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Abstract

Electromagnetic (EM) heating is applied in a wide range of areas such as food engineering, chem-

istry, and materials science. Recent developments suggest using this technology in EM heat ex-

changers for solar energy collectors, microwave thermal thrusters, and ground-to-ground millimeter-

wave (MMW) power beaming. These devices convert EM energy into usable thermal energy, relying

on the balanced interactions between EM, heat transfer, and fluid flow phenomena. This means the

interactions between the MMW field and an absorbing ceramic element of a heat exchanger need

to be well understood to develop an efficient device in which the material is controllably heated

and the heat is efficiently transferred to another medium (e.g. fluid).

In this work, we develop a computational model to simulate EM and thermal processes in

a simplified MMW heat exchanger and examine different ceramic materials to find the one that

maximizes the device’s efficiency. EM and EM-thermal coupled problems are solved by the finite-

difference time-domain (FDTD) technique (implemented in QuickWave) for a block of AlN:Mo

composite that is backed by a thin metal plate and irradiated by a MMW plane wave. Computation

is based on experimental data on temperature-dependent dielectric constant, loss factor, specific

heat, and thermal conductivity. In addition to the case of full thermal insulation of the ceramic

block (Neumann scenario), with a Dirichlet boundary condition on the surface between the metal

plate and the ceramic block, we imitate a special operational regime in which the metal plate is

maintained at a constant temperature to prevent the ceramic block from overheating.

The FDTD model is verified by solving the underlying EM problem by the finite-element sim-

ulator, COMSOLMultiphysics. It is shown that in the considered scenario with the Dirichlet

boundary condition, accuracy of the iterative FDTD solution of the coupled EM-thermal problem

strongly depends on the heating time step: maintaining a high temperature on the interface with

the metal plate triggers higher levels of non-uniformity of temperature fields and requires a smaller

time step to achieve a sufficient level of adequacy. It is shown that, at 95 GHz, 10x10x10 mm

blocks with Mo contents from 0.25 to 4% can be heated up to 1,000 C highly uniformly for 60-95s,

depending on the percentage of Mo. The composite producing the highest level of total dissipated

power in both the Neumann and Dirichlet scenarios is found to have Mo concentration around 3%;

this composite is recommended for use in the first physical prototype of a MMW heat exchanger.
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Chapter 1

Introduction

Electromagnetic (EM) heating is commonly employed in a variety of areas including food engi-

neering, chemistry, and materials science [1]–[5]. More recently the technology has been used in

microwave thermal thrusters [6][7] and EM heat exchangers (HX) for ground-to-ground millimeter-

wave (MMW) power beaming applications [8]–[11]. The latter devices convert EM energy into

useful mechanical work, with their functionality strongly depending on the combined effects of EM,

heat transfer, and fluid flow phenomena. This means that interactions of the MMW field with a

ceramic element of a HX should be well understood for effectively utilizing EM energy, controllably

heating the material, and transferring heat to another medium, such as a fluid. This makes multi-

physics modeling capable of adequately simulating all essential physical effects a favorable design

tool for an efficient MMW HX.

A new type of MMW-powered HX currently under development consists of an assembly of

ceramic tiles arranged in a rectangle with small air gaps between each to allow for expansion

during heating. The back surface of the tiles is attached to a metal baseplate containing channels

with fluid flow, as pictured in Figure 1.1. Due to dielectric losses, EM power is dissipated in the

absorbing tiles, and the induced thermal field heats the attached baseplate. This in turn heats the

fluid flowing in the channels. In an efficient device, the ceramic material used in the tiles should

possess special EM and thermal properties, such as high loss factor, high thermal conductivity, an

ability to withstand high temperatures (up to 1000-1500°C) and high thermal
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Figure 1.1: Concept of a MMW HX.

gradients. While a particular material can appear generally attractive from some initial experi-

ments, determining the device’s practical dimensions and optimal material properties needed to

ensure energy efficient operations in the desired temperature regime would require particularly ex-

tensive experimentation. Moreover, distribution of the heat on the ceramic-metal interface is very

important, but measuring temperature patterns there is a challenging task. How heat transfers

from the metal plate to the fluid depends on the material parameters, speed, and other charac-

teristics of the latter and is also difficult to predict. Thus comprehensive modeling exploring the

EM, thermal, and fluid dynamics phenomena in an appropriate model of a MMW HX is highly

desired. The recent reports [12][13] directly address this need, but these studies are focused on the

mathematical characterization of the related physical processes in idealized three-layer structures

and are not sufficiently instructive for this system’s design.

In order to fully model a MMW HX, one must solve three problems - one in electromagnetics, one

in heat transfer, and one in fluid dynamics. Because of the enormous complexity of a comprehensive

model for all three physics, it is feasible to build it in stages. Following the sequence of phenomena,

the first model is the EM one, which computes both the EM fields and dissipated power. The

second model couples the EM and heat transfer processes to investigate temperature fields. The

third model would then add fluid dynamics to include parameters of the fluid. This approach

should provide the opportunity to make sure the that first model is adequate and sufficiently

accurate before moving on to the next and help simplify a complex series of problems.

The Finite Element Method (FEM) and the Finite Difference Method (FDM) are two numerical

techniques that could be applicable to the three physics in the outlined approach. The FEM dis-
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cretizes a domain into a finite number of elements, derives governing equations for those elements,

and then solves them using matrix operations. The FDM approximates a continuous domain with

a mesh of discrete points, replacing derivatives with finite difference equations. The FEM was

adapted to electromagnetics in the 1970s and has been used successfully in the field, but it requires

a very large number of equations, demanding extensive computational resources and making pre-

diction of computational time difficult. The Finite-Difference Time-Domain (FDTD) method was

introduced specifically for solving high-frequency EM problems, approximating both the space and

time derivatives of Maxwell’s equations with the central-difference formula. Computing time for

the FDTD method is predictable and the technique is computationally less extensive compared to

the FEM, as it does not require handling huge matrices [14][15]. When solving electrically large

problems at high frequencies, FDTD appears to be more efficient and requires significantly less

computer memory/resources than the FEM [14][16], making it the more advantageous technique

for modelling the EM problem of a MMW HX. On the other hand, the FEM is a standard, powerful

option for solving thermal and fluid dynamics problems.

At the moment, no computational algorithm reported in literature can be applied directly to

all physics in the device in question. Several publications address related problems, but their

techniques are not applicable to this specific one. For instance, in [17], the authors use the FDTD

method with the heat transport equation to get wave absorption characteristics of an absorber

irradiated by an EM field, but the problem is set up in a waveguide. In [18], the authors develop

a coupled EM and thermal ODE model for microwave heating, but demonstrate its functionality

for only the 1D case, providing no evidence of practicality of the use of their model in real-life

scenarios.

In this Thesis, we address the need in CAD tools for MMW HX by starting the development of

suitable EM and EM-thermal models. We study the process of heating a rectangular block of an

aluminum nitride-molybdenum composite (AlN:Mo) by a normally incident plane MMW through

EM and coupled EM-thermal modeling using the FDTD method. The block is backed by a thin

metal plate. Six material compositions are considered by analyzing samples with different Mo

concentration (by volume), ranging from 0.25 to 4.0% Mo. Experimental data on temperature-

dependent characteristics of EM (at 95 GHz) and thermal material parameters are approximated

and extrapolated to be used as input data for the coupled EM-thermal simulation. In the framework

of EM modeling, heating of the ceramic samples is characterized by volumetric patterns of density of

dissipated power for the dielectric constant and loss factor corresponding to different temperatures

3



of the process. EM-thermal coupled modeling is run in the range from 20 to 1,000°C as an iterative

procedure in which EM and thermal material parameters are upgraded in every cell after each

heating time step; the process in this case is represented by a series of temperature patterns

showing time evolution of the thermal field.

Additionally, we benchmark the EM portion of the FDTD model by solving the problem with the

finite element method. A direct benchmarking is not possible because of the excessive computational

resources required by the FEM algorithm. Thus, the comparison is done at a lower frequency (2.45

GHz) with zirconia, whose EM and thermal material parameters at 2.45 GHz are known (in contrast

to AlN:Mo).

Two thermal boundary condition cases for the coupled FDTD model are considered in this work.

In the first case, all faces of the ceramic block have Neumann boundary conditions, imitating full

thermal insulation. In terms of homogeneity, the temperature fields are shown to be exceptionally

uniform for all concentrations of Mo and throughout the entire temperature range. We contribute

this effect to high thermal conductivity of the AlN:Mo composite. In the second case, a Dirichlet

boundary condition is applied on the surface between the ceramic block and the metal plate, with

all other faces remaining thermally insulated. The metal plate is held at some high constant

temperature, from 600 to 800°C, to prevent the ceramic block from overheating. It is shown that

after 15-20s, the temperature profiles in the AlN:Mo samples achieve equilibrium and the thermal

gradients do not exceed 60-90°C. The effect of heating time step on the accuracy of results in this

scenario is also observed, where as it does not happen in the first scenario. In terms of the level

of absorbed power, the composite with Mo ~3% appears to provide the highest energy efficiency in

both cases and, as such, is recommended for the use in a physical prototype.

While the first case is not practical in real-life applications, it is needed to see the temperature

distributions in the AlN:Mo block as functions of relevant parameters. The second case mimics an

operational regime of the MMW HX; however, the block remains thermally insulated on all but

one side, which may not be held in real-life applications. Thus, we acknowledge that further study

involving alternative thermal boundary conditions is needed to fully model the problem at hand.
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Chapter 2

Applicable Numerical Techniques

The Finite Element Method and the Finite Difference Method are the two most practical numerical

techniques in terms of accuracy, capability, and resources when it comes to solving a coupled EM-

thermal problem. This section provides a brief overview of basic principles of both methods along

with their pros and cons. The review follows the consideration of the methods in [19] and is based

on the differential equations characterizing 1D heat transfer problems.

2.1 Related principles of Finite Element Method

The Finite Element Method (FEM) is based on integral minimization of error and, in general, can

handle more complex geometries than FDM. There are three basic steps in the FEM:

1. It divides the region into many elements.

2. A solution to the differential equation is approximated for each element through interpolation

polynomials.

3. When considered together, all the elements create the finite representation of the region.

2.1.1 The Galerkin Method

The one dimensional heat conduction equation at steady state is

k
d2T

dx2
+ q̇ = 0.
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where k is the thermal conductivity, T is temperature, and q is the quantity of heat. The first

step in the finite element method is to divide the region of interest into n elements. Then the

temperature distribution can be estimated by

T (x) = T1φ1(x) + T2φ2(x) + ...+ Tn+1φn+1(x) =
n+1∑
i=1

Tiφi,

where φi(x) are functions that describe the shape of the region and Ti are temperature constants.

Since this gives an approximation to the solution, there is an error, known as the residue, which is

represented as

R = k
d2T

dx2
+ q̇.

The Galerkin method uses weighted residuals to minimize the residue by making it vanish at

each node in the mesh. The shape functions are used as the weighting functions wi(x) in the

Galerkin method and are multiplied by the residue R(x). The integral from x = 0 to x = L (the

length of the region) of this product is set to zero to make the residue vanish:

∫ L

0
w(x)R(x)dx

=

∫ L

0
φ(x)

[
− kd

2T

dx2
− q̇
]
dx

=

∫ L

0
k
dT

dx

dφ

dx
− kφdT

dx

∣∣∣L
0
−
∫ L

0
φ(x)q̇]dx = 0.

2.1.2 Boundary Conditions

With Dirichlet boundary conditions, the shape function at the boundary is set to zero. For example,

if T (x = 0) is given, φ(0) = 0:

−kφdT
dx

∣∣∣
x=0

= 0

With Neumann or Mixed boundary conditions, the term −kφdTdx
∣∣∣L
0

in the Galerkin method equation

is replaced with the corresponding heat flux and shape function. For a known heat flux at x = L:

−kdT
dx

∣∣∣
x=L

= q′′,

−kφdT
dx

∣∣∣
x=L

= φ(L)q′′,

6



and for a convection condition at x = L:

−kdT
dx

∣∣∣
x=L

= φ(L)h(T − T∞).

where h is the convection heat transfer coefficient. However, the shape function is usually set to 1

(φ(L) = 1). As noted in the derivation,

T (x) =
n+1∑
i=1

Tiφi(x),

giving the final equation:

n+1∑
i=1

Ti

[ ∫ L

0
k
dφj
dx

dφi
dx

]
− kφi

dT

dx

∣∣∣
x=0
−
∫ L

0
φiq̇dx = 0.

Therefore, the FEM approximates a differential equation through interpolation polynomials for

each element in the mesh, then solves them using matrix operations. The FEM can be used to

approximate higher-dimensional heat equations, as well as other physics equations, which can be

practical in solving the mutiphysics problem in this study.

2.2 Related principles of Finite Difference Method

The Finite Difference Method (FDM) approximates a continuous domain with a mesh of discrete

points. The key step of the method is that, based on the Taylor series expansion, it replaces the

partial derivatives and boundary conditions with finite difference approximations.

An equation formulated in terms of partial derivatives is required to apply the finite difference

method to the heat conduction equation. Let f = f(x, y) and hold y constant. Then the finite

difference approximation for ∂f
∂x can be derived as follows.

The function f can be expanded with a Taylor series as:

f(x+ ∆x, y) = f(x, y) +
∂f

∂x
(x, y)∆x+

∂2f

∂x2
(x, y)

∆x2

2
+
∂3f

∂x3
(x, y)

∆x3

6
+O(∆x4)

and

f(x−∆x, y) = f(x, y)− ∂f

∂x
(x, y)∆x+

∂2f

∂x2
(x, y)

∆x2

2
− ∂3f

∂x3
(x, y)

∆x3

6
+O(∆x4).

This yields the forward difference equation

7



∂f

∂x
(x, y) =

f(x+ ∆x, y) + f(x, y)

∆x
+O(∆x)

and backward difference equation

∂f

∂x
(x, y) =

f(x, y)− f(x−∆x, y)

∆x
+O(∆x)

respectively. Subtracting the two yields the central difference equation

∂f

∂x
(x, y) =

f(x+ ∆x, y)− f(x−∆x, y)

2∆x
+O(∆x2),

while adding them together results in the approximation for the second derivative with respect to

x

∂2f

∂x2
(x, y) =

f(x+ ∆x, y)− 2f(x, y) + f(x−∆x, y)

(∆x)2
+O(∆x)2.

All of the above expressions can also be translated for f(x, y + ∆y).

The FDM can then be applied to the transient heat conduction equation in one dimension:

∂T

∂t
= α

∂2T

∂x2
,

where

α =
k

ρCρ

is the thermal diffusivity, k is the thermal conductivity, ρ is the density, and Cρ is the heat capacity;

These parameters are assumed to be constant, and it is assumed that there are no heat generating

sources.

The rate of temperature change ∂T
∂t can be approximated with the forward finite difference

method:

∂T

∂t
=
Tn+1
i − Tni

∆t
,

and the spatial derivative ∂2T
∂x2

can be approximated with the central difference formula:

∂2T

∂x2
=
Tni+1 − 2Tni + Tni−1

(∆x)2
.

Substituting these equations into the heat conduction equation gives

8



Tn+1
i − Tni

∆t
= α(

Tni+1 − 2Tni + Tni−1
(∆x)2

),

and rearranging the terms gives the final explicit scheme:

Tn+1
i = Tni + α∆t(

Tni+1 − 2Tni + Tni−1
(∆x)2

).

Applying initial and boundary conditions and iterating until a set threshold is met will result in

an approximation of the temperature distribution at time t.

To summarize, the FDM approximates differential equations with finite difference approxima-

tions, taking a continuous domain and dividing it into discrete points. The FDM can be applied to

higher-dimensional heat equations as well as other physics equations, making it a useful candidate

for this study.

The Finite Difference and Finite Element methods both have strengths and weaknesses and

which one to use depends on the project and available computing power. In general, for modeling

electrically large scenarios (i.e., ones in which the dimensions of the object are comparable to the

wavelength in the medium), the FDM may require modest resources to calculate a solution, whereas

the FEM may be computationally intensive. On the other hand, if the goal of the modeling project is

to provide direct assistance in system design rather than to develop a mathematical characterization

of the related idealized scenario, the modeler would need to use advanced commercially available

simulators instead of attempting to build the model from the underlying differential equations, e.g.,

the ones in Sections 2.1 and 2.2.

2.3 Finite-Difference Time-Domain Technique and a Coupled

EM-Thermal Problem

In general, the EM and heat transfer problems addressed in this study are coupled as follows. The

heat transfer in a media is given by:

(ρCρ)
∂T

∂t
+ ρCρ∇T = ∇(k∇T ) +Qgen

where Qgen is the heat source associated with the power absorbed from the wave

Qgen = σeE
2 = 2πfε0ε

′′E2
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Figure 2.1: The FDTD algorithm for solving a coupled EM-thermal problem [20,21].

where σe is the electrical conductivity, f is the frequency, and E is the electric field.

Overall, in the context of the three physics involved in the operation of a MMW HX, i.e.,

electromagnetics, heat transfer, and fluid dynamics, the options are clearly reduced to the choice

of an adequate multiphysics simulator. In accordance with the reviews of available computational

tools applicable to EM heating problems [16][20][21], for modeling of EM and EM-thermal processes

(which the present study is dedicated to), the feasible choice is the 3D conformal FDTD simulator

QuickWaveTM coupled with the special thermal unit QW -BHMTM in the QuickWave package

[22].

In the QuickWav environment, there is an option for the full-wave numerical solution of two-

way coupled EM and thermal problems emerging in scenarios associated with microwave and MMW

heating. The procedure to be employed for coupling the two solvers may be similar to the ones

outlined in [15][20][23][24]. The algorithm outlined in Figure 2.1 starts by solving the EM problem

as if it occurs instantaneously due to its very small time scale (nanoseconds); the EM solution is

then used to solve the heat transfer problem in real time (seconds). The solvers operate as parts of

an iterative procedure in which a steady state solution of the EM problem becomes an input for the

thermal problem, and, in the repeated runs of the EM solver, material parameters are upgraded in

every cell in accordance with the temperature field outputted from the thermal solver. The latter

determines temperature distribution induced after each heating time step ∆t; N steps are needed

to reach the maximum temperature of the process. The cycle continues for a specified heating time.
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Chapter 3

Material Properties of a Ceramic

Susceptor

3.1 Applicable Ceramic Materials

The operational functionality of a MMW HX requires the use, as a susceptor, of a ceramic material

characterized by both high dielectric losses (to absorb much of the power of the incoming EM wave)

and high thermal conductivity (to effectively spread the generated heat through the susceptor’s

volume and transfer it to the metal baseplate). The ceramic susceptor must also have the ability to

withstand high temperatures and a significant thermal gradient in relatively small volumes. Other

important factors include low cost, commercial availability, and manufacturing capabilities for mass

production.

In the development of the MMW HX in the AFRL at Kirtland AFB, all these criteria were

accounted for when choosing the most suitable ceramic material for the susceptor. Thermal conduc-

tivity was taken as the leading criterion in choosing the ceramic matrix for the susceptor [25][26].

Multiple ceramic materials were considered, including Beryllium Oxide, Aluminum Nitride, Silicon

Carbide, Boron Nitride, and Aluminum Oxide, which all have high thermal conductivity, as shown

in Figure 3.1. Beryllium Oxide has the highest thermal conductivity, but due to its hazardous

nature it is not a feasible choice. The material with the next highest thermal conductivity is

Aluminum Nitride (AlN), which is the material chosen in the present development.
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Figure 3.1: Thermal conductivity for applicable ceramic materials [27].

In terms of the loss factor, it was also suggested that the effective dielectric losses of the susceptor

composite should be dominated by contributions from the additive material [26]. EM and thermal

material parameters of ceramic materials are known to be temperature-dependent and, as such,

they condition particular behavior of the related devices at high temperatures [24][28]–[30]. In this

context, the temperature-dependent loss factor should be as weakly exponential as possible in order

to limit the likelihood of thermal runaway [31] and to better enable optimal material performance

over a wide range of operating temperatures.

One such type of ceramic composite currently under investigation for the use in a MMW sus-

ceptor is AlN containing metallic Mo powder (AlN:Mo). In order to model a MMW HX based

on this composite and characterize its suitability for the susceptor material, the EM and thermal

properties of the material were determined for a wide range of temperatures and six concentration

of Mo: 0.25, 0.5, 1.0, 2.0, 3.0, and 4.0% (by volume).

In the following sections of this Chapter, we present experimental data for the EM and thermal

material parameters of a series of AlN:Mo samples and the processing of this data for converting

it into the input data for the EM-thermal coupled model.
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Figure 3.2: Data on measurement of dielectric constants for each concentration of Mo.

Table 3.1: Polynomial Approximations for the Dielectric Constant Values.

Mo Percent Polynomial Approximation

0.25% y = 0.0008T + 8.5979

0.5% y = 0.0008T + 8.7424

1.0% y = 0.0008T + 9.0785

2.0% y = 0.0010T + 9.9373

3.0% y = 0.0012T + 11.458

4.0% y = 0.0015T + 13.681

3.2 AlN:Mo Composite: Experimental Data on Electromagnetic

Parameters

Temperature characteristics of ε′ and ε′′ of the AlN:Mo samples were obtained with a dedicated

apparatus for a free space dielectric measurement [32, 33] at 95 GHz for temperatures T up to

500-600°C. The measurements were carried out for six samples of AlN:Mo composite with Mo =

0.25, 0.5, 1.0, 2.0, 3.0, and 4.0%. The experimental results originally reported in [34] are presented

in Figures 3.2 and 3.3.
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Figure 3.3: Data on measurement of loss factors for each concentration of Mo.

Table 3.2: Polynomial Approximations for the Loss Factor Values.

Mo Percent Polynomial Approximation

0.25% y = 0.00004T + 0.0277

0.5% y = 0.00005T + 0.0353

1.0% y = 0.00005T + 0.0491

2.0% y = 0.00005T + 0.1181

3.0% y = 0.0002T + 0.4613

4.0% y = 0.0004T + 0.1589

Table 3.3: Density of the Ceramic Materials.

Mo Concentration 0.25% 0.5% 1.0% 2.0% 3.0% 4.0%

ρ( g
cm3 ) 3.32 3.33 3.37 3.44 3.50 3.57
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Figure 3.4: Polynomial approximations for new specific heat capacity values based on experimental

data.

Table 3.4: Polynomial approximations for the updated specific heat capacity values.

Mo Percent Polynomial Approximation

0.25% y = (−1E−09)x4 + (3E−06)x3 − 0.0033x2 + 1.8372x+ 666.21

0.5% y = (−1E−09)x4 + (3E−06)x3 − 0.0032x2 + 1.7904x+ 669.15

1.0% y = (−1E−09)x4 + (3E−06)x3 − 0.0031x2 + 1.7621x+ 657.7

2.0% y = (−1E−09)x4 + (3E−06)x3 − 0.0031x2 + 1.7351x+ 647.3

3.0% y = (−9E−10)x4 + (3E−06)x3 − 0.003x2 + 1.6797x+ 635.99

4.0% y = (−1E−09)x4 + (3E−06)x3 − 0.0031x2 + 1.7011x+ 625.41

It is seen that the experimental points for both dielectric constant and the loss factor form

almost linearly increasing functions of temperature for all Mo concentrations. The values of ε′′ are

much larger for higher doping – with Mo = 4%, the loss factor is approximately 30 times higher

than in the absence of the doping. However, as it turned out, ε′ for higher percentages of Mo is

also higher – for Mo = 4%, in approximately 1.5 times, if compared to Mo = 0.25%. This suggests

that MMW heating of the composites with different Mo contents may occur very differently due to

different distributions of the electric field. Therefore, this experimental data gives us an additional

motivation for modeling the EM processes in the considered model of a MMW HX.
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Figure 3.5: Polynomial approximations for new thermal conductivity values based on experimental

data.

Table 3.5: Polynomial approximations for the updated thermal conductivity values.

Mo Percent Polynomial Approximation

0.25% y = (−3E−07)x3 + 0.0006x2 − 0.4104x+ 148.26

0.5% y = (−1E−08)x3 + 0.0001x2 − 0.2163x+ 128.43

1.0% y = (6E−10)x4 − (1E−06)x3 + 0.0011x2 − 0.4488x+ 138.58

2.0% y = (3E−10)x4 − (8E−07)x3 + 0.0008x2 − 0.4052x+ 145.34

3.0% y = (5E−10)x4 − (1E−06)x3 + 0.001x2 − 0.466x+ 146.3

4.0% y = (4E−10)x4 − (1E−06)x3 + 0.0009x2 − 0.4006x+ 142.2

The experimental points in Figures 3.2 and 3.3 were approximated using the linear functions

collected in Tables 3.1 and 3.2, respectively. Correspondence of the data to the linear functions

appear to be adequate: the R2 values for the polynomials are above 98%, indicating they are good

fits for the data.
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3.3 AlN:Mo Composite: Experimental Data on Thermal

Parameters

Density ρ of AlN:Mo samples with variable Mo content were measured in [26] by the Archimedes

method using methyl ethyl ketone as the fluid. The values of ρ were found to be a nearly linear

function of Mo concentration. Using this function, in this paper, the density values are taken as

shown in Table 3.3 and assumed to be temperature-independent.

Data on temperature characteristics of the specific heat capacity Cp of all six AlN:Mo composites

in the interval from 100 to 1000°C was taken from [26] as shown in Figure 3.4. In the referenced

paper, the points were calculated, using the mixture models, for 6 particular temperatures; to verify

the calculations, samples of three compositions (Mo = 0.25, 0.5, and 1.0%) were measured using

differential scanning calorimetry in which uncertainty of Cp values was within 5% in the interval

from 30 to 600°C. While the data points show no strong dependence on Mo concentration, it is

seen that the heat capacity significantly increases with temperature.

In order to get functions approximating characteristics of Cp for all six samples in the entire

temperature range, the experimental points in Figure 3.4 were interpolated by polynomials of order

4 as shown in Table 3.4.

Data on temperature characteristics of thermal conductivity k of all six materials in the interval

from 100 to 1000°C was also taken from [26]; the data points are shown in Figure 3.5. In the

referenced paper, the values of k were calculated (with uncertainty estimated to be within 10%)

from experimental data on thermal diffusivity, which was measured by the laser flash method. The

data points also show no strong dependence on Mo concentration, but reveal strong decrease of

thermal conductivity with temperature.

Functions approximating characteristics of k were obtained by interpolating the data points by

polynomials of orders 3 and 4 as shown in Table 3.5.
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Chapter 4

Computational Model

Aiming to help design the first physical prototype of a MMW HX, we report here a computer

model capable of simulating EM and (EM-induced) thermal processes in a single ceramic block of

the system that is irradiated by a plane wave and attached to a thin metal plate. An ultimate

goal of the computational experiments is to evaluate the applicability of an AlN:Mo composite as

a susceptor material and find the composition that absorbs maximum MMW power and, at the

same time, produces satisfactorily uniform temperature distribution on the back surface.

4.1 The FDTD Model

A model created in the QuickWave environment intends to simulate heating a single ceramic block

with a metal plate on the back surface. The height and width of the block, denoted as a in Figure

4.1, are both 10 mm, while the thickness, denoted by t, ranges from 8 to 12 mm. The thickness

of the metal plate, denoted as b, is set to 1mm. The incident field has a frequency of 95GHz,

with the power set to either 30W or 100W. Six different concentrations of Mo, 0.25%, 0.5%, 1.0%,

2.0%, 3.0%, and 4.0%, are investigated in the following computational experiments, and the heating

temperature ranges from 20 to 1000°C.

Corresponding polynomial approximations shown in Tables 3.1-3.5 are used to generate the

values of ε′, ε′′, Cp, and k at 20, 100, 200, ..., 1,000°C as tabulated input data for the coupled model.

The step of 100°C is chosen to guarantee adequate representation of temperature characteristics of

all material parameters.

To imitate the incoming plane wave and the absorbing boundary conditions making the
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Figure 4.1: Rectangular AlN:Mo susceptor with a metal plate attached to the back surface - the

scenario reproduced in the model.

Figure 4.2: EM boundary conditions in the model.

spatial domain around the ceramic and metal objects finite, the AlN:Mo block is surrounded by

the 18x13x13 mm plane wave box with one 13x13 mm face responsible for sinusoidal excitation

of the incident field. This box is situated inside the 24x19x19 mm box imitating the Mur with

superabsorption boundary condition [22] as shown in Figure 4.2.

Simulations are performed on a Windows 10 workstation with two Intel Xeon Gold 5120 proces-

sors with a base/peak frequency of 2.2/3.2 GHz (each having 14 cores and supporting 28 threads),

the GPU NVIDIA Quadro P5000, and 1 TB RAM.
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Figure 4.3: FDTD mesh in the model.

The mesh created in the model is shown in Figure 4.3; it has, depending on Mo content,

between 6.2 and 10.8 million FDTD cells and takes from 593 to 1025 MB of RAM. The mesh is

non-uniform, being more dense in the ceramic block than in the surrounding air. The maximum

cell size is 0.290mm for air and from 0.075 to 0.095mm for the AlN:Mo block, depending on the

concentration of Mo. Since the dielectric properties of the material are temperature-dependent,

the cell sizes in the block needed to be chosen in accordance with FDTD norms in order to ensure

at least 10 cells per wavelength. When temperature rises, so does ε′, meaning the wavelength in

the ceramic material shortens, which in turn would require a smaller cell size in the mesh. The

experimental data compiled from Figures 3.2 and 3.3 and listed in Table 4.1 were used to calculate

the cell sizes necessary to maintain accurate results. Those cell sizes, discretized by 10, 15, and 20

cells/wavelength, are shown in Table 4.2, with cell size calculated for 20 and 1000°C. The maximum

cell size in the mesh for the AlN:Mo block was chosen to have 11 cells/wavelength, and corresponds

to the value for 1000°C for each material.
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Table 4.1: Dielectric Properties of the Ceramic Materials at 20 and 1000 C at f = 95 GHz.

Material Temp (°C) ε′ ε′′ σ (S/m)

AlN:Mo 0.25%
20 8.61 0.0285 0.1504

1000 9.40 0.0677 0.3573

AlN:Mo 1.0%
20 9.09 0.0501 0.2644

1000 9.88 0.0991 0.5230

AlN:Mo 4.0%
20 13.45 1.1669 6.1587

1000 14.73 1.5381 8.1176

Table 4.2: Sizes of FDTD Cells (in mm) in the Model Operating at f = 95 GHz.

Cells per wavelength Air AlN 0.25% AlN 1.0% AlN 4.0%

Temp (°C) 20 1000 20 1000 20 1000

10 0.32 0.109 0.104 0.106 0.102 0.087 0.083

15 0.21 0.072 0.068 0.069 0.067 0.057 0.055

20 0.16 0.055 0.052 0.053 0.051 0.044 0.042

4.2 Input Data for the EM-Thermal Model

In order to model the EM-thermal coupled scenario, QuickWave requires seven parameters to be

inputted into a *.pmo file. The first two parameters are the full temperature range for the sim-

ulation being performed and the corresponding enthalpy at the corresponding temperatures. The

electromagnetic parameters specified are the dielectric constants and loss factors at each temper-

ature. The thermal parameters are the specific heat capacity, thermal conductivity, and density,

also for each temperature. QuickWave assumes a linear relationship to determine unknown values

for each parameter for temperatures between the ones specified in the *.pmo file. Figure 4.4 shows

the *.pmo files for each concentration of Mo.
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Figure 4.4: Input data for the FDTD coupled EM-thermal model in QuickWave for 3.0% Mo.

4.3 Thermal Boundary Conditions

In this Thesis, we consider two scenarios with different thermal boundary conditions. The first

one applies Neumann (adiabatic) conditions on all boundaries of the susceptor, i.e., on the ones

between the ceramic and air as well as between the ceramic and the metal plate. These conditions

imitate full thermal insulation of the ceramic block; they are considered in order to see the full

effect of MMW heating without any loss to the surroundings.

The second scenario applies a Dirichlet (explicit) condition on the boundary between the ceramic

block and the metal plate; all other boundaries in the system have Neumann conditions. This

scenario imitates a practical regime in operation of a MMW HX. When the temperature of the

heated ceramic block reaches a certain level, Tc, the temperature of the metal plate becomes

fixed (using some external mechanisms) and is maintained constant. In this case, the metal plate

produces a cooling effect on the block, which continues to be heated by the incoming MMW field;

in some time, the temperature in the block is expected to reach equilibrium with a non-uniform

temperature distribution throughout the volume – maximum on the front surface, minimum on the

back surface adjacent to the metal plate.

This regime is implemented in the model using special manipulations of QuickWave’s *.pm2

files (see Appendix C).
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Table 4.3: Parameters of the Test Scenario for Benchmarking of the FDTD Model.

Frequency Power Ceramic block Metal plate
ε′ ε′′

(GHz) (W) (mm) (mm)

2.45 100 100x100x100 100x100x10 6.69 0.19

4.4 Benchmarking of the FDTD Model Against a COMSOL

Model

Experimental validation of the thermal FDTD model is not currently possible, so to benchmark

the FDTD model created in the QuickWave environment, its EM output is compared to the one

produced by a finite element EM frequency-domain model built in COMSOL Multiphysics [35]. Due

to computational constraints (RAM and CPU), it is not possible directly reproduce the scenarios of

the FDTD model in COMSOL. Therefore, the FDTD and FEM models are applied to the system

in Figure 4.1 at the microwave frequency range with the parameters listed in Table 4.3.

The ceramic block is assumed to be made of zirconia; its complex permittivity at 2.45 GHz is

taken from [24]. In this test, the FDTD mesh is built with a maximum cell size of 6 and 2 mm in

air and zirconia, respectively. With the ABC box of 240x190x190 mm, the total number of cells is

152,880, meaning there are more than 11 cells per wavelength. The FDTD model only uses 15 MB

of memory.

The FEM model in COMSOL Multiphysics uses a single box for both plane wave excitation

(by the face in the yz-plane ) and for setting a finite domain around the system with an absorbing

boundary condition on its boundaries; the latter is implemented using the principles of a Perfectly

Matched Layer. The domain is the same size as that of the FDTD model. The 3D mesh of quadratic

tetrahedral elements is built under the condition of 10 elements per wavelength [36][37], exceeding

the finite element convention of 6 [38], for a total of 288,797 elements. The resulting FEM model

requires at least 11.9 GB of memory to run, which is significantly more than the FDTD model.
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Figure 4.5: Comparison of patterns of density of dissipated power: the FEM (COMSOL Multi-

physics) and FDTD (QuickWave) models.

Figure 4.6: Diagram of the visualization procedure for MATLAB.

2D patterns of dissipated power in the zirconia block that are produced by both models are

shown in Figure 4.5. The field distributions seem to be almost identical, and the maximum values

of dissipated power in the corresponding patterns are very close. These similarities provide an

additional degree of confidence about the adequacy of the developed FDTD model.

4.5 Post-Processing Data of Dissipated Power with MATLAB

For alternative visualization and quantitative characterization of patterns of dissipated power, the

output files produced during a QuickWave simulation can be post-processed in the MATLAB

environment. A special script was written to read *.fe3 files containing dissipated power data and
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(a) (b)

Figure 4.7: Examples of 2D and 3D MATLAB visualizations of dissipated power in a particular

plane of the ceramic block.

to visualize the patterns using a variety of MATLAB graphics tools. The algorithm of the visualiza-

tion process is outlined in Figure 4.6. Currently, the script produces two types of plots representing

a pattern. Examples of visualizations are shown in Figure 4.7. In addition to the graphical func-

tions, the script can also perform certain calculations with the dissipated power values. The code

is presented in Appendix A.
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Chapter 5

Thermal Processes under Full

Thermal Insulation of the AlN:Mo

Susceptor

5.1 Ceramic Block without a Metal Plate

In the first computational scenario a thin metal plate on the back surface of the ceramic block is

not present. This setup allows us to observe propagation of the MMW plane wave through the

AlN:Mo sample. Patterns of dissipated power density in the central coordinate planes and on the

back surface of the block are shown in Figure 5.1. It is seen that when an AlN:Mo block is hit by a

MMW plane wave, patterns of dissipated power in the materials, regardless of the contents of Mo,

are characterized by multiple maxima/minima. The quantity of “hot spots” spread over the area

of 10 x 10 mm size suggests that, due to high thermal conductivity in the AlN:Mo composites, the

block may be heated sufficiently uniformly.

Uniform heating of the block is another requirement for the MMW HX. Temperature fields in

the AlN:Mo block are computed with the coupled EM-thermal model. Figure 5.2 characterizes the

heating process of all six composite samples from 20 to 1000°C. It is seen that, when the power of

the incoming wave is 100 W, taking, depending on the Mo content, from 50 to 110 s, the minimum

and maximum temperatures in the block remain very close during the entire process. This indicates

a high level of uniformity of temperature throughout the block. Samples with higher concentration
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Figure 5.1: Patterns of density of dissipated power in the absence of the metal plate and full

thermal insulation of the AlN:Mo block at T = 20°C; maximum value of Pd is shown under each

pattern; power of incoming plane wave P = 100W.

Figure 5.2: True characteristics of minimum and maximum temperatures in the AlN:Mo block; no

metal plate; P = 30 and 100W.
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Figure 5.3: Total power absorbed at different temperatures of the AlN:Mo block; no metal plate;

P = 100W.

of Mo are heated faster because those composites are characterized by higher dielectric losses

(Section 3.2). When the power is 30 W, the samples are also heated very uniformly, though the

heating rate is 2-3 times lower.

Comparing the patterns in Figure 5.1 with the graphs in Figure 5.2, one can conclude that a

high level of temperature uniformity in the AlN:Mo sample is ensured by a high level of thermal

conductivity (Section 3.2) which allows the multiple ”hot spots” to spread throughout the volume.

Energy efficiency of the block is one of the requirements for the MMW-powered HX. Absorbed

power, computed as a function of Mo concentration, is shown in Figure 5.3. For higher concentra-

tions of Mo we observe less variation in absorbed power between temperatures. The block with 3%

Mo is characterized by the highest average absorbed power, indicating the highest energy efficiency.

5.2 Patterns for Dissipated Power Density

Compared to the case of no metal plate on the back surface of the AlN:Mo block (Section 5.1),

when the plate is present, distributions of dissipated power in the ceramic samples are different

because of an impact of that plate producing a reflected wave propagating back to the front surface

of the sample. Two groups of patterns computed for low (20°C) and high (800°C) temperatures of

the block are shown in Figure 5.4. The patterns look alike for the highest concentrations of Mo,

but
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(a)

(b)

Figure 5.4: Patterns of dissipated power density in the presence of the metal plate on the back

surface and with full thermal insulation of the AlN:Mo block with Mo = 0.25, 1.0, and 3.0% for

the block’s temperature of 20°C (a) and 800°C (b); P = 100 W.
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are very different for the lower concentrations; this can be explained by the presence of the reflected

wave which is more influential in the samples with lower dielectric losses. Multiple hot spots are

still spread throughout the block, indicating that there is also potential for uniform heating of the

block in this case. The back surface of the sample is characterized by a uniform distribution of hot

spots for all concentrations of Mo.

5.3 Time Evolution of Temperature Fields

Temperature fields varying in the course of heating of the AlN:Mo blocks were computed with

the use of the coupled EM-thermal model. Temperature patterns shown in Figure 5.5 represent

the process in all six AlN:Mo samples. The patterns are visualized here for the back surface of

the block, which is important for knowing temperature distribution from the viewpoint of system

design. However, since all the modeling results are 3-dimensional, temperature patterns in other

planes were also evaluated and found equally uniform.

For each concentration of Mo one can observe a very high level of spatial heating uniformity;

this phenomenon can be contributed to the elevated level of thermal conductivity of the composites.

In accordance with the data in Figure 3.5, the values of k are high for all the materials, and they

decrease synchronously with temperature for all concentrations of Mo. This makes the heating

processes in all samples (as they are shown in 5.5) very similar in terms of heating uniformity.

It is also seen that the composite block with higher concentrations of Mo is heated notably

faster: for instance, the block with Mo = 0.25% reaches the temperature of 604°C within 70 s,

whereas it takes 50 s to heat the sample with Mo = 4.0% up to 818°C. Higher dielectric losses of

the composites with higher Mo content are responsible for this behavior.

Time-temperature characteristics of the minimum and maximum temperatures in all six samples

are shown in Figure 5.6. The curves confirm the results of Figure 5.5: temperature distributions are

highly uniform at all stages of the heating process. Similarly to the case of the absent metal plate,

heating rates for the lower power (30 W) are much lower. For 100 W, the samples are heated up to

1,000°C for, depending on their concentrations of Mo, 60 to 95s. The times here are different from

the ones in Figure 5.2, and that is clearly explained by the impact of the metal plate producing

the reflected wave which contributes additional heat to the composite block.
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Figure 5.5: Temperature distributions on the back surface (YZ-plane) of the AlN:Mo block with

Mo = 0.25, 0.5, 1.0, 2.0, 3.0, and 4.0% along with maximum values of temperature (Tmax) in each

pattern. Patterns are normalized to the minimum temperature of the process (20°C); heating time

steps are 5 (Mo = 0.25 and 0.5%), 2.5 (Mo = 1.0 and 2.0%), and 2.0 s (Mo = 3.0 and 4.0%); P =

100 W; t = 10 mm.
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Figure 5.6: Time characteristics of minimum and maximum temperatures in the AlN:Mo block;

full thermal insulation; P = 30 and 100W.

5.4 Results for Total Dissipated Power

A fraction of power of the upcoming MMW that is absorbed by the AlN:Mo composite was com-

puted for different temperatures of the composite block. This computation requires EM modeling,

so temperature as a parameter of the sample was introduced through the EM material parameters

(dielectric constant ε′ and the loss factor ε′′) at particular temperatures. This approach appears

to be feasible because, as shown in Figure 5.6, the temperature distribution in the volume of the

block throughout the heating process is highly uniform; this ensures uniformity of the distribution

of material parameters throughout the volume of the sample.

The curves in Figure 5.7 suggest that, for low Mo concentrations, total absorbed power is fairly

different at different temperatures, but for high contents of Mo (3-4%), the values converge to the

maximum values for all temperatures. Accordingly, the average absorbed power for all temperatures

is also the highest for Mo~3%.

Computed data for total absorbed power allows us to evaluate energy efficiency of the considered

MMW HX and thus evaluate the operation of the system against another key characteristic of
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Figure 5.7: Total power absorbed at different temperatures of the AlN:Mo block; thin metal plate

on back surface; P = 100W.

Figure 5.8: Energy efficiency of the block with and without a metal plate.
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the device. We introduce the parameter:

η =
Pd
P
,

where Pd is the power dissipated in the ceramic material and P is the power carried by the incoming

plane wave, as a measure of energy efficiency of the heating process in the MMW HX. In Figure

5.8, we show the characteristics of η as functions of Mo content for different thicknesses of the

sample (8, 10, and 12 mm) not only with the metal plate on the back surface, but also, for the

case of t = 10 mm, in the absence of the metal plate. It is seen that with no reflected wave in the

sample, energy efficiency grows nearly linearly with the growth of concentration of Mo. However,

with the metal plate attached to the back surface, energy efficiency tends to have a maximum for

Mo around 3%.
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Chapter 6

Thermal Processes under the

Condition of Constant Temperature

on the Back Surface

The real world heat exchanger will have the ceramic blocks and metal plate heat until reaching a

desired temperature and then hold the metal plate at that temperature using some external mech-

anisms in order to prevent overheating the blocks. Mimicking, with a sufficient degree of adequacy,

such a regime in a computer model is a central goal of the initial stage of the computational study

of the MMW HX. However, there is no readily available option in the QuickWave environment

for setting and maintaining constant temperature on the metal plate in the middle of the iterative

procedure of solving the coupled EM-thermal problem.

The following approach was developed in this Thesis to resolve this issue. It appears that, due

to the uniformity of the temperature distributions in the block in the course of MMW heating, the

simulation can start at the desired high temperature Tc rather than at the initial room temperature

of the process. In this case, the iterative procedure of solving the EM-thermal coupled problem

(described in Section 4.1) can work from the very beginning with:

(a) material parameters in the input data (i.e., in the *.pmo files) corresponding to the high

temperature Tc, and

(b) an explicit (Dirichlet) thermal boundary condition setting the high constant temperature Tc

on the interface between the back surface of the AlN:Mo block and the metal plate.
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(a) (b)

Figure 6.1: Maximum temperature in the block for different heating time steps with metal plate

held at constant 700 C for 0.25% Mo and P = 100W (a); error for heating time steps with respect

to 0.01s for all concentrations (b); Mo = 0.25%, Tc = 700°C, P = 100W.

This approach was implemented in a special version of the FDTD model through the appropriate

application of QuickWave’s *.pm2 files (presented in Appendix C). Computational results in this

Chapter are obtained with the use of that version of the model.

6.1 Effect of Heating Time Step in the FDTD Model

While simulating the effect of holding the metal plate at Tc, it became apparent that the computed

temperature fields are different depending on the heating time step (HTS) ∆t. Normally, the HTS is

chosen to follow the temperature-dependent material parameters (collected in the *.pmo file, Figure

4.4) in such a way that the computed maximum temperature falls into the same temperature step

in the input data (first column in the *.pmo file) at least once. However, the HTS’s which were

sufficient in the model with a Neumann thermal boundary condition on the interface with the metal

plate resulted in notably different time-temperature characteristics of maximum temperature of the

block in this scenario.

A smaller HTS turned out to be necessary to get accurate results. Decreasing the time step

led to an eventual convergence of the maximum temperature, as shown in Figure 6.1(a) for the

composite with particular Mo concentration (0.25%) and Tc = 700°C. With the power of the
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Figure 6.2: Maximum temperature in the block for different heating time steps with full thermal

insulation for both 0.25% and 1.0% Mo at P = 100W.

incoming plane wave of 100 W, for all HTS, the maximum temperature reaches saturation after

about 15s of heating, but the levels of those saturations are remarkably different. The accurate

solution seems to correspond to a very small HTS (0.01 s) which is very computationally extensive.

In order to determine the levels of practical accuracy in the required computational study, we

computed the errors (corresponding to different HTS’s) as functions of Mo content; these charac-

teristics are shown in Figure 6.1(b). It appears that in order to get the accuracy of 5% error for

the materials with Mo > 0.25%, the HTS of 5s might be sufficient. However, for 1% error in the

sample with Mo = 1%, the HTS should be less than 2s.

It is worth emphasizing that such a strong dependency on the HTS was not observed in the

model with the Neumann thermal boundary condition, i.e., in the case of full thermal insulation

of the sample. Examples of the time-temperature characteristics of the heating processes in the

Neumann case are shown in Figure 6.2. It appears that the observed HTS effect takes place only

when the back surface of the block is kept at some constant temperature Tc. The Dirichlet boundary

condition produces non-uniform (along the x -axis) temperature distributions. For example, for Tc

= 700°C and the composite with Mo = 0.25%, the temperature gradient in equilibrium is about

60°C. This degree of non-uniformity is apparently enough to produce the observed HTS effect.
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(a)

(b)

Figure 6.3: Normalized temperature patterns in the block in the central XY-plane with metal

plate held at constant 700 C for Mo = 0.25% (a) and Mo = 3.0% (b) with P = 100W.

Figure 6.4: Maximum temperature in the block for different concentrations of Mo with metal plate

held at constant 600, 700, and 800 C for P = 100W.
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(a) (b) (c)

Figure 6.5: Maximum temperature in the block with P = 100W and metal plate held at constant

(a) 600 C (b) 700 C and (c) 800 C for all concentrations of Mo.

6.2 Time Evolution of Temperature Fields

With the accuracy of simulation not under control, the temperature distribution along the x-axis

is now illustrated in Figure 6.3 as 2D patterns visualized in two alternative modes. The patterns

show the temperature distributions in the XY-plane for two different Mo contents (0.25 and 3.0%)

over the course of 20s of heating when the metal plate is held at 700°C.

It is seen that adding the boundary condition with the constant temperature of the metal plate

causes the maximum temperature to vary in a nonlinear pattern. The maximum temperature

is established on the front surface (directly irradiated by the plane wave) whereas the minimum

temperature is maintained on the back surface (due to the temperature of the metal plate being held

constant). Figure 6.4 shows the time-temperature characteristics of the maximum temperature for

different Mo concentrations; three different values of Tc (600, 700, and 800°C) are considered. There

is less variation in temperature between materials when the plate is held at a lower temperature,

but with the metal plate at 800°C the temperature gradient does not exceed 100°C.

Figure 6.5 contains the curves derived from the results presented in Figure 6.4: maximum

temperatures of the block as functions of Mo contents for Tc = 600, 700, and 800°C. It is seen that

the composite with 1.0% of Mo is heated the slowest and has the lowest maximum temperature

while the composite with 4.0% of Mo is heated the fastest and reaches the highest temperature

overall.
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Figure 6.6: Absorbed power in the block when the plate is held at Tc = 600, 700, and 800°C with

P = 100W.

6.3 Total Dissipated Power

Power absorbed in the ceramic block was simulated to determine the most efficient concentration

of Mo. The total dissipated power remains relatively constant over time, so the average over 20s

of heating was used to determine efficiency. Computations were done with the metal plate held at

600, 700, and 800°C, as shown in Figure 6.6. While 0.25% and 0.5% Mo has the highest levels of

absorbed power for certain temperatures, 3.0% Mo has one of the highest levels of absorbed power

regardless of temperature, making it the best choice for optimal efficiency.
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Chapter 7

Conclusion

7.1 Computer Model

In this Thesis, we have undertaken the first steps in the development of CAD tools for a MMW HX.

The efficient FDTD EM and coupled EM-thermal models have been created for a simplified scenario

representing the first physical prototype of the device. That scenario consists of a single rectangular

block of an AlN:Mo composite backed by a thin metal plate and irradiated by the plane MMW at

95 GHz. Different Mo concentrations, ranging from 0.25 to 4.0%, have been considered to identify

the material composition leading to the most uniform heating and maximum energy efficiency of

the system. The models have been supplied with experimental data on temperature-dependent EM

and thermal material parameters of those AlN:Mo composites. The output of the FDTD EM model

simulating the EM field and dissipated power in a similar scenario at the microwave frequency of

2.45 GHz has been benchmarked against the output of an FEM model. Nearly identical patterns

produced by both numerical techniques have confirmed sufficient adequacy of the developed models

and their applicability in CAD of a MMW HX.

Thanks to the input data on the temperature-dependent material parameters, the EM-thermal

coupled model is capable of accurately simulating the time evolution of volumetric temperature

fields up to 1,000°C. Under the condition of full thermal insulation, the heating time step in the

iterative solving of the coupled problem is dictated by the temperature step in tabulated data on

the material parameters. However, under an explicit thermal boundary condition applied on the

interface between the ceramic block and the metal plate, the HTS is influenced by non-uniformity of

temperature distributions in the direction of wave propagation and should be chosen in accordance
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with convergence of the results on temperature. Computational time may be much longer in this

case, but can be reduced by compromising with higher computational error.

7.2 Operational Functionality of the Susceptor

The conducted computational study shows that when the incident plane wave carries a power

equal to 100 W, the 10 mm cubic AlN:Mo blocks are heated quickly and with a very high level of

uniformity. The heating rate depends on the concentration of Mo, with higher contents (ensuring

higher dielectric losses) leading to faster heating; depending on the material, the temperature of

the ceramic block takes as little as 60 to 95s to go from 20 to 1,000°C.

While all compositions of the AlN:Mo blocks are heated highly uniformly, the composite with

3-4% of Mo appears to be the most energy efficient: it absorbs the most (up to around 50-55%)

power of the incoming plane wave. In the regime with an explicit high temperature (600, 700,

800°C) maintained in the metal plate on the back surface of the block, the temperature gradient

in the materials with 3-4% of Mo reaches up to 90-100°C. These values are below the limits that

would make operations of this composite less stable and reliable, so the samples of AlN:Mo with

Mo concentrations of 3-4% can be recommended for use in the first physical prototype.

7.3 Future Computational Studies

The initial progress in the development of CAD tools for designing a MMW HX and advancing the

technology of wireless power transfer appears to be successful, and continuation of the presented

effort is highly feasible. The next steps may address the following issues:

1. The dependency of accuracy of the EM-thermal coupled simulation on the HTS in the sce-

nario with an explicit thermal boundary condition (and thus with non-uniform temperature

distributions) has never been reported before, neither for microwave, nor MMW frequency

range applications, so a special computational study aiming to find out which parameters are

particularly responsible for this effect is necessary. This can be done in the framework of a

series of dedicated computational experiments with the model developed in this Thesis.

2. The first physical prototype of the MMW HX is planned to have 16 or 20 AlN:Mo blocks

adjacent to a common metal plate. The model developed and employed in this study for a

single block can be upgraded to include several (e.g., four) of them, like in Figure 1.1, without
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prohibitive computational resources. In the presence of a common baseplate and small air

gaps between the blocks, the structure is expected to be heated differently, and the upgraded

model will reveal this difference for further investigation.

3. In practical operations, a MMW HX may work with incoming waves whose incidence is

different from normal. The effect of oblique incidence of the MMW field on temperature

profiles and efficiency of absorption can be studied with implementation in the model of a

new function defining a particular angle of orientation of the irradiating plane wave.

4. The first step in benchmarking the developed model was made in this Thesis by comparing

the results of the FDTD and FEM models only on the level of EM simulation. While the FEM

model in COMSOL Multiphysics is not practical for direct modeling of the considered MMW

scenario, it is capable of simulating EM-thermal coupling in the microwave frequency range.

The next level of benchmarking may therefore include COMSOL computations of thermal

processes in the zirconia block at 2.45 GHz. Closeness of the results from both models will

provide additional confidence in quality and accuracy of the developed FDTD model.

5. In order to generate modeling results which would be directly relevant to corresponding ex-

periments with MMW beaming, the developed model should be upgraded in terms of its

thermal boundary conditions. Practical AlN:Mo samples will inevitably be in contact with

some holders which may be responsible for a notable heat leakage. Appropriate (Robin) ther-

mal boundary conditions introduced in the model along with particular (determined through

a series of computational experiments) values of the heat transfer coefficient are expected to

mimic the case of imperfect thermal insulation and lead to more realistic results for temper-

ature fields in real-life applications of a MMW HX.
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Appendix A

MATLAB Procedure

The below MATLAB code can be used to produce visualizations of patterns of dissipated power

from output files produced during a QuickWave simulation. The feMatrix function takes a *.fe3

file as input and outputs any desired calculations as well as 2D and 3D plots of dissipated power

patterns. The feMatrix functions calls the GetfeMatrix function, which extracts the matrix of

dissipated power values from the *.fe3 files. The user can then perform calculations on the matrix

values within the feMatrix function. It also calls the PlotfeMatrix function, which produces the

visualizations of the patterns of dissipated power.
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Appendix B

*.pmo Files

Below are *.pmo files containing input data for QuickWave for AlN:Mo with 0.25, 0.5, 1.0, 2.0,

and 4.0 % Mo concentrations. Each file’s name matches the name used in QuickWave for the

corresponding material. For example, a material is defined with the name AlN+Moly1 and its

corresponding *.pmo file is named AlN+Moly1.pmo. The *.pmo files for the Dirichlet boundary

condition scenario are formatted the same way as the files pictured in Figures B.1 and B.2, but

they start at Tc, the temperature at which the metal plate is held constant. For Tc = 700°C, the

*.pmo file starts at 700°C and ends at 1000°C.
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Figure B.1: .*pmo files for the FDTD coupled EM-thermal model in QuickWave for 0.25 and 0.5%

Mo.
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Figure B.2: .*pmo files for the FDTD coupled EM-thermal model in QuickWave for 1.0, 2.0, and

4.0% Mo.
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Appendix C

*.pm2 Files

The *.pm2 file used to apply Dirichlet boundary conditions in QuickWave are shown in Figure C.1.

The lower temperature value is the starting temperature of the ceramic block, while the highest

is the maximum temperature defined in the *.pmo file. The values for Enthalpy, taken from a

material’s *.pmo file, can be defined in two different ways that produce the same results. The

first way, shown in the *.pm2 file for 0.25%, takes the Enthalpy values as they are in the *.pmo

files for the corresponding temperatures. The second way, shown in the *.pm2 file for 0.5%, sets

the Enthalpy for the lower temperature to 0 and the Enthalpy for the higher temperature to the

difference between the two Enthalpy values in the *.pmo file. The *.pm2 files are named to identify

the boundary to which they apply. The below *.pm2 files define the boundary between the ceramic

block and the air and are named in the format AlN-Moly1-700 air.pm2, where AlN-Moly1-700 is

the name of the ceramic defined in QuickWave.
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Figure C.1: *.pm2 files for the FDTD coupled EM-thermal model in QuickWave for each concen-

tration of Mo.
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