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RESEARCH ARTICLE

Computational characterization of millimetre-wave heat
exchangers with an AlN:Mo susceptor of multiple
cylindrical elements

Catherine M. Hogana, Brad W. Hoffb† , Ian M. Rittersdorfc and Vadim V.
Yakovleva

aDepartment of Mathematical Sciences, Worcester Polytechnic Institute, Worcester, MA, USA; bAir
Force Research Laboratory, Albuquerque, NM, USA; cNaval Research Laboratory, Washington,
DC, USA

ABSTRACT
A concept for a millimetre-wave (MMW) heat exchanger (HX) fea-
turing AlN:Mo ceramic composite structures as electromagnetic
absorbing elements (susceptors) has been recently introduced as
a receiving device in power beaming applications. Earlier compu-
tational studies of electromagnetic and thermal processes have
shown reasonable energy efficiency and exceptional uniformity of
MMW-induced temperature fields in a single cubic susceptor with
concentration of Mo doping on the level of 3–4% by volume. As
part of ongoing research, a MMW HX comprised of an array of
cylindrical susceptors is proposed to potentially enable increased
robustness against thermal stress and reduced manufacturing
cost. In this paper, we computationally study the effects driven by
such a change and demonstrate feasibility of the designs based
on multiple cylinders. We present the output of electromagnetic
and coupled electromagnetic-thermal simulations of a prospective
physical prototype of a HX with five cylinders on a square metal
base plate. Three alternative layouts with four, nine, and sixteen
cylindrical elements that are suggested by the highest density
packing of equal circles in a square are also analyzed. It is shown
that, in comparison with the previously studied case of a single
cubic susceptor, energy efficiency of all systems with Mo ¼ 3–4%
is down from 50–55% to 35–45%. While temperature distribution
within each individual cylinder remains highly uniform, maximum
temperatures of different cylinders may be different by up to
30–40 �C; when the angle of incidence deviates from normal, this
difference further increases: e.g. when the angle is 10

�
, in the six-

teen-cylinder system, it may reach 120–130 �C.
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1. Introduction

Beyond the traditional application areas of electromagnetic (EM) heating, such as food
engineering, chemistry and materials science, this technology is being evaluated for
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potential utility in power beaming applications (Koert and Cha 1992; Jamnejad and
Silva 2008; Sayigh 2012; Rodenbeck et al. 2021). The EM heat exchangers (HX) are used
in thermal thrusters employing EM energy to produce thrust by thermal expansion of a
compressed gas (Parkin, DiDomenico, and Culick 2004), beamed energy propulsion
(Landis 1999; Coopersmith and Davis 2016), solar thermal collectors (Jamar et al. 2016),
and wireless energy transfer (Brown and Eves 1992; Benford 2008; Mohekar et al. 2018;
Mohekar, Tilley, and Yakovlev 2019a; Mohekar, Tilley, and Yakovlev 2019b).

A new EM HX configuration has been recently introduced for ground-to-ground
millimetre-wave (MMW) power beaming applications (Jawdat et al. 2017; Hoff et al.
2018; Kumi et al. 2020a; Kumi et al. 2020b). Conceptually, it is comprised of an array
of ceramic tile-like elements affixed to a metal baseplate that contains channels with
fluid flow. The EM power of the incident wave is dissipated in the bulk of the cer-
amic elements, generating heat, and this heat is conducted from the ceramic tiles to
the attached baseplate with the fluid flowing along the channels and taking the heat
away. Theoretical studies behind this concept show a potential for high efficiency of
layered structures due to a possible resonance-based control over thermal runaway
(Mohekar, Tilley, and Yakovlev 2019b; Gaone, Tilley, and Yakovlev 2019; Mohekar,
Tilley, and Yakovlev 2020). A computer model of a MMW HX with a susceptor
made as a single rectangular block of a ceramic composite (aluminium nitride doped
with molybdenum, AlN:Mo) (Kumi et al. 2020a, 2020b) have shown elevated energy
efficiency and high level of uniformity of the MMW-induced temperature field.
However, while these results further stimulated the development of the technology,
the cost-effective production of mechanically robust AlN:Mo elements and practicality
of exploitation of the device suggest that the physical prototype of the MMW HX to
use multiple cylindrical susceptors. In this case, the pieces of the absorbing ceramic
element become separated by air gaps and a substantial part of the metal baseplate is
exposed to the incoming EM field. An extent of inevitable changes in characteristics
of the MMW HX is therefore of significant interest.

In this paper, we present computational results demonstrating feasibility of the
design of the prospective physical prototype that features five AlN:Mo cylinders on a
square metal plate. We also study three alternative layouts of the cylinders that are
suggested by the highest density packing of equal circles in a square (Goldberg 1970;
Boll et al. 2000; Maranas, Floudas, and Pardalos 1995) and possess four, nine, and
sixteen elements. We show that energy efficiency of all fours systems is an increasing
function of concentration of molybdenum doping in the composite and reaches its
highest values for Mo ¼ 3–4% by volume; however, it is lower than in the case of a
single cubic susceptor. Uniformity of temperature distribution within individual cylin-
ders is always very high, but in the systems with higher numbers of cylinders the
maximum temperatures of different cylinders may differ by 30–40 �C. It is also shown
that, despite the increased absorbing surface area in four-, nine- and sixteen-cylinder
systems, their energy efficiency is about the same as in the five-cylinder system. In
case of off-normal incidence, the surface area exposed to the MMW is further
increased, but energy efficiency remains to be about the same; however, the difference
between temperatures of different cylinders is notably larger: for example, in the six-
teen-cylinder system, it may be above 100 �C.
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2. Methodology

Computational experiments were conducted based on simulation of the EM and ther-
mal phenomena occurring in the HX with AlN:Mo cylindrical susceptors irradiated
by high-power MMW. The simulations were carried out with the 3D conformal
finite-difference time-domain (FDTD) technique implemented in QuickWaveTM

(QuickWave 1998–2020). The models employed in the present study were built as
modifications of the EM-thermal model (Kumi et al. 2020b) for a rectangular
AlN:Mo block on a metal plate. That model was verified against the model of the
same system built in COMSOL MultiphysicsTM (COMSOL Multiphysics 1998–2020).

The first model reproduces the prospective physical prototype which consists of an
array of five cylindrical susceptors standing on a thin metal plate and irradiated by a
plane wave, as shown in Figure 1. The layout specified in Figure 2 features an air gap
between the points of cylinders’ contacts that is required to accommodate thermal
expansion of the ceramic material.

Temperature-dependent EM and thermal parameters of AlN:Mo are assembled in
(Kumi et al. 2020b) as generalization and adaptation of experimental data (Hilario
et al. 2017; Hilario et al. 2019; Hoff et al. 2019a; Hoff et al. 2019b). Data on the com-
posites with six different Mo concentrations, ranging from 0.25% to 4.0% (by vol-
ume), includes dielectric constant (e0) and the loss factor (e00) (at 95GHz) as well as
specific heat (cp) and thermal conductivity (k) in the interval from 20 to 1,000 �C.
While dielectric properties are characterized by a slow linear growth with tempera-
ture, the decrease of the thermal parameters is substantial and well approximated by
polynomials of order 3 and 4. Values of density for all six materials were assumed to
be temperature independent. Typical data on all material parameters is exemplified in
Table 1.

In the coupled simulation, the EM and thermal FDTD solvers operate as parts of
an iterative procedure (Kopyt and Celuch 2007; Celuch and Kopyt 2009; Koutchma
and Yakovlev 2010; Yakovlev et al. 2011) in which a steady state solution of the EM

Figure 1. Model of the MMW HX physical prototype: five cylinders on a metal plate; normal or off-
normal plane wave incidence from the top.
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problem becomes an input for the thermal problem. The heating occurs for the time
specified in the preset heating time step Dt, after which the process returns to the
EM solver. In all subsequent runs of the EM solver, material parameters are upgraded
in every cell of the applied FDTD mesh in accordance with the temperature field out-
putted from the thermal solver. The latter determines temperature field established in
the absorbing material after each Dt; after a certain number of iterations, maximum
temperature of the process (not exceeding the maximum value in the data on tem-
perature-dependent material parameters) is reached, and the solution process stops.

In the implementation of the open scenario in a finite-size FDTD model, the sys-
tem with the cross-section in Figure 2 (with the height of the AlN:Mo cylinders
10mm and the thickness of the metal plate 1mm) is surrounded by the 28� 28 x
18mm plane wave box with the 28� 28mm face on the top responsible for excitation
of the incident plane wave. This box, in its turn, is situated inside the 34� 34 x

Figure 2. Cross-sectional geometry of the physical prototype: a¼ 24.4mm, D¼ 9.5mm, l¼ 5.4mm,
g¼ 1.0mm.

Table 1. Dielectric (at 95 GHz) and thermal properties of AlN:Mo composite at the endpoints of
the operating temperature interval (Adapted from (Kumi et al. 2020b)).

Mo (%)
Temperature

(oC)
Dielectric

constant (e0)
Loss

factor(e00)
Density

(q) (g/cm3)
Specific

heat (cp) (J/gC)

Thermal
conductivity (k)

(W/cmC)

0.25 20 8.61 0.029 3.32 0.702 1.403
1,000 9.40 0.068 1.142 0.385

0.5 20 8.76 0.036 3.33 0.704 1.242
1,000 9.54 0.085 1.142 0.425

1.0 20 9.09 0.050 3.37 0.692 1.300
1,000 9.88 0.099 1.136 0.390

2.0 20 9.96 0.120 3.44 0.681 1.375
1,000 10.94 0.198 1.129 0.349

3.0 20 11.48 0.465 3.50 0.668 1.374
1,000 12.66 0.661 1.123 0.359

4.0 20 13.45 1.167 3.57 0.658 1.345
1,000 14.73 1.559 1.124 0.362
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24mm rectangular space whose boundaries imitate the Mur superabsorbing boundary
condition (QuickWave 1998–2020).

Following the steps in (Kumi et al. 2020b), to satisfy the FDTD stability criterion
and minimize computational recourses, the model of a MMW HX irradiated by the
plane wave with the wavelength of 3.17mm is discretized with the mesh with max-
imum cell sizes of 0.29mm (in air) and from 0.075 to 0.095mm (in the ceramic com-
posite, in accordance with dielectric constants e0 related to Mo ¼ 4% (e0 ¼ 14.73)
and 0.25%, (e0 ¼ 9.54) and the highest temperature of 1,000 �C, respectively).
Therefore, depending on the Mo content, the model of the 5-cylinder system com-
prises 15.3 to 27.3 million cells (1.456 and 2.603MB RAM, respectively).

To characterize energy efficiency of the MMW heating process, following (Kumi
et al. 2020b), we calculate the parameter g ¼ Pd/P, where Pd is density of the power
dissipated in the composite susceptors and P is the power density of the incident
plane wave. Values of Pd are computed by the EM model for different concentrations
of Mo in the ceramic composite and its temperatures, and temperature is introduced
in EM simulation through the values of complex permittivity e ¼ e0 – ie00 (with
dielectric constants e0 and the loss factor e00) at particular temperatures.

As power densities, Pd and P relate to the total area of the absorbing surfaces of
the cylindrical susceptors and the area of the square metal plate carrying all the cylin-
ders, respectively. In case of a normal incidence, the absorbing surface consists of the
circular areas on the top of the cylinders, whereas in case of off normal deviation of
the incident wave it also includes the projections of the side cylindrical surfaces
exposed to the EM field onto the plane perpendicular to the direction of wave
propagation.

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

In this paper, we present simulations performed on a Window 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 GPU NVIDIA Quadro P5000
and 1 TB RAM.

The design in Figure 1 is characterized by the ratio of the absorbing ceramic sur-
face to the reflecting surface of the square metal plate being d¼ 0.598, and this
implies that this layout may be responsible for lower energy efficiency than a single
square susceptor (Kumi et al. 2020b; Rittersdorf et al. 2021) with d¼ 1. The solution
of the problem on the packing of equal circles in a square (Goldberg 1970; Boll et al.
2000; Maranas, Floudas, and Pardalos 1995) provides the highest value of d (0.785)
for four, nine, and sixteen cylinders arranged in rigorous rows and columns. This
suggests feasibility of studying the layouts of the cylindrical susceptors shown in
Figure 3 as possible alternative designs.

Similar models reproducing the cylinders’ layout of these three configurations (for
the same a¼ 24.4mm) were developed and used for a comparative computational
analysis. These models are different only in geometry of the susceptors (and are thus
of about the same size), so their details are omitted here.

22 C. M. HOGAN ET AL.



3. Computational results

3.1. Normal incidence

Simulation of EM processes in the five-cylinder system displays the highest energy
efficiency when the cylinders are made of the composite with 3.0–4.0% Mo (Figure
4(a)). This is consistent with the results for the system with a single rectangular block
(Kumi et al. 2020b) (red dots in Figure 4(a)), though here the efficiency is down
from 53–55 to 37%. We explain this drop by the decrease of the surface area of the
susceptors exposed to the plane wave.

Average values of g of the four-, nine-, and sixteen-cylinder systems also grow with con-
centration of Mo, and, in accordance with an expectation of higher efficiency of the systems
with higher d, they reach slightly higher levels � 40 to 46% for Mo¼ 3–4%. This makes the
composites with that level of Mo doping preferential (in terms of energy efficiency) for
MMW HX of all considered designs. This is also consistent with the results (represented
here by a red curve in Figure 4(a)) for the single cubic susceptor (Kumi et al. 2020b).

The EM simulation allows us to visualize the electric field in and around the
absorbing cylinders and, in particular, compare it for different Mo contents. Growth
of molybdenum concentration from 0.25 to 4% corresponds to the 1.5 times increase
of dielectric constant and the drastic (nearly 30 times) jump up of the lost factor (see
Table 1). Penetration of the field in the composite with higher contents of Mo is,
therefore, much lower, and Figure 5 shows that the magnitude of the electric field in
air between and around the cylinders is much higher in case of Mo ¼ 3% than
0.25%. For all Mo contents, formation of standing wave in the space between the cyl-
inders is also apparent whereas the field is more uniform within the cylinders with
higher concentration of Mo (and thus higher loss factor).

Another valuable output of the EM simulation is patterns of dissipated power
induced within the absorbing materials by the incident plane MMW. Computed for
the five-cylinder system with the susceptors of different concentration of Mo, those
patterns were found to be characterized by large amounts of local maxima (hot
spots). The amount and magnitudes of those maxima spread over all the cylinders,
and this suggest that, because of the high thermal conductivity of the AlN:Mo com-
posites, the material may be heated sufficiently uniformly. The profiles of those pat-
terns are qualitatively completely similar to the patterns in the MMW HX with one

Figure 3. Layouts of ceramic cylinders in the packings of equal n circles in a square for n¼ 4 (a),
n¼ 9 (b), and n¼ 16 (c) with 1mm gap between the contact points.
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single cubic block analyzed in (Kumi et al. 2020a; Kumi et al. 2020b) and, for sake of
brevity, are not presented in this paper.

Simulation of the temperature field induced in the ceramic susceptors by the inci-
dent plane MMW shows (i) the time-temperature heating characteristics and (ii) tem-
perature distributions within the absorbing (hence heated) cylinders at different time
instances. It is seen from Figure 6 that when the plane wave with incoming power
density of 357W/mm2 hits the five-cylinder system, then, in the composite with the
lowest content of Mo (0.25%), the temperature of 1,000 �C is reached for about 90 s;
however, in the system made of AlN:Mo with Mo ¼ 4%, this level is reached for
about 50 s. For every concentration, the time characteristics of minimum and max-
imum temperatures are very close to each other.

The last observation suggests that the temperature distributions within the ceramic
absorbers may be highly uniform, and this is confirmed by a series of patterns in
Figure 7 that show time evolutions of the temperature field in the susceptors made of
six composite materials. The patterns are remarkably uniform for all concentrations.
(This, in turn, justifies the assumption about uniformity of heating that was implicitly
made in computations of energy efficiency at different temperatures (Figure 8) by the
EM model.) High level of uniformity is kept up to the final stage of each heating

Figure 4. Energy efficiency g (at different temperatures of the AlN:Mo composite and average) of
the five-cylinder system (a) and the systems with four (Figure 3(a)) (b), nine (Figure 3(b)) (c), and
sixteen (Figure 3(c)) (d) cylinders as functions of contents of Mo; normal incidence (h¼ 0); red
points in (a) characterize the system with one rectangular cubic susceptor.
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Figure 5. Relative patterns of the electric field envelopes in the vertical (xz-) planes through the
five-cylinder system for different concentrations of Mo in the ceramic composite susceptors.

Figure 6. Time characteristics of minimum and maximum temperatures (Tmin and Tmax) of the
AlN:Mo susceptor of the 5-cylinder experimental system; the absorbing composite with different
concentrations of Mo (0.25 to 4%); normal incidence; incoming power density 357W/mm2.

JOURNAL OF MICROWAVE POWER AND ELECTROMAGNETIC ENERGY 25



process for each individual cylinder and is maintained for the system of all
five cylinders.

Computation of temperature patterns in the four-cylinder system (characterized by
higher ratio d¼ 0.722) shows a very similar heating process (Figure 9), but even
more consistent temperature distributions: all four cylinders are heated at about the
same rate with very similar cross-sectional patterns. Simulation of the heating in the
system with higher numbers of cylinders (n¼ 9) (Figure 10) shows that the central
cylinder is heated slightly slower such that at the final stage of heating its maximum
temperature could be lower by 40–60 �C. On the other hand, the four-cylinder system
takes the longest to reach 1,000 �C; yet, the delay is only 10 s in comparison with the
nine-cylinder system, which is the fastest.

The chief cause for this uncharacteristically homogeneous temperature distribution
generated by EM heating is a high level of thermal conductivity of AlN (Figure 11)
(Sienna Technologies 2011; Hoff et al. 2019a) that is maintained with the incremental
Mo doping. It is shown in (Kumi et al. 2020b) that in a MMW HX based on a single
AlN:Mo block dissipated power patterns characterized by dozens of strong hot spots
are converted into highly uniform temperature distributions maintaining their uni-
formity for the entire times of the heating processes. Here, in the designs based on

Figure 7. Time evolution of the temperature field in the vertical (xz-) plane through the two edge
cylinders (a) and in the central horizontal (xy-) plane through the all cylinders (b) with Mo ¼ 0.25,
… , 4.0% in the five-cylinder system; maximum values of temperature are shown on each pattern;
patterns are normalized to the minimum and maximum temperatures of the process (Scale A,
Figure 8); heating time steps in simulations are 3 (Mo ¼ 0.25 and 0.5%), 2 (Mo ¼ 1.0, 2.0, and
3.0%), and 1.5 s (Mo ¼ 4.0%); incoming power density 357W/mm2.
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Figure 7. Continued.

Figure 8. Scales for normalization of temperature fields.

Figure 9. Time evolution of the temperature field in the vertical (xz -) plane through the two
edge cylinders and in the central horizontal (xy-) plane through the all cylinders with Mo ¼ 3.0%
in the four-cylinder model; maximum values of temperature are shown on each pattern; patterns
are normalized to the minimum and maximum temperatures of the process (Scale Am Figure 8);
heating time step in simulation is 2 s; incoming power density 430W/mm2.

JOURNAL OF MICROWAVE POWER AND ELECTROMAGNETIC ENERGY 27



separately standing cylindrical absorbers, we observe a similar phenomenon for each
individual cylinder whereas the temperatures of different elements, especially for
higher n, can differ by up to 30–40 �C.

3.2. Off normal incidence

In real-life applications of MMW HXs, deviation of the plane wave from a normal
incidence is inevitable. In this case, operational characteristics of the susceptor con-
sisting of multiple cylinders are particularly difficult to predict since the area of
absorbing surface is larger than the sum of n circular areas (An) and includes por-
tions of the side surfaces of the cylinders. In this section, we present selected compu-
tational results for energy efficiency and temperature fields that allow one to assess
functionality of MMW HXs with cylindrical susceptors for the angle of incidence h
in the interval 0 < h� 15

�
.

Figure 10. Time evolution of the temperature field in the vertical (xz -) plane through the three
edge cylinders and in the central horizontal (xy-) plane through the all cylinders with Mo ¼ 3.0%
in the nine-cylinder model; maximum values of temperature are shown in each pattern; patterns
are normalized to the minimum and maximum temperatures of the process (Scale A, Figure 8);
heating time step in simulation is 2 s; incoming power density 394W/mm2.

Figure 11. Temperature characteristic of thermal conductivity for three most conductive common
ceramics – alumina, aluminium nitride, and beryllium oxide; adapted from (Sienna
Technologies 2011).
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Since determination of energy efficiency requires data on dissipated power density,
knowledge of the surface area of the cylindrical susceptors exposed to the incoming
field and seen in the plane perpendicular to the direction of propagation it required.
For the models, where the number of cylinders is a perfect square number (i.e. the
four-, nine-, and sixteen-cylinder model) this area can be found under the assump-
tion that when a circle of radius r is viewed from an angle 0 � h< 90

�
, the circle

becomes an ellipse with semi-major axes r1 ¼ r and r2 ¼ r cosh (Figure 12).
There are two scenarios to consider here: when the cylinders do not overlap one

another (i.e. when the surface area of a cylinder covers a portion of another cylinder),
and when the cylinders do overlap one another. The overlap occurs when h >

tan�1(s/h), thus, for all HXs considered in this work, h > h0 ¼ 5.7
�
(Figure 12). If

there is no overlap, the total exposed surface area is equal to the exposed surface area
of a single cylinder times n. If there is overlap, then this overlapping area must be
subtracted from the total surface area.

All in all, the total exposed surface area Aoff of the multicylinder system with
n¼ 4, 9, and 16 in case of off-normal incidence of the plane wave is given by the for-
mula

Aoff ¼ nAc �
ffiffiffi
n

p ð ffiffiffi
n

p � 1ÞA0 (1)

where

Ac ¼ Ae þ 1
2
tce,

Ae ¼ pr1r2,

Figure 12. xz-plane geometrical parameters involved in computation of the exposed surface area
in case of off-normal incidence.
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ce ¼ 2p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r21 �

r21
r22

r2 � o
2

� �2

,

s

A0 ¼ 2 As � Atð Þ,

At ¼ uv,

u ¼ 6

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r21 �

r21
r22

r2� o
2

� �2
s

v ¼ r2 � o
2

As ¼ Fðu2Þ � Fðu1Þ

u1, 2 ¼
p
2
7
u
2

u ¼ 2tan�1 u
v

F uð Þ ¼ r1r2
2

u� tan�1 ðr2�r2Þsin2u
r1þ r2 þ ðr2 � r2Þcos2u

� �

Calculation of the exposed area shows that, as seen in Figure 13, when h reaches the
value of h 0 ¼ 5.7

�
, the area is larger than the one in case of a normal incidence by

1.15 to 1.3 (depending on the values of n). Moreover, the ratio Aoff/An grows with
the further increase of h because not only the area of the absorbing surface on the
sides of the cylinders becomes larger, but also the reflecting portion of the baseplate
are now entirely shadowed. Also, it appears that an oblique incidence does not
change the trend of energy efficiency increasing with concentration of Mo (Figure
14). As in case of a normal incidence, for high values of Mo, energy efficiency is
practically temperature-independent; when Mo ¼ 3%, it exceeds the efficiency sup-
ported by composites with low Mo contents by at least 10–15%.

While these results may imply higher energy efficiencies for larger angles of devi-
ation, this effect, however, is not observed: the graphs in Figure 15 show either 1–2%
increase (four and nine cylinders), or 1% decrease (sixteen cylinders) for the compos-
ite with Mo ¼ 3%. It appears that multiple factors supporting and preventing the
increase of g with the increase of h (such as decrease of the area of reflecting metal
surface, increase of the area of absorbing composite surface, absence or presence of
the shadow shed on some cylinders by others, etc.) come to some balance.

Finally, Figures 16 and 17 present the examples of temperature patterns induced in
the four- and sixteen-cylinder systems, respectively, by the incoming field deviating
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Figure 13. Ratio of the exposed areas (oblique incidence over normal one) as function of angel of
deviation h.

Figure 14. Energy efficiency (at different temperatures of the AlN:Mo composite and average) of
the four- (a) and sixteen-cylinder systems (b) as functions of contents of Mo; off-normal inci-
dence: h¼ 10

�
.

Figure 15. Energy efficiency (average for different temperatures of the AlN:Mo composite) of three
systems with cylindrical susceptors as function of angel of deviation h for Mo ¼ 3%.
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from a normal incidence by 5 and 10
�
. It is seen that high uniformity of temperature

distribution is maintained within each individual cylinder – apparently due to a high
thermal conductivity of the AlN:Mo composite that supports quick spread of heat
throughout the cylinders. At the same time, the difference between temperatures of
different cylinders is now more significant, and this difference is larger for higher n
(e.g. up to 120 �C in the sixteen-cylinder layout). Cylinders on the right of the rows
are seen as gained the highest temperatures – apparently because the surfaces on their
right sides are exposed to the incoming field with no shadow.

Figure 16. Time evolution of the temperature field in the vertical (xz -) plane through the two
edge susceptors with Mo ¼ 3.0% in the four-cylinder model; maximum values of temperature are
included in each pattern; patterns are normalized to both Scale A and Scale B; heating time step
in simulation is 2 s; incoming power density 430W/mm2; angles of deviation h is 5

�
and 10

�
.

Figure 17. Time evolution of the temperature field in the vertical (xz -) plane through the four
edge susceptors with Mo ¼ 3.0% in the sixteen-cylinder model; maximum values of temperature
are included in each pattern; patterns are normalized to both Scale A and Scale B; heating time
step in simulation is 2 s; incoming power density 357W/mm2; angles of deviation h is 5

�
and 10

�
.

32 C. M. HOGAN ET AL.



4. Discussion and conclusion

First, of note is the material at which energy efficiency of all the considered systems
peaks. In all analyzed scenarios, the values of g is at its maximum when concentra-
tion of Mo in the composite is at the level of 3.0–4.0% Mo by volume. As the layouts
with four, nine, and sixteen cylinders were introduced due to their high densities in
the circles in a square packing problem, the densities calculated with consideration of
the 1mm gap between the cylinders turned out to be 0.722, 0.662, and 0.605, respect-
ively. For the first two systems, the density is slightly higher than in the five-cylinder
case (d¼ 0.6), but energy efficiency of all these alternative layouts appears to be of
about the same level. Compared to the case of a single cubic susceptor, energy effi-
ciency of all systems with multiple cylindrical absorbers is lower (for Mo ¼ 3%,
down to 37–45% from 50 to 55%) because the incoming plane wave now faces a por-
tion of the reflecting metal baseplate.

When comparing the systems with cylindrical susceptors to one another, all mod-
els show very high levels of uniformity of temperature distribution within individual
cylinders regardless the contents of Mo (0.25 to 4%). However, temperatures of dif-
ferent cylinders are not the same: the higher n, the larger that difference; e.g. it is up
to 40 �C in the nine-cylinder system.

Off normal incidence of the plane wave does not make a notable impact on energy
efficiency of the systems with cylindrical absorbers, at least, when the angle of devi-
ation is less than 15

�
. The oblique incidence, however, leads to the increase of the dif-

ference between maximum temperatures of the individual cylinders. For example,
when h¼ 10

�
, in the sixteen-cylinder system made of the composite with Mo ¼ 3% it

may exceed, on the level of 1,000 �C, the level of 100 �C.
Overall, the output of the computational study presented in this paper provides

support of the system design aiming to easy experimental development of the MMW
HX with AlN:Mo susceptors. Prior characterization of functionality of prospective
experimental systems through detailed modelling helps the designers narrow down
with the choice from a wide range of conflicting options and come up with physical
prototypes ready for efficient experimental development and tuning.
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