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The work includes development of a multiphase porous media model and magnetic
resonance imaging (MRI) experiments to study microwave combination heating. Com-
bination of electromagnetic, convective and radiant heating was considered. The mate-
rial being heated was modeled as a hygroscopic porous medium with different phases:
solid matrix, water and gas, and included pressure driven flow, binary diffusion and
phase change. The three-dimensional transport model was fully coupled with electro-
magnetics to include the effect of variable properties. MRI was used to obtain spatial
temperature and moisture distributions to validate the model. The model demonstrated
that high and low moisture materials behave differently under different combinations
of heating and general guidelines for combining heating modes were obtained. Low
moisture materials can be heated effectively using higher microwave power which is
not possible in high moisture material. Cycling of microwave was found to be useful
in distribution of excessive volumetric heat generated by microwaves. © 2011 American
Institute of Chemical Engineers AIChE J, 58: 1262-1278, 2012
Keywords: microwave combination heating, electromagnetics, magnetic resonance

imaging, porous media, heat transfer, mass transfer, finite element method

Introduction and Objectives

Combining microwaves with other heating modes such as
convection and radiant heating provides an excellent method
to speed up heating processes such as cooking,' wood dry-
ing,2 processing of ceramics,” and pharmaceutical powders,4
to name a few. Combination heating can potentially provide
automated custom-heating ability by implementing precise
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mix of power sources, their levels and time histories to
obtain temperature and moisture profiles needed for specific
processes. For example, in the cooking process, the quality
of the final product such as texture (e.g., sogginess) or flavor
(e.g., browning) is a multifaceted attribute that depends on
the temperature and moisture distribution and their time-his-
tories. Through improved understanding of the combination
heating process, overheating, underheating, overdrying and
sogginess of food can be minimized while enhancing its
quality. Reliable prediction of food quality factors will in
turn enable increased automation and efficiency in food
product and process development. This work proposes to
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study combination heating using a fundamental physics-
based computational model of the cooking process integrated
with complementary magnetic resonance imaging (MRI)
experiments to obtain optimum process guidelines for practi-
cal use that would provide the desired product quality in the
quickest time, paving the way for automation.

Previous mathematical models for studying heat and
mass transport during electromagnetic heating

The process of microwave combination heating involves a
number of physics and their complex coupling: volumetric
electromagnetic heating due to microwaves (solution of
Maxwell’s equations of electromagnetics), surface heating
due to convection and radiant heating, and transport of heat,
mass (liquid water, water vapor, air) and momentum inside
the sample. Additional complexity arises from the fact that
these physics need to be implemented in three-dimensional
(3-D) so that volumetric electromagnetic heating is accu-
rately modeled. Computational models to study microwave
combination heating to date have not considered all these
physics, most of those included heat transfer in the sample
only and solved for electromagnetics empirically5 or using
Maxwell’s equations.®” Some other studies are for one-
dimensional (1-D) or two-dimensional (2-D) cases valid for
heating inside a waveguide®'®™'* only; however for the cav-
ity heating problem considered here, the geometry cannot be
reduced to 2-D. Studies that have considered moisture trans-
port have mostly been empirical models* using the effective
diffusivity formulation.'>'* However, in case of intensive
microwave heating, evaporation and pressure driven flow are
significant which these models do not take into account.
Only a few studies exist that have considered detailed trans-
port phenomena inside the sample, for example, for deep fat
fryingls_17 and wood drying,18 and even these are an order
of magnitude less complex compared to the present study
since they did not involve electromagnetic heating. On the
other hand, empirical models have been used for electromag-
netic heating when present.'*?® In this study, we develop a
fundamental physics based model that can be applied to
generic processes that include electromagnetic heating and
heat and mass transfer inside the sample. The model
includes the solution of Maxwell’s equations of electromag-
netics in 3-D to obtain the electric field inside the oven cav-
ity and the sample. A 3-D multiphase porous media model
based on conservation laws is formulated to describe the
heat, mass and momentum transfer inside the sample. The
electromagnetics and multiphase porous media models are
then fully coupled to model the combination heating process.
Note that it can also be thought of as a combination drying
process and its applicability extends to many heating proc-
esses such as drying, baking and thawing used in the food
industry and elsewhere.

Modeling of materials with variable properties

Many industrial materials such as metal oxide ceramics
and polymers exhibit a phenomena known as thermal run-
awayzl’22 where dielectric properties change rapidly with
temperature thereby considerably affecting the heating pat-
terns in the sample due to microwave irradiation. In foods,
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dielectric properties are functions of temperature and mois-
ture. Therefore, the computational model, in addition to
accounting for all the different physics, should be fully
coupled so that it can go back and forth between different
physics (electromagnetics and transport) and update time de-
pendent property values as needed. This is yet another mod-
eling challenge that has not been addressed previously. Prior
models that included dielectric property change are for sim-
pler cases which considered heat transfer only*® or did not
solve the Maxwell’s equations.24 In this work, we develop a
fully coupled model that includes a property updating
scheme so that the model can work effectively for a wide
variety of materials including thermal runway materials.

Experimental measurement and validation techniques
used previously

It is critical not only to formulate a systematic modeling
approach that accounts for all the physics occurring in the
sample but to also have a sophisticated experimental tech-
nique to validate the computational model. Detailed and
accurate measurement of volumetric electromagnetic heating
can be obtained from 3-D mapping of heating profiles using
a technique such as Magnetic Resonance Imaging (MRI).*
Although a few studies have looked at detailed measurement
and validation techniques using MRL%%® most of these have
reported temperature distributions only. Others have used
techniques such as measurement of surface temperatures
using infrared camera’ or thermosensitive paper?’ and point
temperature measurement using fiber optic temperature
probe®® that do not give a complete picture of the 3-D heat-
ing process involving volumetric electromagnetic heating.
Moisture movement and distribution is critical to the quality
of the final product as discussed above; however, quantita-
tive distribution of moisture in 3-D has not been reported
earlier.?*! In this study, we not only include the mapping
of temperatures but moisture as well using MRI that again
presents inherent challenges. The computational model is
comprehensively validated by comparison with the experi-
mental temperature and moisture profiles.

Objectives

The main objectives of this study are to: (1) Formulate
and solve a fundamental physics based mathematical model
for combination heating processes; (2) Use magnetic reso-
nance imaging (MRI) measurements for fundamental under-
standing of the process and to validate the computational
model; (3) Use the computational model to test “what-if”
scenarios during combination heating with the aim of design
and optimization of the process.

The manuscript is organized as follows. First, the mathe-
matical formulation consisting of electromagnetics and mul-
tiphase porous media models is presented and the solution
strategy is discussed. Subsequently, the experimental meth-
odology that includes the combination oven, test material
and MRI details is discussed. The model is then validated
using the MRI results and its predictions are used to under-
stand different combination heating processes.
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Mathematical Model

Mathematical description of the combination heating pro-
cess broadly requires the solution of two different physics-
electromagnetics in the oven cavity and sample, and heat,
mass and momentum transport in the sample. The Maxwell’s
equations of electromagnetics are solved to obtain the elec-
tric field inside the oven cavity and sample, and coupled
with a multiphase porous media model to obtain temperature
and moisture distribution in 3-D inside the samples. These
different physics are discussed in details separately in the
following sections.

Electromagnetics—Solution of Maxwell’s equations in
the oven cavity and sample

The Maxwell’s equations of electromagnetics for variable
dielectric properties are given by

V x E = —jouH (1)
V x H = joeyeE (2)
V-eE=0 3
V-H=0 4)

where E is the electric field intensity and H is the magnetic
field intensity, both defined as time harmonics

E(x,y,z,1) = Eg(x,y,2) ¢ Q)
H(x,y,z,1) = Ho(x,y,z) ¢ (©6)

The complex relative permittivity, €, of the dielectric material
(model food product) is given by

e=¢ +id )

where ¢ is the dielectric constant and ¢ is the dielectric loss
factor. For these materials, we do not expect the magnetic
susceptibility to vary.

Boundary Condition. The combination oven walls were
perfect electric conductors. Therefore

EtangentiaLoven wall = 0 (8)

Microwave Heating Term. The heat absorbed by the
sample per unit time due to the microwaves is given by

1
O(x,y,z,1) = Ea}eae”\E\z )

Multiphase porous media model—Transport of
momentum, mass and energy in the sample

To describe the heat, mass and momentum transfer in the
sample during the combination heating process, a 3-D multi-
phase porous media model was formulated. The sample was
considered as a porous material’® with three phases: solid,
liquid water and gas. The gas phase had two components:
water vapor and air. The schematic of a representative ele-
mentary volume (REV) of the material is shown in Figure 1.
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Figure 1. (a) The computational domain for the electro-
magnetic simulation (for microwave heating)
consists of both the oven and the sample; (b)
porous media model was solved only inside
the sample as shown.

Also shown are the boundary conditions on the surface of
the sample.

The volume fraction of pores in a representative elementary
volume of the material, AV, is denoted by porosity, ¢

AV, AV, + AV,

¢ =av AV (0)
where AV,, and AV, are the volume occupied by liquid water
and gas phases in the REV respectively. The structure of the
sample does not change during the combination heating
process (verified experimentally) and hence the porosity
remains constant.

The mass conservation equation for the transportable
phases includes the effects of bulk flow (convection), diffu-
sion and capillary flow. The porous media model also incor-
porates the change of phase between liquid water and vapor
(evaporation/condensation) throughout the domain. The
energy conservation equation is solved for the mixture and
the effect of microwave heating is included as a source term
obtained from the electromagnetics model.

Momentum conservation

Darcy’s law is valid for flow in the porous media where
velocities are low. The superficial velocity for each moving
phase (liquid water and gas) due to the gas pressure gradient
in the medium is therefore given by

kikr,i
Hi

VP (11

Vsupi = —

where i = w denotes the liquid water phase and i = g the gas
phase. The total gas pressure is the sum of the partial pressures
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of vapor and air based on the ideal gas law, P = p, + p,. The
actual velocity due to the gas pressure for each phase based on
the volume occupied by that particular phase is therefore given
by

1 kik,,
Sid W

where §,, 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

VP (12)

Vi = —

o AV _ AV
YAV, AV

13)

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

Pw =P —p. (14)

The effective velocity of the liquid phase is therefore given by

Veffw = — v
" Swd i,
. 1 ki
=— = VP + —=Vp,
Swd) W, Sw({b Ky,
1 ke Ope
=v w P s, (15)

v +qu> i, OS,

Equation 15 can be written in terms of capillary diffusivity,*

D. = k;;k’ = gg", and water concentration, ¢,, = p,,$S,,, in a
compact form
D,
Veffw = Yw — fvcw (16)

W

Mass conservation

The mass conservation equation for the liquid water phase
includes the bulk flow and phase change

ocy, .
V. (Vettwew) = —1
ot
e 17
Y+ V- (Vwew) = V- (D Ve,) —
ot
The continuity equation for the gas phase is given by
oc .
ag+v (vaco) =1 (18)

The mass conservation equation for the vapor component of
the gas phase includes bulk flow, binary diffusion and phase
change

e,
ot

c? .
+Ve ( ) =V (Sgd)pManDeff,gvxv) +1 (19)

8

Here, vapor concentration is related to the gas concentration
by its mass fraction, ¢, = w,c,. Similarly, concentration of air,
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Cq» 1S W,C,. Knowing the mass fraction of vapor from Eq. 19,
mass fraction of air can be calculated from the expression

w, =1—w, (20)

Energy conservation

Energy conservation includes convection due to moving
phases, conduction, phase change and microwave heat source
term calculated from Eq. 9

3 o

i=s,w,v,a

oT
5 FevieV { > (epil)

i=w,\v,a

—D. Ve V(cpuT) =V ket VT) = A +Q(x,y,2,1)  (21)
Here, the effective thermal conductivity is given by the volume
weighted average of the different phases and components

ketr = (1 — @)K + p{Swkl + S (w k! + w k) ) (22)

Phase change (evaporation/condensation)

The formulation for phase change is obtained from the lit-
erature'”
. M
= RT (p1 eq pv) (23)
where p, ., is the equilibrium vapor pressure which is a
function of both temperature and moisture content of the
material.

Boundary and initial conditions

The boundary conditions needed to solve the set of gov-
erning equations are now listed (also shown in Figure 1).
Pressure was set to ambient at all surfaces of the cylindrical
sample

P|X = Pamh (24)

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
jn,w‘s = hmd)Sw (p\ - P‘v,oven) + CwVaw (25)
——
when S,,=1

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

jn.v‘x - hm¢Sg (pv - pv.oven) (26)

Convection and radiant heating act only on the surface and are,
therefore, included as boundary conditions while solving the
energy conservation equation. The loss of heat due to
evaporation of water, removal of liquid water (during drip
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flow) and vapor is also included in the boundary condition for
heat transfer

‘]n|s =T — Toven) = m®Sw (pv - Pv,oven)/1
=l (S + Sg) (P, = Proven) ConT — Vi T (27)
e

when S,,=1

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

Input parameters

All input parameters used for the simulations are listed in Ta-
ble 1. The heating modes considered are detailed in Table 2.

Numerical solution

The schematic of the computational domain along with
the different physics solved for in the subdomains are shown
in Figure 1. The entire oven had to be modeled since it is
not symmetric in any direction due to the presence of the
fan on the back wall and waveguide on the top (Figure 1la).
The governing equations for electromagnetics and porous
media model need to be fully coupled. The coupling of
physics and the solution process are illustrated in Figure 2
and are now discussed in detail. As temperature and mois-
ture distribution in the material changes with heating time,
the dielectric properties change (as given by the relations in
Table 1). This in turn changes the electric field distribution
inside the oven and sample and as a result, the microwave
power absorbed (source term in the heat equation) by the
sample changes and electromagnetic simulations have to be
repeated to determine the updated microwave source term.
Additionally, different finite element meshes for the electro-
magnetics and heat transfer problems are needed that
requires mapping of solution back and forth between the dif-
ferent meshes, different solvers for the two physics and spec-
ification of coupling parameters also need to be included. To
incorporate this coupling, the electromagnetics and porous
media problems were independently setup in COMSOL Mul-
tiphysics (COMSOL, Burlington, MA) graphical user inter-
face (GUI). A code was then written in scripting version of
the software, COMSOL Script, to implement the feedback
mechanism. The electromagnetics problem was solved using
the GMRES iterative solver with the Geometric Multigrid
preconditioner. The mesh consisted of a total of 367,082 tet-
rahedral elements based on mesh convergence study. For
solving the energy equation, the UMFPACK direct solver
was used with the sample discretized into 44,865 elements.
The solver selection for the two physics, solution updating
interval and mapping of the electromagnetic solution to the
heat transfer mesh and vice versa were programmed in the
code. The electromagnetics solution update interval can be
set in the code based on the relative change in dielectric
properties between two time steps while solving the transport
problem. For materials that exhibit thermal runway, the solu-
tion update interval will be small. However, the thermal run-
way effect was not observed for the material considered in
this study. The simulations were run on a 3 GHz Windows
workstation with 16 Gb memory.
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Experimental Methodology

Details about the combination oven used, heating protocol,
test material, magnetic resonance imaging and other experi-
ments for input parameter measurement are discussed.

Microwave oven and heating protocol

Heating was performed in a GE Combination Oven
(Model No. JT930BHBB, General Electric Company, Louis-
ville, KY) located at the UC Davis NMR Facility. It was
equipped for convection-radiant and combined convection-
radiant and microwave heating modes. Two different settings
of the oven representing different heating combinations were
selected for the experiments, one without microwaves and
the other with microwaves. The oven temperature for the
convection-radiant heating combination was set at 80°C. For
the microwave assisted heating combination, the oven tem-
perature was also set at 80°C and microwave heating was on
for 10 s for a 50 s cycle. These heating rates were chosen so
that there was no significant deformation in the samples. For
each of the two heating combinations, samples were heated
for 10, 15, 20, and 30 min. These are also listed in Table 2.
Two replicates were performed for each heating combina-
tion. Samples were heated one at a time at the center of the
oven by placing them on a 5 cm diameter polysulfone disc
in a petri dish to minimize direct heating from the oven
rack. After combination heating of the sample, it was trans-
ferred to a 50 mL pyrex beaker that fit into the sample
holder for the imaging spectrometer.

Test material

The model product was rehydrated Wegmans Instant
Mashed Potatoes (Wegmans Food Markets, Rochester, NY).
For each batch, 125 g of potato flakes (moisture content of
0.068 wb) was mixed with 550 g hot (95-100°C) distilled
water. The potato flakes and water were mixed thoroughly
and the mixture was allowed to equilibrate for 14 h in a
20°C incubator to obtain a uniform consistency for MRI
imaging. This also avoided anisotropy in the material proper-
ties of the sample. Samples were prepared by placing the
mixture in mesh cylinder container with 3.66 cm internal di-
ameter and 3.5 cm height. The mesh cylinders material was
PTFE (polytetrafluoroethylene) (ET8500, Industrial Netting,
Minneapolis, MN) that was suitable for high temperature
applications and minimum interference with the microwaves.
Sample heating and magnetic resonance imaging commenced
within an hour of sample preparation.

Magnetic resonance imaging (MRI) measurements

MRI experiments were performed at the UC Davis NMR
Facility using a 7T super-conducting magnet and Biospec
console (Bruker Biospin MRI, Billerica, MA) with 300 MHz
for 'H-resonance frequency. Three NMR protocols36 were
used: gradient echo sequence (Fast Low Angle Shot,
FLASH), Multislice multiecho sequence (MSME), and Carr
Purcell Meiboom Gill sequence (CPMG). The NMR parame-
ters are given in Table 3. The FLASH sequence was used to
generate temperature maps; the MSME was used to generate
spin-spin relaxation time (7,) maps and M, maps. CPMG
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Table 1. Input Parameters for the Simulations

Parameter

Value

Source

Oven dimensions (m)

Sample (cylindrical) dimensions (m)

0.61 x 0.44 x 0.44
0.018 (rad) x 0.035

Electromagnetics
Microwave frequency (GHz)
Dielectric constant, e
Dielectric loss, €

Transport
Porosity, ¢
Viscosity

Water, ,, (Pas)

Vapor and air, y, (Pa s)
Intrinsic permeability

Water, k,, (m?)

Vapor and air, k, (m?)
Relative permeability

Water, £, ,,

Vapor and air, k.,

Capillary diffusivity (water), D, (m%/s)
Binary diffusivity, Defr, (m*/s)
Specific heat capacity

Solid, ¢, (J/kg K)

Water, c,,, (J/kg K)

Vapor, ¢,, (J/kg K)

Air, ¢,, (J/kg K)
Thermal conductivity

Solid, k" (W/m K)

Water, & (W/m K)

Vapor, k" (W/m K)

Air, K" (W/m K)
Density

Solid, p, (kg/m?)

Water, p,, (kg/m®)

Vapor, p, (kg/m®)

Air, p, (kg/m?)
Latent heat of vaporization, /4 (J/kg)
Evaporation rate constant, K (/s)
Equilibrium vapor pressure, p, ., (Pa)

Ambient pressure, P, (Pa)
Mass transfer coefficient, £, (m/s)
Heat transfer coefficient, 4 (W/m* K)
Top
Side
Oven temperature, Toye, (°C)
Initial Conditions
Pressure, P, (Pa)
Water concentration, ¢, (kg/m3)
Vapor mass fraction, o,
Temperature, T (°C)

245
27.403 + 9.5387M — 0.6018M°>
23.756 — 4.8009M + 0.3613M*

0.88

0.988 x 1073
1.8 x 1077

5% 107
10 x 107

[(S,, — 0.09)/0.911%, S,, > 0.09
0, S, < 0.09

1 —11S,,8S, < 1/1.1

0,8, > 1/1.1

10% exp(—2.8 + 2M)

26 x 10°°

1650
4178
2062
1006

0.21
0.57
0.026
0.026

1430

998

Ideal gas law

Ideal gas law

2.26 x 10°

1 x107°
Pea(T)exp(—0.0267M 165
+0.0107e "Z™Mp 1S B3 0 p (D]
101,325

6 x 1077

101,325
789.4
0.01

22

34
34
34
34

34
34
34
34

35

verified the mono-exponential decay of the relaxation time

(T2).

For each sample, the sequence of NMR data acquisition
was FLASH, MSME, CPMG for the sample at room temper-
ature and then FLASH, MSME, CPMG for the same sample

4.5 min for the sequence (FLASH, MSME, CPMG). The

samples were positioned identically in the magnet for the

after heat treatment. Data was acquired over a time frame of sion

Table 2. Different Combination of Heating Modes Considered

imaging procedure before and after heat treatment. Tempera-
tures at different locations were calculated by measuring the
phase shift using MRI and then using the following expres-

Heating Modes

Air Temperature, (°C)

MRI measurement, (min)

Convection, radiant 80
Cycled microwaves (cycling: 10 s ON, 40 s OFF), convection, radiant 80
Full microwaves, convection, radiant 80

10, 15, 20, 30
10, 15, 20, 30
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Electromagnetics (3D)

Transport (3D)

Governing equations

......................... e ey

E Conservation of energy: o e rration GFiT ass Conservation of momentum: E
Governing equations: + solid, liquid and gas phases (Eq.17-20) liquid and gas phases H
Maxwell’s equations of : (Eq.21) (Eq.11-12) H
electromagnetics : [ :
(Eq.1-4) [ | ;
| Water Gas E
Boundary conditions: Ea. 1) (E.18) E
Perfect electric conductor A a
(oven walls) i ! Phase Change ’—l—\ E
{Eq.8) ! (Eq.23) i
| e e Vapor Air H
--------------------- »  (Eq.19) (Eq.20) A
Input parameters: H i
Table 1 O e e L E OO e T P CELEEE PR LR LeE I- -----------------------------------------------
I Boundary conditions
Solution: (Eq. 24-27)
Finite element method using
COMSOL (GMRES solver) [
| Initial conditions:
Table 1
Microwave heating term
(Eq.9) [
Input parameters:
Table 1
Solution:
Finite element method using
COMSOL (PARDISO solver)
I Coupling parameters- COMSOL Script I

Properties, mesh, solver

Figure 2. Flow chart showing the sequence of steps followed to develop the computational model.

AT = P = Pret (28)
oy(TE)B,

where ¢ is the phase value after heating, ¢ is the phase value
before heating, B, is the magnetic field strength, o is the
proportionality constant, TE is the echo time and y is the
magnetogyric ratio of hydrogen nucleus. The M, values
obtained from MRI were correlated to moisture content
measured using gravimetric analysis (described in the next
section). The temperature and moisture maps represented 12
horizontal slices from the bottom to top of the cylindrical
sample as shown in Figure 3.

A Matlab code was utilized for creating temperature maps
based on Eq. 28. The temperature images were calculated
using a voxel by voxel subtraction of the phase images after
and before heating. Before subtraction, the individual phase
images had phase accumulations greater than 27 resulting in
phase discontinuities; these were removed before subtraction
by adding 27n (where n is an integer). The resulting temper-

Table 3. MRI Parameters for the Experiments

MRI Parameters MSME FLASH

TE (ms) 8.527 3.264

No. of echoes 16 NA

Flip angle (°) NA 20

TR (ms) 10,000 89.6

Matrix size 128 x 128 128 x 128

FOV (mm?) 64 x 64 64 x 64

No. of slices 12 (Coronal orientation) 12 (Coronal orientation)
Slice thickness 3 mm 3 mm

ature images were smoothed using a five point median filter
to reduce the influence of noise.

Gravimetric measurement of moisture loss for
correlation with MRI signal intensities

Moisture loss due to the heating process was determined
using gravimetric measurement. Each sample was weighed
before heating at room temperature and immediately following
the combination heating process. These measurements were
correlated with the M values obtained from MRI.

Input parameter measurements

Dielectric properties and heat transfer coefficients for
modeling the convection-radiant heating were measured
experimentally. Other input parameters for the sample were

Sample

Slice 12
Slice 11

12 slices

L 35mm

Slice 1

Bottom 36 mm

Figure 3. Orientation of the slices obtained using MRI.
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Figure 4. Comparison of temperatures at different times obtained from computations and MRI experiments for the
heating combination that involved convection and radiant heating only (no microwaves).

The topmost plot shows the average temperature comparison for the full sample and the other plots show the comparison for four different
slices (temperatures averaged over slices 2, 4, 6, and 8 of the 12 slices). MRI slice orientation is shown in Figure 3.

obtained from literature and are shown in Table 1. All mate-
rial properties were isotropic.

Dielectric Properties. The dielectric properties (dielectric
constant and loss) of the samples were measured as a func-
tion of moisture content at the microwave frequency of 2.45
GHz using HP85070 open ended coaxial high-temperature
probe (Agilent Technologies) and a network analyzer (Agi-
lent 8722ES).

Heat Transfer Coefficients. Point temperature and heat
flux histories were measured by thermocouples and heat flux
sensors (HFS-3, Omega) connected to FLUKE data acquisi-
tion Bucket (Fluke). The heat transfer coefficients for differ-
ent heating modes were calculated using the values of heat
flux, surface temperature, and ambient oven temperature.
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Results and Discussion

Experimental validation of the mathematical model is pre-
sented for two different combinations of heating, followed by
descriptions of temperature, moisture and pressure distribu-
tions in the sample for various heating combinations and ini-
tial moisture content of the sample. To comprehensively
understand the process of combining the different modes of
heating for different materials, the variables that affect the
final product such as temperature, moisture content and pres-
sure in the domain obtained from computations are analyzed
in detail for different conditions. Three different heating com-
binations were considered, as listed in Table 2: convection +
radiant heating; cycled microwave + convection + radiant
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Figure 5. Comparison of moisture contents at different times obtained from computations and MRI experiments
for the heating combination that involved convection and radiant heating only (no microwaves).

The topmost plot shows the average moisture content comparison for the full sample and the other plots show the comparison for four dif-
ferent slices (moisture contents averaged over slices 2, 4, 6, and 8 of the 12 slices). MRI slice orientation is shown in Figure 3.

heating; and full microwave + convection + radiant heating.
Samples at two different initial moisture contents of 82.1% wb
(4.6 db) and 69.7% wb (2.3 db) were heated using these differ-
ent combinations and the comparisons are presented.

Experimental validation of temperature and moisture

Experimental validation is critical considering the com-
plexity of the computational model. Validation was done by
comparing the temperature and moisture content predicted
by the model with the corresponding experimental values
obtained from MRI measurements for the different heating
combinations, as shown in Figures 4-7. These comparisons
were done for two heating scenarios: the first included con-
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vection and radiant heating only and the other heating com-
bination comprised of microwave (cycled), convection and
radiant heating. Details of heating combinations are shown
in Table 2.

Convection + Radiant Heating. The top subplot (i.e.,
Figure 4a) compares the computed and measured average
temperature or moisture history for the full sample during
the combination heating process. The other four subplots
(Figures 4b—e) present average temperature and moisture his-
tories at four different sections (slice orientation are shown
in Figure 3). All computed values were obtained using vol-
ume averaging. For convection and radiant heating (Figure
4), both experiments and computations show that greater
heating is from the top of the sample which is exposed to
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Figure 6. Comparison of temperatures at different times obtained from computations and MRI experiments for the
heating combination that involved convection, radiant heating and microwaves.

The topmost plot shows the average temperature comparison for the full sample and the other plots show the comparison for four different

slices. MRI slice orientation is shown in Figure 3.

the hot air. Moisture, on the other hand, is lost uniformly
from the sample, as shown in Figure 5. This is attributed to
very high initial moisture content (~82% w.b.) and there-
fore, moisture loss depends entirely on the external resist-
ance (as determined by the mass transfer coefficient). How-
ever, this is true only for this particular case where the initial
moisture content is high and not in the low moisture case
discussed later in the paper in detail.

Cycled Microwave + Convection + Radiant Heating. In
case of microwave combination heating (Figure 6) experimen-
tal measurement as well as numerical prediction shows that
there is more uniform heating of the sample with even the
bottom slices being heated by the penetrating microwaves and
the temperatures at the corresponding slices compared to con-
vection and radiant heating (Figures 4b—e) are higher as
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expected. The cycling of the microwaves can also be observed
from the wavy nature of the computed temperature history
plots. Moisture histories (Figures 7b—e) are similar for differ-
ent slices, like for convection + radiant heating (Figures 5b—
e). However, the amount of moisture loss is more compared
to convection + radiant heating due to greater heating. The
temperature maps showing spatial variations are now pre-
sented for a more detailed validation. Moisture maps are not
shown as there is insignificant variation in the spatial distribu-
tion at any particular time, as discussed for Figures 5 and 7.
Spatial Variation of Temperatures. For a visualization of
spatial variation of temperature in the samples, temperature
maps at different slices obtained from computations and
MRI after 10 min of heating are plotted in Figure 8.
The computational model predicts the spatial temperature
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Figure 7. Comparison of average moisture contents at different times obtained from computations and MRI
experiments for the heating combination that involved convection, radiant heating and microwaves.
The topmost plot shows the average moisture content comparison for the full sample and the other plots show the comparison for four dif-

ferent slices. MRI slice orientation is shown in Figure 3.

variations for the two different combinations as obtained
experimentally from MRI accurately. The computed and
MRI temperature maps for the two heating combinations
both demonstrate two distinct features of heating: surface
heating is seen in Figure 8 (top) for convection + radiant
heating; and heating at the interior locations due to volumet-
ric heating and focusing effect of the microwaves in addition
to surface heating is observed in Figure 8 (bottom) for
cycled microwave + convection + radiant heating. In the
past, several researchers using simplified 1-D models (for
waveguide studies) have demonstrated marked differences that
exist between convection and microwave assisted heating,
especially in relation to the volumetric or bulk heating phe-
nomena.’’° Similar to rehydrated mashed potato samples
used in the present work, brick, light concrete and wood
considered in these past studies also had high moisture

1272 DOI 10.1002/aic

Published on behalf of the AIChE

content. The interaction of electromagnetic fields with water,
which has a high dielectric loss factor and is distributed
throughout the wet material, leads to bulk heating of the
samples. The focusing effect of the microwave was predomi-
nantly due to the cylindrical shape of the sample. Similar fo-
cusing effects have been observed for cylindrical food mate-
rials under microwave only heating in past MRI studies.?**

Temperature distributions for different heating
combinations

Average temperature history for high vs. low initial mois-
ture contents for different combination heating scenarios are
shown in Figure 9. As expected, for a particular moisture
content, heating rate increases as amount of microwave heat-
ing is increased. The temperatures are generally higher in
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samples after 10 min of heating.

Details of the heating combinations are listed in Table 2. MRI slice orientation is shown in Figure 3. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]

the low initial moisture material for all heating combina-
tions. Since the temperatures are higher for even the heating
combination that does not include microwaves, higher tem-
perature values observed in the initially drier product can be
attributed to its lower specific heat capacity, 3410 J/kg K
compared to 3726 J/kg K initially. The microwave deposi-
tion is comparable in magnitude, 4.21 W compared to 4.68
W at ¢ 20 min, since the electric field patterns do not
change significantly as the dielectric properties change.

High Initial Moisture Content. The comparison between
the spatial temperature values obtained in the material heated
using different combinations for a high initial moisture mate-
rial is shown in Figure 10. For convection and radiant heat-
ing, temperatures are high at the top surface since it is open.
The sample also heats up from the sides but at a much lower
rate (thermal resistance due to the mesh cylinder walls).
When the microwaves are on for the full time, there is con-
siderable rise in temperatures in the interior locations due to
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Figure 9. Computed average temperature history for
different initial moisture contents of the ma-
terial, heated using three different combina-
tions (listed in Table 2).

Temperatures are generally higher in the low initial mois-
ture samples for all heating combinations.
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the focusing effect of the microwaves and the heating due to
convection and radiation on the surface cannot catch up. It
has been reported in past studies that internal temperatures
during microwave heating may exceed the boiling point of
water;39 however, in this study such extreme values of tem-
peratures were not observed due to the use of low power
microwave heating. On the other hand, when cycled micro-
waves are added, although heating also takes place at the in-
terior locations, the time available for conduction of heat
when the microwaves are off leads to more uniform distribu-
tion of temperatures. As a result, there is no uncontrollable
rise in temperatures in the interior and the sample is more
uniformly heated. Thus cycling of microwaves can be used
very effectively to complement convection and radiant heat-
ing to provide uniform heating to products during combina-
tion heating and, at the same time, for speeding up the heat-
ing process. The ratio of convection and radiant heating
power to the microwave power absorbed by the sample is
5.8:1 for cycled and 1.2:1 for full microwaves. The convec-
tion and radiant heating power is calculated by integrating
the surface heat flux over the sample surface. The micro-
wave power absorbed is calculated using Eq. 9.

Low Initial Moisture Content. Figure 11 shows tempera-
ture distributions for the low initial moisture sample. Again
in this case, microwaves become the dominant mode of heat-
ing when on for the full time and the surface does not get
heated up as much. Cycled microwaves complement convec-
tion and radiant heating well for more uniform heating. The
ratio of convection and radiant heating power to the micro-
wave power absorbed by the sample is 4.6:1 for cycled and
0.7:1 for full microwaves.

Moisture distributions for different heating
combinations

Many safety (microbiological/chemical) and quality
attributes of the final food product are related to the total
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Figure 10. Computed spatial temperature maps for material with high initial moisture content heated using differ-
ent combinations (listed in Table 2) after 20 min of heating.

For convection and radiant heating, temperatures are high at the top surface since it is open (as opposed to the sides that have lower con-
vective heating due to presence of the mesh cylinder). Interior locations are heated by focusing effect for the two combinations that use
microwaves. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

moisture and moisture distribution after the heating/cooking
process, making them critical information. The overall
moisture losses from the samples heated by different com-
binations are shown in Figure 12. More moisture is lost
from samples that are heated to higher temperatures since
heating leads to increased evaporation and transport of
water as water vapor in the porous medium. The moisture
loss in 20 min from the high initial moisture samples are
7, 7.6, and 9.4% for convection and radiant, cycled micro-
wave, convection and radiant, and full microwave, convec-
tion and radiant heating, respectively. For the low initial
moisture samples, these are 15.4, 17.5, and 22.1%, respec-
tively, showing a marked increase (more than two-fold) in
the loss of moisture from the corresponding low initial
moisture samples.

To determine the reason for the difference in moisture
loss above, the total amount of water lost as liquid water
and water vapor from the surface were calculated for the
high and low moisture samples. For the high moisture
sample heated using microwaves for the full time, the
rate of loss of water as liquid and vapor was 3.02 x
107 and 1.84 x 1077 kg/s, respectively, at = 20 min.
For the low moisture material, they were 1.36 X 107°

Convection and radiant

Cycled microwave,
convection and radiant

e
| e—
|

and 128 x 107° kg/s, respectively. It can be observed
that although the rate of water lost as liquid water
reduces by half at low moisture content as the capillary
diffusivity decreases (see Table 1), there is a 10-fold
increase in moisture loss as vapor. This is attributed to
the increase in temperatures as discussed for Figure 9
which leads to increased evaporation in the overall do-
main and the binary diffusion and pressure driven flow
of vapor from the interior to surface.

High Initial Moisture Content. Figure 13 presents the
moisture distribution in the high initial moisture samples af-
ter 20 min of heating. For convection and radiant heating,
the moisture loss is mostly from the top surface with interior
locations remaining at high moisture content even after 20
min of heating. The dominant mode of transport is capillar-
ity which moves the liquid water to the surface and there is
practically no pressure driven flow or binary diffusion of the
vapor since the interior locations are not heated. The interior
remains wet and the complete drying of the sample using
only convective and radiant heating is therefore expected to
take a very long time. In case of cycled microwave heating,
there is additional mass transfer due to formation of vapor in
the interior locations by evaporation and movement to the
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Figure 11. Computed spatial temperature maps for material with low initial moisture content heated using different
combinations (listed in Table 2) after 20 min of heating.

Temperature distributions are qualitatively similar as for the high initial moisture case shown in Figure 10. [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 12. Computed average moisture content history for material with different initial moisture contents heated
using three different combinations (listed in Table 2).

There is a marked increase (more than two-fold) in the loss of moisture from the low initial moisture samples compared to those starting

at high moisture content due to increased evaporation.

surface by binary diffusion and pressure driven flow. Signifi-
cant overpressures at the core of the material due to evapora-
tion have similarly been attributed to volume heating nature
of microwaves in past studies.** Using an empirical Lam-
bert-Beer law for microwave absorption in a 1-D approxima-
tion, it was shown that these overpressures boost transfer of
water from the core of the porous material to the surface,20
similar to water transport observed during cycled microwave
heating in this study.

When the microwaves are on for the full time, very high
heating rates are involved and there is increased evaporation
leading to comparable moisture loss in the interior locations
as well. In certain locations though, the moisture loss from
the surface is not able to keep up with additional moisture
coming from interior and therefore the locations close to the
surface have higher moisture content. This is generally not
desired during food preparation since it leads to soggy sur-
face and is one of the known drawbacks of microwave-only
heating. This accumulation of vapor at the edges has also
been reported in wood drying studies.'? Interestingly, this is
not observed when cycled microwaves are added and hence,
careful addition of heating modes by matching the relative
rates of heating may help in development of custom products
by keeping the surface moisture low (crisp).

Convection and radiant

Cycled microwave,
convection and radiant

Low Initial Moisture Content. For the low initial mois-
ture material, there is more variation in the moisture distri-
bution even for convection and radiant heating (Figure 14).
This is attributed to higher evaporation in the low moisture
material discussed earlier. An interesting result observed
here is that even when the microwaves are on for the full
time, there is no accumulation of moisture in the surface
unlike the high moisture material. In this case, the rate of
evaporation of moisture due to convection and radiant heat-
ing near the surface becomes higher than that due to micro-
wave heating which in turn facilitates moisture removal
from the surface. This phenomena is also discussed in the
next section.

Pressure distributions for different heating combinations

High Initial Moisture Content. Pressure distributions
(Figure 15) show that in convection and radiant heating neg-
ative pressures (minimum value of —57 Pa) are developed in
the interior locations due to condensation of vapor (the
reported pressures are relative to atmosphere). Similar under-
pressures (—8 to —100 Pa) have been reported in the early
stages of convective drying of wood due to condensa-
tion.?*** Very small positive pressures (maximum value of
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convection and radiant
76

74

Min: 73.827

Figure 13. Computed moisture content maps for material with high initial moisture content heated using different
combinations (listed in Table 2) after 20 min of heating.
In case of convection and radiant heating, moisture is lost mostly from the surface (shown by lighter shades of red), whereas in case of

full microwaves, there is accumulation of moisture at the surface (as represented by lighter shades of blue). For cycled microwaves, a
more uniform moisture loss is seen. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 14. Computed moisture content maps for material with low initial moisture content heated using different
combinations (listed in Table 2) after 20 min of heating.

No accumulation of surface moisture, as opposed to the high moisture case (Figure 13), is seen even when microwaves are on for the
full time. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

0.375 Pa) are observed close to the surface due to evapora-
tion. In case of cycled microwaves, pressures are mostly
positive in the domain (maximum value of 50.8 Pa); how-
ever, there are a few spots which have negative pressure
(minimum value of —6.51 Pa) indicating condensation. Very
high pressures are observed in the interior locations (maxi-
mum value of 845.7 Pa) and the pressures are positive
throughout the domain when the microwaves are on for the
full time as a result of the high microwave heating rate.
These overpressures due to evaporation as a result of volu-
metric microwave heating are also consistent with previously
reported values (200—-1000 Pa).’ A general trend is therefore
seen here that convection and radiant heating leads to nega-
tive pressure development in the core of the domain due to
condensation whereas during microwave heating, the pres-
sures are generally positive due to evaporation.

Low Initial Moisture Content. In case of low moisture
material (Figure 16), although there is negative pressure
development in the core region (minimum value of —29.9 Pa),
the positive pressures near the surface (maximum value of 4
Pa) are higher which supports the fact that there is greater
evaporation near the surface in low moisture material as dis-
cussed earlier for moisture profiles. For cycled microwave
heating and with microwaves on for the full time, pressures
are positive throughout the domain with maximum values of

Convection and radiant

Cycled microwave,
convection and radiant

72.3 Pa and 615.5 Pa, respectively. As in the high moisture
case, evaporation (due to bulk microwave heating) leads to
overpressures whereas condensation in the core (in absence
of volumetric heating) leads to underpressures in the low
moisture material. The pressure magnitudes are also consist-
ent with past studies.?**

Summary and Conclusions

In this work, combination heating was studied the most
comprehensive way, using a novel synergy of physics-based
computation and MRI experimentation. This is also the first
study that uses complex coupling of Maxwell’s equations of
electromagnetics in 3-D with a multiphase porous media
model to study combination heating. The coupling of differ-
ent physics and MRI measurements both present unmatched
computational and experimental challenges. The use of such
a technique is, however, required in the study of combina-
tion heating processes, otherwise predictions of critical pa-
rameters such as microwave energy deposition, temperature,
moisture content and pressure in space and time are not pos-
sible. Knowledge of these factors can, in turn, lead to a
quantum improvement in speed, quality and safety of food
preparation, increased ability of automation and customiza-
tion, retention of food nutrition and organoleptic qualities,

Gauge
pressure (Pa)
Max: 845.732
Full microwave,
convection and radiant s
500
[400

Min; -57.082

Figure 15. Computed pressure distributions for material with high initial moisture content heated using different
combinations (listed in Table 2) after 20 min of heating.

Convection and radiant heating leads to negative pressure development in the core of the domain whereas during microwave heating, the
pressures are generally positive. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 16. Computed pressure distributions for material with low initial moisture content heated using different
combinations (listed in Table 2) after 20 min of heating.

Pressure distributions are similar to the high moisture case shown in Figure 15. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

reduction of food wastage, and increase of energy efficiency.
It may be pointed out that due to the large number of param-
eters needed in the complex model, quantification of model
sensitivity to different parameters may be important. An
uncertainty analysis, following the work of Rabin (2003),*!
may be performed for estimating the uncertainty in model
variables due to changes in the input parameters and will be
considered as a future work.

The key conclusions from the work are summarized as
follows. (1) For a combination heating process that includes
microwaves, distribution of parameters such as temperature
and moisture content in 3-D were obtained that are critical
to comprehensively understand and optimize the process. (2)
More specifically, microwaves complement the convection
and radiant heating regimes well. Also different mass trans-
fer mechanisms were found to be dominant for different
heating combinations, i.e., capillary flow for convective and
radiant heating and pressure driven and binary diffusion for
microwave heating. However, matching of relative power
from convection and radiant heating and microwaves is
extremely critical to obtain a balanced heating rate in the
material and to avoid formation of extreme regions of high-
temperature or excessive moisture. Generally the combina-
tion heating process provides uniform heating when the
relative microwave power is substantially lower than the
power due to convective and radiant heating. (3) High and
low moisture materials behave differently under microwave
combination heating. Higher temperatures and moisture loss
were observed for low moisture material. It was found that
low moisture materials can be heated uniformly using higher
microwave power which is not possible in high moisture ma-
terial. Therefore, these factors must be taken into considera-
tion before designing a combination heating process. (4)
Cycling of microwave is useful in distribution of excessive
volumetric heat by microwaves and can increase the effec-
tiveness of the combination heating process.
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Notation

B, = magnetic field strength, T
¢ = concentration, kg m—?
¢, = specific heat capacity, J kg 'K!
C = molar density, kmol m >
D, , = effective gas diffusivity, m2s~
D = capillary diffusivity, m?s~!
E = electric field intensity, V. m™~
h = heat transfer coefficient, W m 2K~
h,, = mass transfer coefficient of vapor, ms™!
H = magnetic field intensity, A m™'
i = imaginary unit, \/=1
I = volumetric evaporation rate, kgm’ss’
{ = total mass flux, kg m™~ 5!
k™ = thermal conductivity, Wm K~
k = intrinsic permeability, m?
k, = relative permeability
K = non-equilibrium evaporation constant
m = overall mass fraction
M = moisture content, db
M,, M, = molecular weight of air and vapor
= normal direction
= total pressure and partial pressure, respectively, Pa
= heat flux, W m~?2
= microwave source term, Jm 357!
= universal gas constant, J kmol ! K~!
saturation
= time, s
= Temperature, °C
= echo time, s
= velocity, m s~
= volume, m?
x,y,z = directions, m

Greek letters

1

1

1

< < Qﬂﬁmwmawz
Il

1

proportionality constant, ppm/°C
= magnetogyric ratio of hydrogen nucleus, rad/s T
= density, kg m?
= latent heat of vaporization, J kg~
w,, w, = mass fraction of vapor and air with respect to total gas

¢ = porosity

1 = dynamic viscosity, Pa s

€y = permittivity of free space, 8.854 x 10~'? Fm™'

1o = permeability of free space, 4w x 107 Hm ™'

e = complex relative permittivity

NV 2 R
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¢ = dielectric constant

¢ = dielectric loss

o = angular frequency, rad s~
¢ = phase shift, rad

1
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