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Abstract
Purpose – The paper introduces and illustrates the use of numerical models for the simulation of
electromagnetic and thermal processes in an absorbing ceramic layer (susceptor) of a new millimeter-wave
(MMW) heat exchanger. The purpose of this study is to better understand interaction between theMMW field and
the susceptor, choose the composition of the ceramicmaterial and help design the physical prototype of the device.
Design/methodology/approach – A simplified version of the heat exchanger comprises a rectangular
block of an aluminum nitride (AlN) doped with molybdenum (Mo) that is backed by a thin metal plate and
irradiated by a plane MMW. The coupled electromagnetic-thermal problem is solved by the finite-difference
time-domain (FDTD) technique implemented in QuickWave. The FDTD model is verified by solving the
related electromagnetic problem by the finite element simulator COMSOL Multiphysics. The computation of
dissipated power and temperature is based on experimental data on temperature-dependent dielectric
constant, loss factor, specific heat and thermal conductivity of the AlN:Mo composite. The non-uniformity of
patterns of dissipated power and temperature is quantified via standard-deviation-basedmetrics.
Findings – It is shown that with the power density of the plane wave on the block’s front face of 1.0W/mm2,
at 95GHz, 10� 10� 10-mm blocks with Mo = 0.25 – 4% can be heated up to 1,000 °C for 60-100 s depending
on Mo content. The uniformity of the temperature field is exceptionally high – in the course of the heating,
temperature is evenly distributed through the entire volume and, in particular, on the back surface of the
block. The composite producing the highest level of total dissipated power is found to have Mo concentration
of approximately 3%.
Research limitations/implications – In the electromagnetic model, the heating of the AlN:Mo samples
is characterized by the volumetric patterns of density of dissipated power for the dielectric constant and the
loss factor corresponding to different temperatures of the process. The coupled model is run as an iterative
procedure in which electromagnetic and thermal material parameters are upgraded in every cell after each
heating time step; the process is then represented by a series of thermal patterns showing time evolution of the
temperature field.
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Practical implications – Determination of practical dimensions of the MMW heat exchanger and
identification of material composition of the susceptor that make operations of the device energy efficient in
the required temperature regime require and expensive experimentation. Measurement of heat distribution on
the ceramic-metal interface is a practically challenging task. The reported model is meant to be a tool assisting
in development of the concept and supporting system design of the newMMWheat exchanger.
Originality/value – While exploitation of a finite element model (e.g. in COMSOL Multiphysics
environment) of the scenario in question would require excessive computational resources, the reported
FDTDmodel shows operational capabilities of solving the coupled problem in the temperature range from 20°C
to 1,000°Cwithin a few hours on aWindows 10 workstation. Themodel is open for further development to serve
in the ongoing support of the system design aiming to ease the related experimental studies.

Keywords Multiphysics, Thermal analysis, Finite difference time-domain analysis,
Wireless power transfer, Dielectric properties

Paper type Research paper

1. Introduction
Electromagnetic (EM) heating has been commonly used in a variety of applications in food
engineering, chemistry and materials science (Datta and Anartheswaran, 2001; Willert-Porada,
2006; Feher, 2009; Leadbeater, 2010). This phenomenon is also in the core of the recently
introduced devices for solar energy collectors (Jamar et al., 2016) and microwave thermal
thrusters (Parkin et al., 2004; Komurasaki and Tabata, 2018) as well as in EM heat exchangers
(HX) for ground-to-ground millimeter-wave (MMW) power beaming applications (Komerath
and Kar, 2012; Etinger et al., 2017; Jawdat et al., 2017; Hoff et al., 2018). As the latter devices are
intended for the conversion of EM energy into heat (and subsequently into useful mechanical
work), their functionality strongly depends on the combined effects of EM, heat transfer and
fluid flow phenomena. This indicates that the interactions of the MMW field with a ceramic
element of a HX should be well understood for effectively using EM energy, controllably
heating the material and transferring heat to another medium (fluid). The design of efficient
MMW HX is therefore expected to benefit from multiphysics modeling capable of adequately
simulating all essential effects (Mohekar et al., 2018a; Mohekar et al., 2018b; Gaone et al., 2019;
Mohekar et al., 2019a; Mohekar et al., 2019b).

A new type of MMW-powered HX currently under development comprises an assembly
of ceramic tiles and a metal baseplate at their back surfaces that contains channels with
fluid flow (Figure 1). Because of dielectric losses, the EM power of the incident wave is
dissipated in the ceramic blocks, and the induced thermal field heats the attached baseplate
(and thus 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

Figure 1.
Conceptual drawing
of a section of a
MMW-powered HX
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high thermal gradients. While from some initial experiments a particular material may
appear generally suitable, determination of device’s practical dimensions and material
composition that make operations of the device energy efficient in the required temperature
regime would require extensive and expensive experimentation. Moreover, distribution of
the heat on the ceramic-metal interface is of great importance, but measurement of
temperature patterns there is a challenging task. Comprehensive modeling exploring the EM
and thermal processes with the use of appropriate model of a MMWHX and suggesting the
choice of parameters of its physical prototype is therefore in high demand.

In this paper, using EM and coupled EM-thermal modeling performed in QuickWaveTM

environment, we study the process of heating of a rectangular block of an aluminum nitride-
molybdenum composite (AlN:Mo) by a normally incident plane MMW. The back surface of the
block is attached to a thin metal plate. A variety of material compositions are considered by
analyzing the samples with different Mo concentration (by volume). The experimental data on
temperature-dependent characteristics of EM (at 95GHz) and thermal material parameters of
the specific AlN:Mo formulations are approximated and extrapolated to be used as input data
for the coupled EM-thermal simulation. In the framework of EM modeling, the heating of the
ceramic samples is characterized by the volumetric patterns of density of dissipated power for
the dielectric constant and the loss factor corresponding to different temperatures of the
process. The coupled modeling is run in the range from room temperature (20°C) 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. In this case, the process is represented by a series of temperature
patterns showing time evolution of the thermal field. All faces of the composite sample are
considered thermally insulated. The temperature fields are shown to be exceptionally uniform
for all concentrations of Mo and throughout the entire temperature range. In terms of the level
of absorbed power, the composite with Mo� 3 per cent appears to provide the highest energy
efficiency and, as such, is recommended for use in a physical prototype.

2. Computational scenario and input data
Aiming to help design the first physical prototype of a MMWHX, we report here a computer
model capable of simulating EM and EM-induced thermal processes in a single ceramic
block of the system in Figure 1 that is irradiated by a plane wave and attached to a thin
metal plate (Figure 2). the ultimate goal of the computational experiments is to determine a
composition of the composite material that absorbs maximum MMW power and, at the
same time, produces satisfactorily uniform temperature distribution on the back surface.

2.1 Ceramic composite
The concept of a MMW HX requires the absorbing ceramic to possess particularly high
thermal conductivity k (a thermal material parameter) and the loss factor « 00 (an EM

Figure 2.
3D views of the

considered
computational

scenario
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material parameter, an imaginary part of complex permittivity « = « 0 � i« 00, where « 0 is
dielectric constant). High k is expected to help disperse the heat potentially concentrated in
some areas (hot spots) because of the non-uniformity of EM heating and elevate the heat
transfer to the adjacent metal baseplate. High « 00 intends for the strong absorption of EM
energy and thus its efficient conversion into the heat.

In this work, the requirement for high thermal conductivity is responded by selecting
aluminum nitride (AlN) as a ceramic matrix. Furthermore, it was found that small doses of
Mo doping are capable of substantial (up to two orders of magnitude) increase of the loss
factor of the AlN:Mo composite (Hoff et al., 2019a, 2019b). We therefore investigate what
level of energy efficiency and heating uniformity can be achieved by examining the behavior
of the system in Figure 2 for different levels of Mo content (from 0.25 to 4 per cent by
volume) in the temperature range from 20 to 1,000 °C. (The considered ceramic composite
also contains some yttrium and trace carbon as sintering additives).

2.2 Electromagnetic material parameters
EM and thermal material parameters of ceramics are known to be temperature-dependent, so
the functionality of related devices may be fairly different at different temperatures (Ayappa
et al., 1991; Yakovlev et al., 2011; Hossan and Dutta, 2012; Kashimura et al., 2016). Temperature
characteristics of « 0 and « 00 of the considered AlN:Mo composites were obtained with a
dedicated apparatus for a free space dielectric measurement (Hilario et al., 2017; Hilario et al.,
2019; Hoff et al., 2019b) at 95GHz for temperatures T of up to 500-600°C. The measurements
were carried out for six samples withMo= 0.25, 0.5, 1.0, 2.0, 3.0 and 4.0 per cent.

It is seen from Figure 3 that experimental points for both dielectric constant and the loss
factor form almost linearly increasing functions of temperature for all Mo concentrations. As
expected, the values of « 00 go up with increase of the doping; with Mo = 4 per cent, the loss
factor is approximately 30 times higher than in the absence of the doping. However, as it
turned out, « 0 also increases with higher percentage of molybdenum content: for Mo = 4 per
cent, it is approximately 1.5 times larger compared to Mo = 0.25 per cent. This suggests that
MMW heating of the composites with different Mo contents may occur very differently
because of different distributions of the electric field.

The experimental points were interpolated to obtain linear functions approximating
temperature characteristics of dielectric constant and the loss factor for all material
compositions as follows:

Figure 3.
Measured points and
linearly
approximated
temperature
characteristics of
dielectric constant « 0

(a) and the loss factor
« 00 (b) of six AlN:Mo
samples with
different
concentrations of Mo
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« 0 ¼

0:0008T þ 8:5979 R2 ¼ 0:992ð Þ for Mo ¼ 0:25%

0:0008T þ 8:7424 R2 ¼ 0:994ð Þ for Mo ¼ 0:5%

0:0008T þ 9:0785 R2 ¼ 0:992ð Þ for Mo ¼ 1:0%

0:0010T þ 9:9373 R2 ¼ 0:995ð Þ for Mo ¼ 2:0%

0:0012T þ 11:458 R2 ¼ 0:989ð Þ for Mo ¼ 3:0%

0:0015T þ 13:681 R2 ¼ 0:996ð Þ for Mo ¼ 4:0%

8>>>>>>>>>>><
>>>>>>>>>>>:

(1)

« 00 ¼

0:00004T þ 0:0277 R2 ¼ 0:994ð Þ for Mo ¼ 0:25%

0:00005T þ 0:0353 R2 ¼ 0:998ð Þ for Mo ¼ 0:5%

0:00005T þ 0:0491 R2 ¼ 0:994ð Þ for Mo ¼ 1:0%

0:00005T þ 0:1181 R2 ¼ 0:999ð Þ for Mo ¼ 2:0%

0:0002T þ 0:4613 R2 ¼ 0:995ð Þ for Mo ¼ 3:0%

0:0004T þ 0:1589 R2 ¼ 0:999ð Þ for Mo ¼ 4:0%

8>>>>>>>>>>><
>>>>>>>>>>>:

(2)

The values of the correlation coefficient R2 in (1)-(2) show that the interpolations are indeed
very close to linear functions.

2.3 Thermal material parameters
Density r of the AlN:Mo samples with variable Mo content was measured in Hoff et al.
(2019a) by the Archimedes method using methyl ethyl ketone as the fluid. The values of r
were found to be forming a nearly linear function of Mo concentration. Using this function,
in this paper, the density values are considered as:

r
g

cm3

� �
¼

3:32 for Mo ¼ 0:25%
3:33 for Mo ¼ 0:5%

3:37 for Mo ¼ 1:0%
3:44 for Mo ¼ 2:0%

3:50 for Mo ¼ 3:0%

3:57 for Mo ¼ 4:0%

8>>>>>>>>>><
>>>>>>>>>>:

(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 1,000°C was taken from Hoff et al. (2019a), as shown
in Figure 4(a). In the referenced paper, the points were calculated, using the mixture models,
for six particular temperatures; to verify the calculations, samples of three compositions
(Mo = 0.25, 0.5, and 1.0 per cent) were measured using differential scanning calorimetry in
which uncertainty of Cp values was within 5 per cent 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.
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To obtain functions approximating characteristics of Cp for all six samples in the entire
temperature range, the experimental points in Figure 4(a) were approximated by
polynomials of order 4 as follows:

CP
J

kgK

� �
¼

�10�9T4 þ 3 � 10�6T3 �0:0033T2 þ 1:8372T þ 666:21 R2 ¼ 1:0ð Þ for Mo ¼ 0:25%

�10�9T4 þ 3 � 10�6T3 �0:0032T2 þ 1:7904T þ 669:15 R2 ¼ 1:0ð Þ for Mo ¼ 0:5%

�10�9T4 þ 3 � 10�6T3 �0:0031T2 þ 1:7621T þ 657:7 R2 ¼ 1:0ð Þ for Mo ¼ 1:0%

�10�9T4 þ 3 � 10�6T3 �0:0031T2 þ 1:7351T þ 647:3 R2 ¼ 1:0ð Þ for Mo ¼ 2:0%

�9 � 10�10T4 þ 3 � 10�6T3 �0:003T2 þ 1:6797T þ 635:99 R2 ¼ 1:0ð Þ for Mo ¼ 3:0%

�10�9T4 þ 3 � 10�6T3 �0:0031T2 þ 1:7011T þ 625:41 R2 ¼ 1:0ð Þ for Mo ¼ 4:0%

8>>>>>>>>>>><
>>>>>>>>>>>:

(4)

Data on temperature characteristics of thermal conductivity k of all six materials in the
interval from 100 to 1,000°C was also taken from Hoff et al. (2019a); the data points are
shown in Figure 4(b). In the referenced paper, the values of k were calculated (with
uncertainty estimated to be within 10 per cent) from experimental data on thermal
diffusivity, which was measured by the laser flash method. Moreover, the data points show
no strong dependence on Mo concentration, but reveal a strong decrease of thermal
conductivity with temperature.

Functions approximating characteristics of k were obtained by approximating the data
points by polynomials of orders 3 and 4 as follows:

k
W
mK

� �
¼

�3 � 10�7T3 þ 0:0006T2 � 0:4104T þ 148:26 R2 ¼ 0:997ð Þ for Mo ¼ 0:25%

�10�8T3 þ 0:0001T2 � 0:2163T þ 128:43 R2 ¼ 1:0ð Þ for Mo ¼ 0:5%

6 � 10�10T4 � 10�6T3 þ 0:0011T2 � 0:4488T þ 138:58 R2 ¼ 1:0ð Þ for Mo ¼ 1:0%

3 � 10�10T4 � 8 � 10�7T3 þ 0:0008T2 � 0:4052T þ 145:34 R2 ¼ 1:0ð Þ for Mo ¼ 2:0%

5 � 10�10T4 � 10�6T3 þ 0:001T2 � 0:466T þ 146:3 R2 ¼ 1:0ð Þ for Mo ¼ 3:0%

4 � 10�10T4 � 10�6T3 þ 0:0009T2 � 0:4006T þ 142:2 R2 ¼ 0:997ð Þ for Mo ¼ 4:0%

8>>>>>>>>>>><
>>>>>>>>>>>:

(5)

Figure 4.
Measured points and
approximated
temperature
characteristics of
specific heat Cp and
thermal conductivity
k of the AlN:Mo
sample with different
concentrations of Mo
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2.4 The model
Computations were carried out for the scenario shown in Figure 2 for the following
parameters: the AlN:Mo block: cross-sectional dimension a = 10mm and thickness t =
8-12mm; thickness of the metal plate b = 1mm; frequency of the incident plane wave f =
95GHz and the power density of incoming irradiation at the front face of the composite
block Pdin= 0.3 and 1.0W/mm2.

3. Computational techniques
3.1 Electromagnetic and thermal problems
The process of MMW heating of the AlN:Mo block with the thin metal plate adjacent to its
back surface was studied with EM and EM-thermal (coupled) models. The latter mimics the
time evolution of the MMW-induced temperature field under the determined temperature-
dependent EM and thermal material parameters. Both underlying problems are numerically
solved by a 3D finite-difference time-domain (FDTD) technique.

The models were built in the environment of the FDTD solver QuickWaveTM (QW) that
includes its thermal unit QW-BHMTM (QuickWave, 1998-2019). The procedure used for
coupling the two solvers is similar to the ones outlined in Kopyt and Celuch (2007), Celuch
and Kopyt (2009), Koutchma and Yakovlev (2010) and Yakovlev et al. (2011). The EM and
thermal 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 Dt; N steps are needed to reach maximum
temperature of the process.

The corresponding polynomial approximations (1)-(5) were used to generate the values of
« 0, « 00, Cp, and k at 20, 100, 200, . . ., 1,000°C as tabulated input data for the EM-thermal
model. The step of 100°C is selected to guarantee adequate representations of temperature
characteristics of all material parameters.

The 10� 10� 10 mmAlN:Mo block (adjacent to the 1mmmetal plate) is surrounded by
the 18 � 13 � 13 mm plane wave box with one 13 � 13 mm face responsible for sinusoidal
excitation of the incident field.

This box is situated inside the 24 � 19 � 19 mm box imitating the Mur with
superabsorption boundary condition (Mur, 1981; Yu, 2009; QuickWave, 1998-2019), as
shown in Figure 5.

To satisfy the Courant stability criterion and minimize computational resources, the
scenario is discretized with the mesh with maximum cell sizes of 0.29 (in air) and from 0.075

Figure 5.
3D views of the

structure of the model
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to 0.095mm (in the media, in accordance with dielectric constants of the composites with
Mo = 4 and 0.25 per cent, respectively). Depending on the Mo content, the model comprises
6.2-10.8 million cells (593 and 1,025MB RAM, respectively).

In this study, simulations are performed on a Windows 10 workstation with two Intel
Xeon Gold 5120 processors with a base/peak frequency of 2.2/3.2GHz (each having 14 cores
and supporting 28 threads), the GPUNVIDIAQuadro P5000 and 1 TB RAM.

The EMmodel computes patterns of density of dissipated power (Pd) that is dispersed in
the volume of the composite because of dielectric losses. These patterns are visually
identical to temperature distributions at the initial moment of heat dissipation (t = 0)
because of thermal conductivity.

The thermal problem is solved on the same mesh under Neumann (adiabatic) boundary
conditions on all (ceramic-air and ceramic-metal) interfaces.

3.2 Benchmark problem
While experimental validation is not possible et, the output of the developed FDTD model
can be compared with the one generated by another numerical solver. The results of the EM
component of the coupled FDTD model are compared to the output of a finite element (FE)
EM frequency-domain model built in COMSOL Multiphyscis (1998-2019). Application of a
COMSOL model directly to our problem of interest would require impractical computational
resources (in terms of both RAM and CPU time). For this reason, both FDTD and FE models
are applied to the structure in Figure 2 in the microwave frequency range with geometrical
and material parameters listed in Table I. The ceramic block is assumed to be made of
zirconia; its complex permittivity at 2.45GHz is taken from Yakovlev et al. (2011).

For the test problem, the mesh in the FDTD model is built with maximum 6 and 2mm
cell sizes in air and zirconia, respectively; for the ABC box of 240� 190� 190mm, this
makes the total number of cells to be 152,880. This FDTD discretization indicates the use of
more than 20 cells per wavelength. Aiming to reach high accuracy of simulation, in the FE
model for the domain of the same size, the 3D mesh of quadratic tetrahedral elements is
built under the condition of 10 elements (Salvi et al., 2010; Salvi et al., 2011) that exceeds the
FE convention of 6 elements (Langer et al., 2017); total number of elements is 288,797.

2D distributions of dissipated power in the ceramic block that are produced by both
models are shown in Figure 6. As the patterns appear nearly identical, this gives us an
additional degree of confidence in the developed FDTDmodel.

Table I.
Parameters of the
test scenario for
validation of the
FDTD model

Frequency (GHz) Power density (W/m2) Ceramic block (mm) Metal plate (mm) « 0 « 00

2.45 70.15 100� 100� 100 100� 100� 10 6.69 0.19

Figure 6.
Patterns of density of
dissipated power in
the test scenario
(Table I) along with
corresponding
maximum values
Pdmax
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3.3 Metrics of heating uniformity and energy efficiency
Sufficient homogeneity of heating of the ceramic block is one of the required features of a
MMW HX. To constructively evaluate the levels of uniformity, we use the metrics for
quantitative characterization of patterns induced by EM heating that are outlined in Moon
and Yakovlev (2018), Kumi and Yakovlev (2019). For patterns of dissipated power, which is
the output of the EM model, the metric is the ratio of the standard deviation s of the Pd
values in all FDTD cells in the block from the average value and m is the mean value of Pd:

l P ¼ s

m
(6)

In the coupled model, temperature field is computed after each EM-thermal iteration, and a
sequence of temperature patterns can be seen as representing evolution of the temperature
field in time. While each individual temperature distribution can be evaluated with formula
(6), n patterns (n#N) are necessary to characterize the process. Therefore, the temperature
uniformity in theMMWheating process can be characterized with the use of the formula:

lT ¼ 1
n

Xn
i¼1

s i

m i
(7)

where s i and m i represent the standard deviations and the means of temperature data
points in each pattern involved in the characterization, respectively.

In the present study, the uniformity of MMW heating of the AlN:Mo block is
characterized by computing l P and lT for 2D patterns of Pd and T in the XY-, XZ- and
YZ-coordinate planes. 2 D FDTD data for (6) and (7) is extracted from the dumped QW files
containing 3Dmatrices of Pd andT.

We also introduce the parameter:

h ¼ Pd

P
(8)

where Pd is the power dissipated in the composite material and P is the power carried by the
incident wave as a measure of energy efficiency of theMMWheating process.

4. Results and discussion
Typical distributions of the density of dissipated power within the AlN:Mo block are shown
in Figure 7. For T = 400 and 800°C, the patterns are computed under the assumption that
the material is heated uniformly and, therefore, the values of complex permittivity at those
temperatures are the same throughout the ceramic composite. Of particular interest is
distribution of heat on the back surface of the block; therefore, Figure 7 shows the patterns
in the last layer of the FDTD cells inside the ceramic block in the X-direction (i.e. in the
YZ-plane).

It is seen that the Pd patterns are characterized by large amounts of local maxima (hot
spots). For higher concentrations of Mo, the loss factor is higher, and the effect of attenuation
within the block is clearly observed. The amount and magnitudes of those maxima spread
over the 10 � 10mm area suggests that, because of the high thermal conductivity of the
AlN:Mo composites, the material may be heated sufficiently uniformly.
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Temperature distributions computed by the coupled model and shown in Figure 8 show the
MMW heating processes for all six AlN:Mo composites. Exceeding the anticipation
suggested by Figure 7, the patterns turn out to be remarkably uniform for all compositions
of the material. (This, in turn, justifies the assumption about uniformity of heating that was

Figure 7.
Patterns of density of
dissipated power in
the central coordinate
planes and on the
back surface of the
AlN:Mo block with
Mo = 0.25%, 1.0%
and 3.0% atT= 20
(a), 400 (b) and 800°C
(c) along with
maximum values of
the power density
(Pdmax) in each
pattern; Pdin= 1.0W/
mm2; t= 10mm
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used in computations of density of dissipated power in the EM model (Figure 7). Very high
level of uniformity of temperature patterns is illustrated by the time characteristics of
maximum and minimum temperatures in Figure 9. It is seen that the curves are almost
identical; one can notice small (5-50°C) differences between Tmax and Tmin only in the
composites with higher concentrations of Mo that are heated, because of their higher losses,
most rapidly. For the composite with lowest content of Mo (0.25 per cent), the temperature of
1,000°C is reached for�100 s; however, in the block made of AlN:Mo with Mo = 3-4 per cent,
this level is reached for 60-65 s. For lower power density of the incoming MMW field, the
heating rate is naturally much lower: when Pdin = 0.3W/mm2, the composites reach the
temperatures of 270-520°C, depending on theMo contents, after 100 s.

A special computational test with the model without the metal plate shows that in that
case the rate of heating of AlN:Mo blocks with small doping is slightly lower. This indicates
that the samples with lower loss factors may experience the effect of additional heating by
the wave reflected from the metal surface.

Quantitative characterizations of the heating patterns in Figures 7-8 are shown in
Figure 10. While it is not easy, based on a visual inspection, to sort out the distributions of
power density, formula (6) suggests that the patterns are slightly more uniform in the blocks
with higher concentrations of Mo. This may be relevant to the fact that for higher loss factor
less stronger peaks arise in the pattern throughout the block’s volume because of stronger
attenuation. Because the temperature patterns are exceptionally uniform, the values of l T
are all very low (of the order of 10�4). The increase in the curve in Figure 10(b) is consistent

Figure 8.
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%

and 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%); Pdin= 1.0W/

mm2; t= 10mm

Millimeter-
wave heat
exchanger



with small differences observed between the minimum and maximum temperatures in
Figure 9 for the composites with higher contents of Mo.

Parameter h computed for all six Mo concentrations and the two cases of absent and
present metal plate reveals a maximum energy efficiency for the AlN:Mo block with Mo
near 3 per cent (Figure 11). Each point in Figure 11 corresponds to the average value of
absorbed power over the temperatures 20, 200, 400, . . ., 1,000 °C with those
temperatures represented in the EM model via corresponding values of the composite’s
dielectric constant and the loss factor. The results in Figure 11 may be an indication
that reflection from the block with higher doping (Mo> 3 per cent) is higher than
transmission (and absorption) because of higher complex permittivity. The maximum
of h versus Mo characteristic near 3 per cent suggests that the composite with this level
of doping may be most energy efficient material for the MMW HX analyzed in this
computational study.

Figure 9.
Time evolution of
maximum and
minimum
temperatures (Tmax

andTmin) of the
MMWheated AlN:
Mo blocks with
different
concentrations of Mo
(0.25%�4%) and
power densities of the
incident wave (0.3
and 1.0W/mm2); t=
10mm

Figure 10.
Metrics of uniformity
of patterns of density
of dissipated power
(a) and temperature
(b) in Figures 7-8 as
functions of Mo
content: l P is
averaged over the
metrics calculated for
20, 400, and 800°C;
l T is averaged over
the metrics calculated
for heating after 10,
20, . . ., 70 s
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5. Conclusions
The performed computational studies allow us to make the following observations.
Overall, the AlN:Mo composite blocks look very attractive for the use in MMW HX of
the considered structure. When the plane wave carries the power density of a practical
level, 0.3-1.0W/mm2, the AlN:Mo blocks of 10� 10� 106 2mm are heated up to
1,000 C for 60-100 s, depending on the power and Mo content. While the patterns of
density of dissipated power are characterized by multiple hot spots, the sample is
heated exceptionally uniformly, and temperature is evenly distributed not only on the
back surface of the block but through the entire volume. These results may be seen as
clear evidence of a favorable choice of AlN:Mo for a susceptor material in the MMW HX
of the considered design: high loss factor and high thermal conductivity of the
composite strongly support fast and uniform heating.

While the level of uniformity is very high in samples with all concentrations of Mo, the
material with 3 per cent content appears to be absorbing the most power from the incoming
wave. Moreover, a preliminary conclusion made in production of the AlN:Mo composites
suggests that the materials with Mo at least 3 per cent are mechanically more stable and
robust. The composites of those concentrations of Mo appear to be good candidates for use
in the physical prototype of a MMW-powered heat exchanger.

In the composites with low concentrations of Mo, the present metal plate makes a more
notable impact on propagation of the MMW field in the considered composite block by
producing the reflected wave making additional contribution to the resulting temperature
field.

The developed model appears to be viable. While the development and exploitation of a
finite-element model (e.g. in COMSOL MultiphysicsTM environment) of the scenario in
question seems to be impractical, the FDTD model implemented in QuickWaveTM shows
operational capabilities of solving the coupled problem in the temperature range from 20 to
1000°C with relatively modest computational resources. The model involving up to 11
million FDTD cells, requiring up to 1 GB RAM, and using 2-5 s heating time steps in the
iterative solving of the coupled problem completes the simulation, on a Windows 10
workstation used in this study, within a few hours.

The reported EM-thermal coupled model is open for further development to serve in
ongoing support of the system design aiming to ease the related experimental studies. A
feature worth computationally studying is the effect of oblique incidence of the MMW field
on temperature profiles and efficiency of absorption. Another important scenario is the

Figure 11.
Energy efficiency of
the AlN:Mo block for
different Mo content

Millimeter-
wave heat
exchanger



block without thermal insulation. Of a particular interest is a practical operational regime of
a MMW HX in which some high temperature (reached through MMW heating of the
susceptor and heat transfer to the metal baseplate) is locked and maintained constant to
avoid overheating through a thermal sink and thus support the non-stop operation of the
device. The latter problems can be addressed through manipulations with appropriate
thermal boundary conditions.
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