Computer Simulation of Microwave Heating of Initially Frozen Sandwiches Using COMSOL Multiphysics Application Builder

A computer simulator was created on the COMSOL Multiphysics platform. The
simulator can be used as a powerful computational tool to enhance the
understanding of the microwave heating process of initially frozen sandwiches
and improve the design of microwavable sandwiches. The microwave heating
system consists of the four components: waveguide, oven cavity, turntable
and sandwich (five layers: bottom bread, burger, egg, cheese and top bread).
A set of functions were created to determine the temperature and
composition-dependent properties of individual components of sandwiches
using the regression equations. Research was conducted to optimize the
mesh size and time step in order to save computational time. The
temperature and moisture of a food item at each node and time segment
were calculated using the mathematical model and corresponding software
solvers. A report can be generated at the end of the simulation and emailed
to users.

The microwave heating rates and potential non-uniform temperature profile
are functions of oven factors and load characteristics (such as composition,
phase, size and shape). Microwave heating of foods is more food-dependent
than conventional heating. Therefore, microwave heating profiles of each food
ingredients should be clearly understood. It is also important to achieve
temperature uniformity because large temperature variations in the product
will damage the product quality due to excessive heating, drying and nutrient
losses in overheated regions. Due to the large variation in food ingredient,
uniform microwave heating at a desired temperate is rarely reached.

The objective of this project is to develop a COMSOL Multiphysics based
microwave heating simulator to enhance the understanding of the microwave
heating process of initially frozen sandwiches and improve the design of
microwavable sandwiches.
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1. Simulation diagram
Inputs (Graphic User Interface): \
Microwave oven: Power, Voltage, Frequency, Turntable speed, Cavity dimensions (L, W, H), Waveguide
dimensions (L, W, H), Turntable dimensions (R, H)
Sandwich: 5 layers (bottom bread, burger, egg, cheese and top bread), composition (water, fat, protein,
carbohydrates and ash), porosity, mass, diameter, height, initial temperature
Location of the sandwich on the turntable: at the center or not?
Multiphysics: Microwave, heat transfer, mass transfer
Control method: defrosting time, heating time and tempering time
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Physical and dielectric properties (Analytical funcitons):
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2. Mathematical model

“ Microwave generation and transfer
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3. Prediction of the properties from temperature, composition and
porosity

** Initial freezing point
** Ice content

¢ Specific heat

** Thermal conductivity
¢ Density

+»* Dielectric constant
+»* Dielectric loss factor
s Diffusivity

\Water vaporization
¢ Coupling of multiple physics

4. Implementation of the model in COMSOL Multiphysics

A. Global definitions of design and operating parameters, parts and materials

Model Builder
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4 52 Materials
i Top Bread (mat1) {mat1}
i Cheese (mat2) {mat2}
= Egg (mat3) {mat3}
= Burger (mat4) {mat4}
i Bottom Bread (mat5) {mat5}
@ Extra Dimensions
4 [ Component 1 (comp1) {comp1}
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B. Definr'tions of analytical functions to prediction of the properties from

Settings ~ Properties
Parameters
¥  Parameters
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Name Expression
Woven 29[cm]
Doven 28.5[cm]
Hoven 20[cm]
Wport 8[cm]
Dport 8[cm]
Hport 2[cm]
xPort Woven
yPort 0.5*(Doven-Dport)
zPort Hoven-Hport

Rturntable | 10[cm]
Hturntable | 1[cm]

Bturntable | 0.6[cm]
Speedturn... 6[rpm]

Poven 1000[W]

Voven 110[V]

Foven 2.45[GHz]
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Value Description

029 m |Oven width

0.285m Oven depth

02m Oven height

0.08 m Port width

0.08 m Port depth

0.02 m Port height

029 m Port location x
0.1025 m Port location y

0.18 m Port location z

0.1m Radius of tumntable
0.01m Height of tumtable
0.006 m turntable base height
0.1 Hz turntable rotational speed
1000 W Oven power input
110V Oven power voltage
2.45E9 Hz Oven freguency

C. Implement the model on the COMSOL Multiphysics

Madel Builder ¥ X Settings  Properties
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3= Bottombread {vari}
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&= Egg {var3}
3= Cheese {vard}
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a= Air {var6}
3= Glass {var7}
| Boundary System 1 (sys1) {sys1}
[ View 2 fview2)
a P Geometry 1 {geom1i}
“.:L Microwave Oven (pii) {pii}
"4 Bottom Bread (pi6) {pi6}
"4 Burger (pi5) {pi5}
"4 Egg (pi4) (pid)
"4 Cheese (pi3) {pi3}
"4 Top Bread (pi2) {pi2}
Qr Sandwich Domain (unisel1) {unisel 1}
Qr Sandwich Boundary (unisel2) {unisel2}
Form Union (fin) fin}
4 Qr Cumulative Selections
E, Sandwich (Domain) {csel1.dom}
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i Materials
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Variables
Label: Bottombread

Geometric Entity Selection

Geometric entity level: | Domain

Selection: Bottom Bread (Bottom Bread) {geom1_pi6_cyl1_dom}
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Name Expression Unit

materialty... 1

MwQ Mw_botbread

MF Mf_botbread

Mp Mp_botbread

Mc Mc_botbread

Ms Ms_botbread

phi Phi_botbread

Tfz 270 [K] K
Mwl0 0.2

Solid Mf+Mp+Mc+Ms

Mw WaterFraction(T, Tfz Mw0)*(T < Tfz)+ XwToMw(Xw)*(T> =Tfz)

Mi 0*(abs(Mw0-Mw)<=0.001)+(Mw0-Mw)*({MwO-Mw)>0.001)

rhot rhoFood(T, Mw, Mf, Mp, Mc, Ms, Mi, phi) [kg/m#3] kg/m?®
kt kFood(T, Tz, Mw, Mf, Mp, Mc, Ms, Mi, phi) [W/m/K] W/(m-K)
Cpt CpFood(T, Tfz, Mw, Mf, Mp, Mc, Ms, Mi) [J/kg/K] J/kg-K)
eSolid eBread(T, Mw, Mi, Ms, Mw0)

t 1= =

Description

Material inde:

Initial moistu

Fat content

Protein content

Carbohydrate content

Salt content

Porosity

Graphics
Qa@a@d Lov bkl

= )
E@Ely ~E3EH> @0v aa

X

re content

Initial freezing point (to b...

Initial liquid water content

Total solid content Messages Progress Log Table

Dynamic liquid water con...

Ice content D =~
Density

Thermal conductivity
Specific heat capacity

Dielectric constant
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D. Application user interface

Untitled.mph - Untitled

A = — =y ==
/\ J — = =5 @ &
Build Plot Start Update Create Document Mesh
Geometry mesh Results Report Setting
Physical Unit!| Mesh | Simulation ! Update Results | Report | Documentation | Advanced Settings

Home Microwave Oven | Sandwich
Food and Microwave Oven Specifications

1. Please select a microwave oven:

Customized Oven

2. Please select a food product:

Sanwich

3. Food location on oven turntable:

M At the center of the turntable?
Microwave Oven Controller
Defrosting time: 0 s
Defrosting power: 03
60

Heating time: s

Tempering time: 60 s

Microwave Heatina Simulator (V1. 2015)

Display Physical Unit
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Evaluated Parameters
Food Item Tmax Tmin Taver Mw_aver Mass loss
() (K) () (%) (%)
Top Bread 2582 2582 2582 25.15 0
Cheese 2582 2582 2582 164 0
Egg 2582 2582 2582 8303 0
Burger 2582 2582 2582 15.78 0
Bottom Bread 2582 2582 2582 25.15 0

E-field
(V/m)

0

o o o o

Electric Magnetic Field | Temperature Field | Moisture Field
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Report

A mesh has been created!

I when solved, email report to:
Expected computational time: 6 hours

E. Creation of forms and application methods to establish the connection
between the COMSOL Multiphysics solver and application user interface

/—\pp“caﬂon BUMder = pOvenSelection ™7 main = pEnableDisableProductObject = binitialCondition = pProductSelection X = fWeightloss
- =t El IR
L wian winuuw home_pane="sandwich";
4 [ Forms I EEEET LR
[ main
D home //Disable components:

7 foodandoven
7 ovencontroller
™7 foodlocation
[ topbread
D cheese
"egg
D burger
D bottombread
D microwaveoven
[ sandwich
] dispPhysicalUnit
0 Report
[ ElectricMagneticField
[ TemperatureField
™7 MoistureField
7 EvaluatedParameters
[ sandwich_topbread
D sandwich _cheese
[ sandwich_egg
D sandwich_burger
D sandwich bottombread
D GEmicrowaveoven
[ customerizedoven

|$l Events
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4 T Methods

= pOvenSelection

model . geom("geom1” ). feature("pi2").active(false);
model.geom("geoml”) . feature("pi3").active(false);
model.geom("geoml”) . feature("pida").active(false);
model.geom("geom1").feature("pis").active(false);
model.geom("geom1”).feature("pic").active(false);
model . geom(“"geoml”).run("unisel2"};

model .variable("var1").selection().set(new int[]{});
model .variable("var2").selection().set(new int[]{});
model.variable("var3").selection().set(new int[]{});
model.variable("vara").selection().set(new int[]{});
model.variable("var5").selection().set(new int[]{});

model .material("matlnk1").selection().set(new int[]{});
model .material("matlnk2").selection().set(new int[]{});
model .material("matlnk3").selection().set(new int[]{});
model .material("matlnka”).selection().set(new int[]{});
model.material("matlnks").selection().set(new int[]{});
i

switch (iProduct) {
case 1:

//5elect top bread:

model.geom("“geom1” ). feature('pi2").active(true);

= with(model.geom("geom1") . feature("pi2"));

setentry("inputexpr”, "Dtopbread”, "Dtopbread");
setentry("inputexpr”, "Htopbread", "Htopbread");
set("displ”, new String[]{"xFood", "yFood", "zFood"});
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Food and Microwave Oven Specifications Display Physical Unit Electric Magnetic Eield Temperature Field | Moisture Field
1. Please select a microwave oven: aafl urzEf @8 G aeAl LD Me @&
o ) ]
Customized Oven
2. Please select a food product:
Sanwich
. Z
3. Food location on oven turntable: y\T/'X
M At the center of the turntable?
Microwave Oven Controller Evaluated Parameters Report
I
Defrosting time: 90 S Food Item Tmax Tmin Taver Mw aver Massloss E-field A mesh has been created!
' (1) (K) (%) (%) (V/m)
03 Top Bread 2582 2582 2582 2515 0 0
Defrosting power: ™
Cheese 2582 2582 2582 164 0 0
Heating time: 60 S Egg 2582 2582 2582 8303 0 0
Burger 2582 2582 2582 1578 0 0 L When solved, email report to:
L 60
Temperlng time: S Bottom Bread 2582 2582 2582 25.15 0 0 Expected computational time: 6 hours
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Home | Microwave Oven | Sandwich
Food and Microwave Oven Spedifications Display Physical Unit Electric Magnetic Field Temperature Field | Moisture Field
1. Please select a microwave oven: el k0B @68 as aaaEM UE @&
= D
Customized Oven
272F ‘ ) -
2. Please select a food product: %Z;g — Taver_top bread (K)
- 266 — Taver_cheese (K)
Sanwich %gg / — Taver egg (K)
o z =
3. Food location on oven turntable: v.f . x 260~ Taver_burger (K)
(') = 1‘0 2‘0 — Taver_bottom bread (K)
M At the center of the turntable? Time (s)
Microwave Oven Controller Evaluated Parameters Report
BefaEie e 90 S Food Item Tmax Tmin Taver Mw aver Massloss E-field ‘:\,i, ) IEEC R ELEL B4 it 1 8
9 ‘ (K) (K) K) (%) (%) (V/m)
03 Top Bread 2745 2718 2725 4465 0 1483
Defrosting power: ™ Computation
Cheese 274 2716 2726 441 0 1057
Y e 60 . Egg 273 273 2725 4409 0 795.2
Burger 273 2714 2725 4409 0 780.6 L] When solved, email report to:
. 60
Temperlng time: S Bottom Bread 2738 2719 2726 44.09 0 1513 Expected computational time: 6 hours

A computer simulator was created on the COMSOL multiphysics to be used as a
powerful computational tool to enhance the understanding of the microwave heating
process of initially frozen sandwiches and improve the design of microwavable
sandwiches. A mathematical model was developed to describe system geometries,
physical and dielectric properties, electromagnetic transfer, heat transfer and mass
transfer. Three studies were conducted to solve the electromagnetic, heat transfer
and mass transfer sub-models, respectively. A graphic user interface (GUI) was
created using the Application Builder of the COMSOL Multiphysics 5.1for users to
provide the specifications of the microwave oven, sandwiches and process control
and visualize the simulation results. The simulator can be used to improve product
design, improve process design and operation, enhance quality and safety control
and evaluation of economics and environmental sustainability.
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