m™>) 1.5 x 107 [My/M]~ "7
Bulk modulus, K (Pa) 4594 x 10° Ref. 51 and 52
Shear modulus, G (Pa) 7.94 x 10* Ref. 53
Initial Conditions
Porosity, ¢ 0.80 Ref. 54
Pressure, P, (Pa) 101,325
Water concentration, ¢, o (kg m ) 459
Vapor mass fraction, w, o 0.01
Temperature, T (°C) 22

F=J/F (25)

where J3 is the volumetric part, and F is the volume preserving
part. By definition, the Jacobian determinant of the deforma-
tion gradient tensor for the volume preserving part should be
unity, which can be confirmed from Eq. 25. It can be observed
that the multiplicative split for the large deformation case is
analogous to the case of small deformation where an additive
split of the volumetric and deviatoric parts is used (¢ = e + 1/3
tr[e]I). Finally, the deformation causes change in porosity,
which is given by Eq. 2.

Boundary Conditions. The normal displacements on the
symmetry boundaries to set to zero (see Figure 3). The other
boundaries have no constraints and are free to move.

Input parameters

All input parameters used for the simulations are listed in
Table 1. Some of the input parameters are discussed here.

Porosity Factor for Water and Gas Permeability. The
porosity of material (as defined by Eq. 1) changes with de-
formation as given by Eq. 2. With change in porosity of the
material, liquid and gas permeabilities also change. The po-

AIChE Journal January 2013 Vol. 59, No. 1

Published on behalf of the AIChE

rosity factor, f(¢), in the Kozeny—Carman equation relates
the liquid and gas permeability to the porosity.* It is given

by
¢ 3(1 - ¢0>2
= (L) (=2 26)
The liquid and gas permeability values were multiplied by this
factor to include the effect of porosity change on permeability
in the model.

Bulk Modulus. From literature,”! the bulk modulus of
raw uncooked potato was found to be 5 MPa. However, the
same work®' acknowledged that the modulus would decrease
as the cell walls degrade during cooking or heating causing
softening of potato samples. Others®>**>"*® have also shown
that different processing conditions such as drying and
microwave heating change the mechanical properties (e.g.,
Young’s modulus) of raw potatoes substantially. They, how-
ever, did not measure the bulk modulus or the Poisson’s ra-
tio. In comparing boiling and microwave heating of pota-
toes,>> microwave heating was shown to result in more sig-
nificant changes in mechanical properties of raw potato due
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Figure 4. Spatial temperature distribution on the top surface of the samples as obtained from the thermal imaging

camera after different times during puffing.

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

to advanced changes in the microstructure of potato tubers,
and breakdown of hemicellulose and cellulose components
with changes in cell appearance that can include cell separa-
tion. Their data showed a 91% decrease in mechanical prop-
erties during microwave heating as compared to the raw
state. Based on the bulk modulus value of raw potatoes
undergoing microwave heating, a bulk modulus of 459.4 kPa
was used for this study.

Shear Modulus. A shear modulus value of 79.4 kPa was
obtained from the literature® for microwave-heated potatoes.

Microwave Source Term. As the sample size is very thin
(Table 1), a uniform microwave power absorption can be
assumed in the sample initially. The initial power was meas-
ured using the IMPI 21 test.’® The power was scaled to
account for the lower volume of the sample using data for
power absorbed as function of sample volume from the liter-
ature.®® At later times, the microwave power was a function
of moisture content and the relation (listed in Table 1) was
also obtained from the published literature.*

Solution details

As the sample was cylindrical, a 2-D axisymmetric geom-
etry was considered, as shown in Figure 3, to reduce compu-
tational requirements. The governing equations were solved
in COMSOL Multiphysics 3.5a (COMSOL, Burlington, MA)
using the UMFPACK direct solver with a maximum time
step of 0.01 s. The Chemical Engineering and Structural
Mechanics modules in COMSOL Multiphysics were used for
the model. The procedure followed for solving the coupled
problem is schematically illustrated in Figure 1. A tetrahe-
dral mesh with 13,128 elements was used based on mesh
convergence analysis (not shown here). The simulations
were run on a 3-GHz Windows workstation running on Win-
dows XP Professional 64 bit with 16-Gb memory.

Experimental Methodology

Potato samples were used to study the microwave puffing
process experimentally. Cylindrical samples were obtained
by cutting fresh Russet potatoes using a punch. The experi-
mental methodology used in the literature for hot-air puffing
of potatoes4 was followed. The cylindrical samples were ini-
tially blanched for 2 min by placing them in boiling water.
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Blanching was performed to stop enzyme action and soften
the samples. Drying was then carried out slowly at 90 °C for
80 min in a hot air oven (Thermador JetDirect oven, Model
CJ302UB, Enersyst Development Center, Dallas, TX). The
samples were dried to a low moisture content (~1.6—1.8 db),
so that a partially impermeable layer was formed at the sur-
face that would restrict escape of gases during puffing. Puff-
ing was then performed by subjecting the samples to rapid
heating using microwaves for 60 s. Point temperatures were
measured as functions of heating time in the sample during
the puffing process using a fiber optic system (Fiso Technol-
ogies, Quebec, Canada). Spatial distribution of temperature
at the surface of the samples was obtained using an infrared
thermal imaging camera (FLIR A320, FLIR Systems, Bos-
ton, MA). Moisture loss was determined as a function of
time by puffing samples to different times and measuring the
weight loss (Ohaus Voyager Pro Balances VP64CN, Ohaus
Corporation, Pine Brook, NJ; 0.1 mg least count). The
change in volume of the samples during puffing was meas-
ured using the rapeseed displacement method®' with a reso-
lution of 0.5 cm’. Three replicates were taken for each mea-
surement.

Results and Discussion

Validation of the model was done by comparing the com-
puted results with the experimental measurements of temper-
ature and moisture loss histories and volume change. Tran-
sient and spatial temperature, moisture, pressure, evaporation
rate, and porosity during the puffing process are discussed,
followed by sensitivity analysis of the model to critical input
parameters.

Experimental validation

Spatial Temperature Distribution at the Sample Surfa-
ce. The spatial temperature profiles at the sample surface at
different times during puffing obtained from infrared thermal
imaging is shown in Figure 4. It must be noted here that the
cross-sections do not appear circular, because the heated air
around the circular samples is also included in the thermal
camera image. Very high temperatures are observed after
60 s of puffing. In 60 s, most of the moisture is released in
the form of liquid water due to drip flow and as water vapor.
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Figure 5. Computed and measured (using thermal
imaging camera) temperature distribution at
the top surface of the samples at different
times.

The residual mass comprises mostly of the solid matrix
whose temperatures become very high. The highest tempera-
ture is obtained after 40 s, and then, it starts to fall, as the
microwave power absorption reduces because of moisture
loss while cooling takes place at the surface. It can also be
observed that the temperature contours are fairly symmetric
in the axial direction; thereby justifying the use of an axi-
symmetric model to reduce computational requirements.
These temperatures maps obtained from thermal imaging
were then used to determine temperatures in the axial direc-
tion and were compared with the simulated results, as shown
in Figure 5. The comparisons are seen to be quite good. The
experimental temperatures are expected to be lower, because
temperature measurement using the infrared camera was
done after the puffing process and the time lag (~10 s) can
lead to cooling.

Temperature History. To perform a more detailed valida-
tion, temperature histories were obtained from experiments
at a region about 2 mm below the surface of the sample and
halfway from the axis. This is shown in Figure 6. The loca-
tion of this region is approximate, because it was nearly
impossible to position the fiber optic probe exactly due to
the small dimension of the sample and the finite thickness of
the probe. In addition, the size of the sample changes con-
siderably during the puffing process. The point temperature
measurements, therefore, only provide a qualitative assess-
ment of the temperature ranges that are observed during the
puffing process. Three different measured temperature histor-
ies (using fresh samples) are shown in Figure 6 along with
the predicted temperature history at the same location. The
temperatures predicted by the model are found to be consist-

160 / T BNy o e,
O 140 "t
E
® i Computed

Measured 85 mm gi2mm
f 22 MM e

0 10 20 30 40 50 60 70
Time (s)

Figure 6. Computed and measured (using fiber optic
probes) temperature history at a point 2 mm
from the top surface and halfway from the
axis of the sample (as shown).
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Figure 7. Computed and measured (determined from
weight loss) moisture content in the samples
as a function of puffing time (time since the
start of microwave heating).

Error bars represent the standard deviation for three
measurements.

ent with the measured values, that is, predictions are within
the range of measured values.

Moisture Loss. As shown in Figure 7, total moisture con-
tents obtained from the computational model as function of
time was found to closely match those determined gravimet-
rically.

Volume Change. Figure 8 compares the volume changes
predicted by the model with those measured experimentally.
The general trend of volume change predicted by the model
was found to match the experimental result. A more accu-
rate determination of the solid mechanics parameters (bulk
modulus and shear modulus) and increasing the accuracy of
the volume measurement may lead to a better match. A
detailed uncertainty analysis is presented later. The initial
increase in volume with time, followed by a decrease, is
attributed to the decrease in microwave absorption due to
moisture loss. As a result, evaporation decreases, and there
is less vapor formation leading to lower pressures in the do-
main. There is also a constant loss of vapor at the surface,
which further decreases pressures in the domain and thereby
the volume of the sample decreases. Maximum volume
around the same time (~40 s) has also been reported
earlier.%?

Figure 9 shows the change in structure of the sample at
different times during the puffing process along with the
deformed mesh. There is considerable change in volume dur-
ing the puffing process. From Figure 8, it can be observed
that the final change is about 20%. It is consistent with a
previous experimental study,4 which also reported about

— 40 1 Computed
S 35 4 Measured
)
% 30 4
£ o ]
-5 20 .
o
E 15 1
Rl
0 T T T T T T 1
0 10 20 30 40 50 60 70

Time (s)

Figure 8. Computed and measured (determined using
rapeseed displacement method) volume
change in the samples as a function of puff-
ing time (time since the start of microwave
heating).
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Figure 9. The deformed domain of the sample with the
respective meshes at different times during
the puffing process.

25% volume change for hot air puffing (at 200°C) of pota-
toes.

As could be expected, significant natural variability exists
in the property values between potato samples. These could
also lead to inconsistency in comparison of the computed
and measured variables. However, based on the experimental
comparisons of the three model parameters (temperature,
moisture, and volume change), the model is considered to be
validated. The analysis of the results is now presented along
with sensitivity and uncertainty analysis.

Change in temperature, moisture, evaporation rate,
pressure, and porosity during puffing

Temperature, moisture, evaporation rate, pressure, and
porosity distribution in the domain at different times during
puffing obtained from the simulation are shown in Figures
10-14. Temperatures in the interior of the sample increase

; Axis of symmetry

After 20 s Temperatij 61r]re Q)

After 60 s 100

8

8

Figure 10. Computed temperature values inside the
sample at different times during puffing.
The initial temperature of the sample was 22°C. The
inner rectangle represents the initial dimensions before

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

content (db)
After 20 s

After 40 s

After 60 s

0.6

0.2

Figure 11. Computed moisture content inside the sam-
ple at different times during puffing.
The initial moisture content of the sample was 1.7 db.

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

with puffing time because of heating (from the micro-
waves), as shown in Figure 10. The sample surface is
exposed to the air at room temperature, which cools the
surface. The temperatures are, therefore, generally higher in
the interior.

Liquid water is transported inside the solid (a porous me-
dium) by the capillary forces. Water is lost from the surface
by evaporation to water vapor, and by drip flow when sur-
face water saturation becomes close to unity. As temperature
increases because of rapid heating, liquid water also evapo-
rates over the whole domain (Figure 12) forming water
vapor that moves more readily to the surface from where it
is convected away. The surface moisture content (Figure 11)
is, therefore, found to be very low as a result of these loses.
With time, considerable moisture is lost throughout the do-
main (from 1.7 to 0.4 db) as shown in Figure 11.

Evaporation

After 20 s rate (kg/m-2s-)
| 30

20
After 40 s 10

o

10
After 60 s

-20

-30

Figure 12. Computed evaporation rates inside the sam-
ple at different times during puffing.

Positive values represent evaporation, and negative val-
ues correspond to condensation. Evaporation occurs
over the whole domain. At the surface, due to lower
surrounding temperatures, some condensation is
observed. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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Figure 13. Computed gauge pressures inside the sam-
ple at different times during puffing.
Highest pressures occur near the center of the material.

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

As more liquid water evaporates into vapor, the pressure
inside the medium increases. It can be seen from Figure 13
that significantly high pressures are developed. These high
pressures cause the material to deform (shown in Figure 9).
The porosity of the material (as defined by Eq. 1) in turn
changes due to the deformation (Figure 14). The very large
deformations lead to significant change in porosity of the
material as given by Eq. 2. However, a feedback mechanism
comes into play that prevents further increase in pressure.
As porosity increases, there is a drastic increase in the per-
meability, as given by the Kozeny—Carman porosity factor
(Eq. 26). Due to increase in the gas permeability, the pres-
sure decreases at a particular location. The pressure, there-
fore, remains bounded, which may be one of the reasons that
the material does not rupture during the process. It must also
be noted that the vapor pressure in the porous medium is
expected to be different compared to pure water, as the
vapor pressure in the porous medium (potato sample) is not
only a function of temperature but also a function of mois-
ture content.>®** The relationship between vapor pressure
and temperature and moisture content of the potato sample
was obtained from the literature®® and is shown in Table 1.

Sensitivity of the model to input parameters

With a large number of parameters needed in the complex
model along with unavailability of accurate values for some
of these parameters, it is necessary to quantify the model
sensitivity to different parameters to have greater confidence
in the predicted results. For example, the value of bulk mod-
ulus has not been measured for the material for the series of
processes considered here, that is, blanching followed by
slow drying followed by intensive microwave heating. To
determine how these parameters affect the results, sensitivity
analysis was done for three of the parameters whose accurate
values were particularly difficult to find in existing litera-
ture—bulk modulus and permeabilities of water and gas. For
bulk modulus, the chosen value (Table 1) was varied by
£20%. Similarly, chosen permeability values (Table 1) were
varied by £50%. Moisture content and volume change his-
tories, the two most important parameters in a puffing pro-
cess, were computed as affected by the variation in bulk
modulus and permeability values.
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Bulk Modulus. Four additional values of bulk modulus
(£10%, +20%) were used to determine the sensitivity of the
model to this parameter. The bulk modulus value for pota-
toes undergoing intensive heating processes was estimated
based on the literature data on uncooked potato as discussed
in detail in the “Input Parameters” section earlier. The range
of bulk modulus values for sensitivity analysis was obtained
using data for uncooked potatoes from four different sour-
ces.”>**3738 Moisture loss and volume change histories for
the different bulk modulus values used in simulations are
plotted in Figure 15. The change in bulk modulus values
does not significantly affect the moisture loss predicted from
the model, as can be seen in Figure 15a. The volume
change, however, depends considerably on the value of bulk
modulus. Lower values of bulk modulus represent softened
tissues that are easier to deform, and therefore, the volume
increase is the greatest for the smallest value of bulk modu-
lus (at —20 of the original value). Deformation in the mate-
rial causes change in porosity that can potentially affect the
transport processes inside the medium (e.g., Eq. 26). How-
ever, the changes in porosity are insignificant here, with
change of 0.44 and —0.33% for —20% and 20% increase in
bulk modulus values, respectively. As a result, transport
inside the medium remains independent of the change in the
bulk modulus value, which would explain the lack of sensi-
tivity of moisture loss to bulk modulus. This lack of sensitiv-
ity can also imply a reduced need for obtaining more accu-
rate values of bulk modulus through experimentation for pre-
dicting moisture loss. It must, however, be noted that
volume change is dependent on the bulk modulus value cho-
sen. To summarize, the choice of bulk modulus value influ-
ences the deformation part of the model more than the trans-
port processes.

Water and Gas Permeability. Measurement of permeabil-
ities of biological materials is still not a standard technique,
and literature shows a wide range of liquid and gas perme-
ability values in potatoes.”>**> The reported values vary by
more than two orders of magnitude, and these variations are
so large that it is not feasible to incorporate them in the sen-
sitivity analysis study, as they render the problem nonphysi-
cal (without corresponding change in other property values

After 20 s Porosity
0.85
0.84
After 40 s Moss
082
0.81
After 60 s
0.8
0.79

Figure 14. Computed change in porosity of the sam-
ples at different times during puffing.

The initial porosity of the sample was 0.8. Note that
this porosity only represents the change in volume of
the material, and it does not represent the loss of
water. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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Figure 15. (a) Sensitivity of the process to change in
bulk modulus using the total moisture loss
as the variable of interest.

The moisture loss history is plotted for five different
values of bulk modulus: the original value (given in Ta-
ble 1) and 10, 20, —10 and —20% of the original value.

(b) Sensitivity to the bulk modulus value with total vol-
ume change as the variable.

with parameters such as moisture content and porosity). To
include a large variation, water and gas permeability values
were considered in range of £50% of the original value. The
resulting change in moisture content and volume change of the
material are plotted in Figure 16. Similar to the change in bulk
modulus values, it is found that the change in permeability
values did not affect the total moisture loss as much, but the
volume change was influenced considerably. This is due to the
drastic change in pressures inside the domain with change in
permeability values. When gas permeability decreases, there is
additional resistance to flow through the porous media (as
given by Eq. 3) and as a result, the pressures increase.

Uncertainty Analysis. An uncertainty analysis, following
the work of Rabin,*® is performed for estimating the uncer-
tainty in volume prediction from the model due to simultane-
ous variation in bulk modulus and permeability. Keeping all
other parameters fixed, the volume at a specific time can be
a function of bulk modulus (K) and permeability (k)

V =f(K,k) 27

Here, the effect of both liquid and gas permeability is lumped
into the variable k. The uncertainty in volume is, therefore

VAV =f(K £ AK, k £+ Ak) (28)

where A is the uncertainty interval for the two parameters.
Using a first-order approximation, we get

of

AK + o Ak (29)

VEAV =fE o o

To include the combined effect of all the uncertainties and to
avoid inconsistencies due to plus or minus sign in the different
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uncertainties, a statistical approach is taken.®’” The total
uncertainty is, therefore, defined as the square root of the
sum of the errors squared

o N\ (0, \
AV = —AK — Ak 30
\/(81( ) o 30)
The partial derivatives are estimated using a central differen-
cing scheme, that is, the derivatives are calculated using
function values corresponding to the maximum and minimum

values of the particular parameter. For example, for bulk
modulus values

6f VKAmax - VK min
AV =— Ak~ ————— 1
TS 2 GD

The percentage uncertainties plotted in Figure 17 are, there-
fore, defined as

AV; AV,
AVimod = V—K X 100,  AViperm = V—" x 100,
org org

AV
AVoverall = %

org

x 100 (32)

The overall uncertainty, in general, keeps increasing with the
process time (Figure 17) reaching a maximum value of about
9% after 46 s. Uncertainty in the choice of permeability values
affect the volume change more than the uncertainty in the bulk
modulus value chosen. The effects of independent change in
these parameter values on the model predictions has been
discussed in detail in the previous section. The results from this
uncertainty analysis basically show that there may be large
uncertainties in the volume change predicted by the model

2.0 q Original permeability values, k,, k., (a)
o 25%, -25%
k=)
=15 1
s -50%
‘g 0
o 1.0 1
Q
g
E 0.5 1
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Figure 16. (a) Sensitivity of the process to change in
liquid and gas permeabilities using the total
moisture loss as the variable of interest.

The moisture loss history is plotted for five different
sets of permeabilities: the original set (k,, and k, values
given in Table 1) and 25, 50, —25 and —50% of the

original set of values. (b) Sensitivity of total volume
change to liquid and gas permeabilities.

o
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Figure 17. Uncertainty in volume change prediction

from the model with time due to the varia-
tion in bulk modulus (+20% change) and
permeability values (+50% change).
The quantities AV,,0q, AVperm and AV e an represent
uncertainty due to variation in bulk modulus only, per-
meability only, and simultaneous variation in bulk
modulus and permeability, respectively.

depending on the chosen input parameter values. Accordingly,
in general, uncertainty in the predictions must be considered
while comparison with experimental data, for example, in the
volume change validation presented in Figure 8, it must be kept
in mind that the predicted values can vary by as much as 9%.

Summary and Conclusions

A fully coupled model for multiphase transport and large
deformation during microwave puffing of a hygroscopic po-
rous material was formulated, solved using a finite element
based software, and validated using experimental measure-
ments. A comprehensive understanding of the different tran-
sient phenomena during rapid heating such as evaporation/
condensation, pressure development, deformation and their
relationships to transport and solid mechanics parameters
was developed. Often drawbacks of such complex models
are the availability of accurate input parameters. To address
this issue, detailed uncertainty analysis was carried out. Such
a detailed model is essential to understand a complex pro-
cess such as puffing and has not been implemented earlier.

The major conclusions from the work are summarized as
follows. (1) The model accurately predicts the temperatures,
moisture and volume change during the puffing process as
measured in this work and also reported earlier by others.
(2) Very high temperatures are required to generate pressures
needed to puff the material. The process may not be success-
ful unless carried out using an intensive heating source such
as microwaves. (3) Although pressures increase because of
intensive microwave heating, they remain bounded because
of a complex feedback mechanism that includes change in
porosity and permeability of the material with puffing time
that tends to decrease the pressure. (4) Moisture loss was
found to be largely independent of the change in input pa-
rameters such as bulk modulus and liquid and gas permeabil-
ities. (5) Uncertainty in the choice of permeability values
affects the volume change more than the uncertainty in the
bulk modulus value chosen.
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Notation

: -3
= concentration, kg m

specific heat capacity, J kg™' K™
molar density, kmol m>
effective gas diffusivity, m”> s~
capillary diffusivity, m? s~ '
Green—Lagrange strain tensor
deformation gradient tensor
shear modulus, Pa

heat transfer coefficient, W m2K!

mass transfer coefficient of vapor, m s7!
volumetric evaporation rate, kg m > s

total mass flux, kg m2s”

Jacobian of deformation gradient tensor, Pa

= thermal conductivity, W m~ ' K!

intrinsic permeability, m*

relative permeability

bulk modulus, Pa

= nonequilibrium evaporation constant

overall mass fraction

= moisture content, db

molecular weight of air and vapor

normal direction

total pressure and partial pressure, respectively, Pa
heat flux, W m~2

microwave source term, J m3s!

universal gas constant, J k mol ™! K~!

saturation

second Piola Kirchhoff stress tensor, Pa

time, S

= temperature, °C

velocity, m st

volume, m
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p = density, kg m?
/. = latent heat of vaporization, J kg '
w,, ®, = mass fraction of air and vapor with respect to total gas
¢ = porosity
1 = dynamic viscosity, Pa s
¢ = Cauchy stress tensor, Pa
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