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a b s t r a c t

Microwave heating of graphite powder is the key process of a number of promising applications and
emerging technologies ranging from kiln crucibles to synthesis of graphene. However, this process is
typically studied in terms of structural parameters of the resulting products, whereas the prime electro-
magnetic and associated temperature characteristics remain insufficiently studied. In this paper, we
investigate microwave heating of graphite powder in a batch (non-resonant) and waveguide (resonant)
reactors using multiphysics (electromagnetic–thermal) modeling and experimentation. Temperature-
dependent material parameters of graphite power are determined from measurements and appropriate
physical models. Non-uniform temperature fields and their trend for relatively quick homogenization
are shown to be conditioned by high values of the loss factor and thermal conductivity. These parameters
are also found to be responsible for the effect of post-microwave heating. It is demonstrated that
processing of graphite power in a resonant reactor may be convenient for controlling the heating rate
and the level of temperature uniformity.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

As a form of pure carbon, graphite appears to be a well-studied
material, but recently, its behavior under microwave irradiation
has received special consideration in different technical areas.
The growing interest in this topic seems to be linked with the fact
that microwave heating of graphite can be found in the core of a
number of emerging methods of efficient production of graphene
and other carbon-based materials.

The extraordinary electrical, mechanical, optical, and thermal
properties of graphene have shown that this material has the
potential to revolutionize many applications, including solar cells,
lithium-ion batteries, water desalination, nanocomposites, and
medical diagnostics/sensors, to name a few [1,2]. A bottleneck for
widespread adoption of graphene-based technologies is efficient
mass production of graphene sheets, as the known methods are
still technically demanding, expensive, and not always successful
in producing graphene of desirable quality [1–3]. Chemistry cur-
rently plays an increasingly important role in the development of
practical techniques of graphene production [3–5], and there are
a number of chemical methods for generating graphene from gra-
phite and its derivatives, including techniques based on exfoliation
of graphite oxide [4,5], which appear to be scalable and afford the
possibility of high-volume production. Since the exfoliation pro-
cess is energy consuming and must be carried out at high tempera-
tures, there are reports (e.g., [6–18]) about using microwaves as an
alternative, greener and more efficient, energy source in producing
graphene.

On the other hand, known as a strong absorber of microwaves,
graphite has been also studied as a material that can be trans-
formed by microwave heating, giving rise to new materials with
tailored properties [19,20]. Other works were focused on graphite
as a material for a crucible used in kilns for hybrid microwave
heating [21], a substance assisting in microwave pyrolysis
[22,23] and in microwave carbothermal reactions [24].

The quoted papers show many examples of quite peculiar and
hardly predictable behavior of graphite-based samples (including
production of sparks or electric arc formation [20,25,26]) under
microwave irradiation, but do not outline a clear picture of micro-
wave heating of graphite as a multiphysics phenomenon. One of
the reasons for that is the deficiency of systematic studies of inter-
action of the material with microwaves in closed cavities. In most
papers dealing with microwave heating of graphite powder, the
analysis was focused on structural parameters of the resulting
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products rather than on the prime electromagnetic and associated
temperature characteristics.

In particular, to the best of the authors’ knowledge, there are no
studies focused on the process of formation and evolution of
microwave-induced temperature fields in graphite powder. For
instance, in [21], temperature of a sample heated in a microwave
oven was recorded (using a thermocouple) at a single (non-speci-
fied) point, but no underlying electromagnetic characteristics of
the microwave system were considered. In [24,25], a sample of
graphite powder was heated in a dominant-mode waveguide
applicator in positions corresponding to maxima of the electric
and magnetic fields of an empty waveguide without studying what
actually happens with the fields in the presence of the heated
material. In all these papers, intrinsic non-uniformity of microwave
heating was not addressed, as the considered graphite samples
were chosen to be very small and uniformity of heat release there
was assumed to take place. Results of computational studies of
microwave heating processes involving graphite samples [23,27]
cannot be taken with confidence since the models employed in
these works used an inadequate assumption that graphite’s loss
factor is negligible – in fact, graphite is known to be a strong micro-
wave absorber (see, e.g., [20,21,28]).

Overall, the lack of studies of the basics of heating of graphite by
microwaves results in lack of clarity about the related physical
phenomena and available options for controlling the characteris-
tics of microwave-assisted processes involving graphite and its
derivatives. Yet, understanding the features of formation of tem-
perature fields in graphite samples may be helpful in explaining
particular effects, developing applied technologies employing con-
trollable microwave heating of graphite-based materials, and
designing enlarged microwave systems for up-scaled processes.

In this paper, we report the first results in the original study of
microwave-induced temperature fields in cylindrical samples of
graphite powder. Temperature fields are considered in two distinct
(from a microwave engineering viewpoint) systems – in a waveg-
uide/traveling-wave reactor and in a small non-resonant batch
reactors, fed by a solid-state generator allowing for rigorously con-
trolling frequency and magnitude of the source. Temperature is
measured with the use of a fiber optic sensor (in different points
inside the sample) and an IR camera (on the surface of the sample).
The transient heating processes in both systems are analyzed with
the use of a multiphysics model computing 3D temperature fields
from 3D patterns of dissipated electromagnetic power; the com-
putation is done in the framework of an iterative procedure solving
the coupled electromagnetic and heat transfer problems.
Whenever possible, the model uses temperature-dependent mate-
rial parameters of graphite powder that are either determined
experimentally, or calculated from appropriate physical models.
Computations and experiments show high heating rates and
inhomogeneous distributions of dissipated microwave power that
tends to even up relatively quickly. An effect of post-microwave
heating is demonstrated and can be explained by the non-
uniformity of microwave heating and high thermal conductivity
of graphite powder. Controlling the heating rate and temperature
distribution is shown to be possible in a traveling-wave system
where the sliding shorting wall controls a regime of field
propagation.
2. Experimental system

Control of microwave heating is one of the major challenges of
microwave power engineering, and a search for some correlation
between the temperature field and electromagnetic characteristics
of the system is a crucial part of development of any efficient
microwave-assisted application. Such a search, however, may
result in a somewhat indefinite output due to the typical radiation
properties of a magnetron, a core device of all conventional sources
of microwave energy, emitting signals of a rather chaotic magni-
tude in a certain frequency band; examples of measured mag-
netron spectra can be found, e.g., in [29–31]. In order to
overcome this issue, in this study, we worked with the MiniFlow
200SS (SAIREM SAS, Neyron, France), a microwave system that
employs a solid-state generator providing precise control over
the frequency of excitation (from 2.43 to 2.47 GHz with a step size
of 0.1 MHz) and the level of microwave power (from 0 to 200 W
with a step size of 1 W).

The experiments were carried out in both reactors of the
MiniFlow set. The traveling-wave reactor (Fig. 1(a) and (d)) is built
on a bended WR430 waveguide section with an enlarged cylindri-
cal space for the sample to be processed in the system. This space is
bounded by a cylindrical Teflon tube (internal diameter 60 mm,
height 94 mm) and accessible (for measurements and visual obser-
vation) through two (vertical and horizontal) metal tubes serving,
due to their lengths and diameters, as cutoff circular waveguides
preventing leakage from the cavity. The reactor is excited through
a coax-to-waveguide transition. On the opposite end, the terminal
section contains a sliding shorting wall controlling wave prop-
agation in the system.

The batch reactor (Fig. 1(b)) consists of a small cylindrical cavity
(internal diameter 63 mm, height 46 mm) containing a concentri-
cally positioned cylindrical Teflon cup (internal diameter 23 mm,
height 67 mm) intended for holding the sample in a cylindrical
vessel which is put into the system through a cylindrical hole in
the cavity’s upper lid. Similarly, due to the large thickness of the
lid (53 mm), this hole serves as a cutoff waveguide. The cavity is
fed via a coaxial cable whose internal conductor is connected with
a metal T-shaped structure inside the cavity.

In the experiments, we worked with synthetic graphite powder
(Sigma–Aldrich Co., LLC) whose particles had diameter < 20 lm in
a Pyrex vial (internal diameter 20 mm, height 75 mm). Internal
temperature of the sample was measured by a fiber optic sensor
(Neoptix, Inc.) held, except its tip, inside a glass capillary (ID
2 mm) and placed at different heights h in the cylindrical sample
in the vial (as shown in Fig. 1(c)). Temperature on the cylindrical
surface of the sample was also recorded through the side hole
(diameter 15 mm) of the waveguide reactor (Fig. 4 (a) and (d)) with
the use of the FLIR i7 infrared camera (FLIR Systems, Inc.) capable
of monitoring the temperature field against the associated scale
which is interpreted as the available minimum and maximum
temperature within the pictured field.
3. Computational technique

Computer simulation of electromagnetic and thermal processes
in both MiniFlow reactors was carried out in accordance with the
computational scheme for an iterative solution of the electromag-
netic–thermal two-way coupled problem [32–34]. Aiming to reach
a high level of adequacy in representing microwave heating
scenarios, this advanced technique accounts for temperature-
dependent electromagnetic and thermal material parameters of
the heated material and upgrades their values in all relevant grid
cells after each heating time step. Internal structure of the reactors
was precisely reproduced in parameterized 3D models developed
for the full-wave 3D conformal finite-difference time-domain
(FDTD) simulator QuickWave ver. 2013 [35]. The internal layouts
of the reactor’s components in the models are shown in
Fig. 1(d) and (e). The computational algorithm was implemented
using the core electromagnetic solver of the QuickWave package
and its dedicated procedure for solving the heat transfer problems
– the QuickWave Basic Heating Module.



Fig. 1. MiniFlow 200SS waveguide (a) and batch (b) reactors and 3D views of their internal structure (d) and (e), respectively; position of a fiber optic sensor measuring
internal temperature of the sample (c).
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The boundary conditions for the electromagnetic portion of the
problem were applied assuming that the internal surfaces of the
reactors are made of perfect metal. The condition of thermal
insulation (Neumann boundary condition) was applied on the
external surface of the Teflon cup (containing the Pyrex vial with
graphite powder in direct contact) in the batch reactor and on
the external surface of the Pyrex vial (separated from the Teflon
cup by an air gap) in the waveguide reactor. The convective
(Robin) boundary condition was applied on the interface between
graphite and Pyrex, with the convective heat transfer coefficient,
determined by a series of computational experiments, equal to
0.05 W cm�2 K�1.

Simulations were run on a Dell T-4700 workstation (64-bit
Windows XP) with 16 GB RAM and two quad-core Intel Xeon
3.20 GHz processors. To ensure high accuracy of the solution of
the prime electromagnetic problem and minimize CPU time, the
models representing both MiniFlow reactors were discretized with
non-uniform meshes with cell sizes adjusted in accordance with
the wavelengths in the media. For both reactors, the models con-
sisted of 1.4–1.7 million cells (depending on the height of the gra-
phite sample). When solving the coupled problem, the heating
time step in the iterative process was set, depending on the heating
rate, at 0.5–3 s, and computation of temperature evolution in the
entire transient process took 40–120 min of CPU time.
Table 1
Complex permittivity of graphite powder at 2.45 GHz.

Ref. [28] This paper

Particles sizes (mm) 80 <20
Density (g/cm3) 0.215 0.249 0.256 0.276
e0 26.0 23.5 19.1 21.6
e00 10.9 12.8 14.6 27.5
4. Material parameters of graphite powder

While precise reproduction of the entire geometry of a micro-
wave system and accuracy of the applied numerical technique
can be considered necessary conditions for sensible computer sim-
ulations of microwave heating, for reasonably adequate com-
putational studies of a particular process, the developed model
should be supplied with reliable input data on temperature-
dependent media parameters of all the materials involved
[34,36]. Therefore, to mimic microwave heating of graphite pow-
der in the MiniFlow reactors, the electromagnetic and thermal
properties (i.e., dielectric constant e0, the loss factor e00, specific heat
Cp, density q, and thermal conductivity k) of Teflon, Pyrex and gra-
phite powder should be specified in the models in the considered
temperature range. For graphite powder, there is no consensus
on such a data set in literature; this section shows how these
parameters were chosen for simulations described in this paper.
4.1. Dielectric properties

Complex permittivity (e = e0 � je00) of graphite powder used in
the experiments (described in Section 2) was measured at
2.45 GHz with the use of the mode-matching technique [37]. The
powder loosely poured (i.e., not pressurized) in an open-shield
re-entrant coaxial line was measured at a room temperature; the
determined values of e0 and e00 are shown in Table 1. Comparting
these values with the data obtained in [28], but for the power of
larger particle sizes and three different densities, one can see that
for larger particles, the loss factor is lower: that can be explained
by a decreased contact area between the particles, and thus degen-
erated conditions for electrical conductivity. Also, the values of
dielectric constants are of the same order for the powders of
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smaller and larger particles. This is consistent with the observation
that electromagnetic characteristics of a waveguide system con-
taining a powder inclusion depend on the solids volume fraction
(and thus density) rather than particle sizes [38]. This suggests that
the measured values of complex permittivity can be considered
accurate.

In the absence of data on e0 and e00 at higher temperatures, in
this paper, complex permittivity of graphite powder was assumed
to be temperature independent. In accordance with [39,40], at
2.45 GHz, such related materials as graphitized carbon blacks and
expanded graphite composites have insignificant variations of e0

and e00 at temperatures below 100–120 �C. For the present first
round of computational studies, the assumption of temperature
independence was found to be reasonable and practical.

4.2. Specific heat

In determining thermal material parameters via physical mod-
els, graphite powder can be considered as a mixture of graphite
solid and air. For the specific heat of solid graphite, the tempera-
ture characteristic suggested in [41] and adopted as a standard
reference is given by the formula:

CP ¼ 4:184ð0:5421� 2:4267 � 10�6T � 90:2725T�1

� 4:3449 � 104T�2 þ 1:5931 � 107T�3 � 1:4369 � 109T�4Þ ð1Þ

where T is temperature in the interval from �23 to 2727 �C. For gra-
phite solid heated in a microwave reactor, specific heat can be seen
as a ratio of the heat absorbed by the material Q and temperature
rise DT times mass m. Assuming that graphite powder is produced
from graphite solid by adding air and that the mass of air is negligi-
ble, specific heat may be taken to be the same as that of solid gra-
phite. The temperature characteristic of specific heat for graphite
powder can thus be determined from (1); Table 2 contains a set
of values of Cp (J cm�1 C�1) calculated for temperatures in the range
from 20 to 200 �C.

4.3. Density

The true density qs of solid graphite is known to be
2.1–2.3 g/cm3 [42,43]. As graphite is a porous material, in reality
its density is less: e.g., Poco Graphite, Inc. produces polycrys-
talline graphite in the density range 1.3 6 qs 6 1.9 g/cm3. For gra-
phite powder, the apparent (or bulk) density q of the sample can
be determined from the sample’s volume and mass. For the sam-
ples in our experiments, q = 0.276 g/cm3. Apart of very high tem-
peratures of graphitization (2000 �C and above), the apparent
density does not depend on temperature, so, in this paper, q is
considered constant for the entire temperature interval from 20
to 200 �C.

4.4. Thermal conductivity

One of the issues in modeling microwave heating of graphite
and its derivatives is anisotropic thermal conductivity. While at
room temperature the values of in-plane thermal conductivity
k|| of solid highly oriented pyrolytic graphite can reach
20 W cm�1 C�1, thermal conductivity in a perpendicular direction
k\ is reported to be around 0.06 W cm�1C�1 [44,45]. Anisotropy
Table 2
Graphite powder: temperature characteristic of specific heat.

T (�C) 20 40 60 80
Cp (J cm�1 C�1)) 0.693 0.750 0.807 0.864
of the medium formed by micro- and nanoscale graphite
particles, however, is not so well studied; it appears that, in
the powder with well-mixed particles, the conditions for very
high thermal conductivity may be made available for all direc-
tions. The absence of a quantitative measure of re-orientation
of the platelets makes characterization of graphite powder in
terms of its thermal conductivity k of graphite powder a non-
trivial problem. In this paper, the value of a room-temperature
thermal conductivity of the experimental sample is determined
from direct measurement, and temperature-dependent k is found
from a suitable physical model for thermal conductivity of por-
ous materials.

As a mixture of a solid fraction and air, graphite powder may be
represented by a model for the effective thermal conductivity of a
medium made up from inclusions of one substance embedded in a
matrix of a different material; most such models are developed for
particles of different shapes (spheres, cylinders, and irregular par-
ticles) with point contacts between them [46,47]. In the Zehner–
Schlunder model [48], the interface between the fractions is
characterized by the shape factor B: when B = 0, the boundary is
reduced to the z-axis with no solid volume; when B = 1, the solid
is a sphere; finally, when B ?1, the solid occupies the entire
cylinder.

Under the assumption of the point contacts, the Zehner–
Schlunder model (thoroughly validated by diverse experimental
data and found fairly robust and accurate [46]) is limited to the
use with mixtures for which the ratio of their components’ thermal
conductivities is less than 103. This means that this model may
produce unreliable results if the solid fraction of graphite powder
is characterized by in-plane thermal conductivity – in this case, if
k||/kair > 104.

Here we compute k using the approach suggested by Hsu et al.
[46] and based on modification of the Zehner–Schlunder model
for a packed-sphere bed with finite contact areas (rather than
point contacts) between spheres. Finite-area contacts between
spheres are likely to occur due to external loads or owing to their
own weight; they also may support higher conductivity of the
embedded substance. To this end, the interface between the frac-
tions is characterized with the use of the radius of the contact
area which depends on B and the deformation factor a. The modi-
fied Zehner–Schlunder model is in a good agreement with experi-
mental data at the values of thermal conductivity ratio up to
about 104 [46].

Following Hsu et al. [46], the effective thermal conductivity of
the graphite particles/air mixture (i.e., graphite powder) can be
found from the formula:

k ¼ kair 1�
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1�u

p
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1�u

p
k

1� 1

ð1þ aBÞ2

" #(

þ 2
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1�u

p
1� kBþ ð1� kÞaB

ð1� kÞð1þ aÞB
1� kBþ ð1� kÞaB½ �2

ln
1þ aB
ð1þ aÞkB

"

� 1þ Bþ 2aB

2ð1þ aBÞ2
� B� 1

1� kBþ ð1� kÞaB½ �ð1þ aBÞ

#)
ð2Þ

where k = kair/k, ks is thermal conductivity of the solid fraction,
u = (qs – q)/(qs – qair) is the porosity of the mixture, and the shape
factor B is determined, by iterations for given values of a and u,
from the equation
100 120 140 160 180 200
0.919 0.972 1.023 1.072 1.118 1.162



Table 3
Electromagnetic and thermal material parameters used in the model.

Parameters e0 e00 Cp (J g�1 C�1) q (g cm�3) k (W cm�1 C�1)

Pyrex 4.6 0.0316 0.79 2.23 0.0110
Teflon 2.1 0.0003 1.30 2.20 0.0025
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u¼ 1� B2

ð1�BÞ6ð1þaBÞ2
B2�4Bþ3þ2ð1þaÞð1þaBÞ ln ð1þaÞB

1þaB

�

þaðB�1ÞðB2�2B�1Þ
�2

ð3Þ

where the deformation factor a can be set to 0.002 as for this
value the modified Zehner–Schlunder model was found to be
matching the experimental results at high thermal conductivity
ratios [46].

In accordance with (2) and (3), thermal conductivity of graphite
powder depends on two parameters, qs and ks, whose values are
known to be in the intervals

1:3 � qs � 1:9 g=cm3; and ð4aÞ

k?ðTÞ � ks �¼ kjjðTÞ: ð4bÞ

This means that, if combined with experimental data on k\(T)
and k||(T) [44], equations (2), (3) can be used for finding the bounds
of k(T) for any graphite powder. Corresponding characteristics
(computed with kair = 2.57 � 10�4 (W cm�1 C�1) [49]) are shown
in Fig. 2. It is seen that while the true density qs of graphite solid
makes a relatively modest impact on thermal conductivity of gra-
phite powder, an uncertainty in thermal conductivity of solid frac-
tion is critical: depending on the orientation of the graphite
platelets in a given powder (in other words, on the value of ks

between k\ and k||) there could be up to 20 times difference in
the resulting value of k.

Thermal conductivity of the experimental sample of graphite
powder at room temperature was experimentally determined
from thermal resistivity of the powder placed in a Teflon tube
between two (hot and cold) brass disks; the details of the tech-
nique can be found in [50]. The experimental value k⁄ = 0.0191
(W cm�1 C�1) turned out to be closest to the value (0.0123)
obtained from (2), (3) for maximum of ks = k||, minimum of
qs, = 1.3 g/cm3 and T = 20 �C. Some difference between the com-
puted and measured values is likely influenced by the fact that
the measurement was done with pressurized powder, in which
k is naturally expected to be higher than in the sample of loose
graphite powder that was used in microwave heating experi-
ments (Section 2). This suggests that the corresponding tempera-
ture characteristic of k (shown by the dotted curve on the top of
Fig. 2) can be taken as the input data in the related multiphysics
modeling; the resulting function can be approximated by the
linear function:

kðW cm�1 C�1Þ ¼ 0:0127� 0:00003T ð5Þ
Fig. 2. Temperature characteristics of thermal conductivity of graphite powder for
the extreme possible values of thermal conductivity of graphite solid ks.
5. Results

Here we discuss temperature (and relevant electromagnetic)
characteristics of microwave heating of graphite powder in the
MiniFlow waveguide and batch reactors; the observations are
made both from experimentation and simulation. In the model,
in accordance with standard handbook and manufacturers’ data,
all the material parameters of Teflon and Pyrex were assumed to
be temperature-independent; their numerical values are given in
Table 3.

Fig. 3 shows how microwave energy absorbed by the graphite
sample in the batch reactor depends on the sample’s height; the
energy efficiency is calculated here as the derivative of the reflec-
tion coefficient computed at the input port of the system [33,34].
One can see that the larger the sample’s volume, the more energy
is absorbed. This is consistent with the fact that the batch reactor is
a small, non-resonant cavity in which reflections and the electric
field are conditioned by the geometry of the material and its com-
plex permittivity.

Evolution of the microwave-induced temperature field in the
batch reactor can be estimated from the patterns in Fig. 4(a). The
field appears to be slightly asymmetric towards the excitation ele-
ments of the reactor and overall is characterized by the absence of
strong hot spots; the relatively spread patterns can be explained by
the high thermal conductivity of graphite powder. Since in this
computation k is specified with an intrinsic uncertainty, as the left
and right endpoints of (4a), (4b), respectively, two computational
tests were also performed for alternative values of qs and ks(T) –
for the opposite endpoints of these inequalities; the patterns pro-
duced by these computations are shown in Fig. 4(b) and (c). The
results reveal the significant influence of thermal conductivity on
the heating pattern and the heating rate: if graphite powder had
a notably lower value of k, microwave energy would be released
in strongly localized hot spots and, as the loss factor of graphite
powder is very high (Table 1), it would be released very quickly.
Fig. 3. Microwave heating of graphite powder in the MiniFlow 200SS batch reactor:
simulated energy coupling as function of the sample size; simulated for the
material parameters of the powder with qs = 1.3 g/cm3 and ks(T) = k||(T) at the initial
temperature of 20 �C.



Fig. 4. Simulated temperature fields of microwave heating (initial temperature 20 �C) visualized in the coordinate plane through the lower part of the Teflon cup containing
the Pyrex vial with graphite powder (w = 40 mm); batch MiniFlow 200SS system with 40 W microwave power at 2.45 GHz and temperature-dependent thermal conductivity
corresponding to qs = 1.3 g/cm3, ks(T) = k||(T) (a), qs = 1.9 g/cm3, ks(T) = k||(T) (b), and qs = 1.3 g/cm3, ks(T) = k\(T) (c); each set of patterns is normalized to the maximum
temperature of the last time instance of the heating process.

Fig. 5. Computed frequency characteristics of the reflection coefficient in the
MiniFlow 200SS waveguide reactor with a cylindrical sample of graphite powder
(w = 50 mm) for different positions s of the shorting wall.
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Comparison of patterns (a)–(c) also suggests that for determina-
tion of k from (2), (3) (and for its subsequent use in multiphysics
simulation) knowledge of exact value of qs, in contrast to ks(T), is
not critical: the endpoints of the interval (4a) result in somewhat
different heating rate, but the heating pattern is kept almost the
same.

Another computational test was performed in order to check
whether microwave heating of graphite powder in the batch reac-
tor depends on frequency. The dotted curves shown in Fig. 3 indi-
cate that energy efficiency of the system does not change much in
the ISM band around 2.45 GHz, so an alternation in frequency may
result only in a minor change in heating rate, but not in tempera-
ture distribution. As such, the impact of this parameter is similar to
the one made by the level of microwave power.

All the results presented above suggest that the means of control
over microwave heating of graphite powder in a small, non-resonant
batch reactor are fairly limited. In contrast to that, in the MiniFlow’s
waveguide reactor, both heating rate and heating patterns in the
given sample of graphite powder can be conveniently controlled
by one ‘‘external’’ parameter of the system. Our computational and
experimental results show that electromagnetic and thermal char-
acteristics of the reactor (including temperature distributions in
the graphite sample) are strongly influenced by the position of the
sliding shorting wall. It was found that in order to put the reflection
coefficient of the system in a deep resonance (as shown in Fig. 5), the
distance s from this wall to the Teflon window in the flange
cross-section of the terminal section (Fig. 1(a) and (d)) should be
around 90 mm. Accordingly, in the waveguide section preceding
the sample, a traveling wave is observed (Fig. 6(a)), most of the input
microwave power is absorbed by the sample, and the graphite
powder is heated quite quickly – for example, in the process whose



Fig. 6. Simulated time-average electric fields at 2.45 GHz in the xy-coordinate plane through the center of the MiniFlow 200SS waveguide system containing the Pyrex vial
with graphite powder (w = 50 mm); shorting wall at the position of s = 90 mm (a) and 105 mm (b).

Fig. 7. Simulated temperature fields of microwave heating (initial temperature 20 C) in the coordinate plane through the lower part of the Pyrex vial with graphite powder
(w = 50 mm); MiniFlow 200SS waveguide reactor with traveling (s = 90 mm) (a) and standing (s = 105 mm) (b) waves and 100 W microwave power at 2.45 GHz; temperature-
dependent thermal conductivity corresponding to qs = 1.3 g/cm3 and ks(T) = k||(T); each set of patterns is normalized to the maximum temperature of the last time instance of
the heating process.
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temperature fields are shown in Fig. 7(a), the maximum tempera-
ture of 200 �C is reached in less than 10 s. The temperature patterns
follow the distribution of the electric field, which has a higher mag-
nitude on the farther side of the cylindrical sample (Fig. 6(a)). When
changing s, the resonance is shifted away from 2.45 GHz, the
reflections significantly rise, the electric field assumes the pattern
of a standing wave (Fig. 6(b)), the sample absorbs much less micro-
wave power, the heating rate significantly drops (e.g., in accordance
with Fig. 7(b), with s = 105 mm, 90 �C is reached for as long as about
30 s), and the temperature field becomes more spread throughout
the sample (as in Fig. 7(b)) due to the role of its high thermal
conductivity.

Measurement of temperature characteristics of microwave
heating of graphite powder in both MiniFlow reactors confirms a
considerable non-uniformity of heating and also reveals an effect
of the so-called post-microwave heating. With the use of a fiber
optic sensor, temperature was measured at internal points of the
samples; an infrared camera was used to visualize temperature
distribution on the cylindrical surface facing the side hole of the
waveguide reactor. The effect is illustrated here by experimental
data obtained from three different heating scenarios.

Figs. 8 and 9 show the time–temperature characteristics at the
points located at different heights h inside the sample in the batch
and waveguide reactors, respectively. All the curves indicate that
temperatures at the measured points continue to grow after shut-
ting down the microwave generator – in our experiments, for 2–
60 s depending on the level of microwave power, duration of
microwave heating, and location of the point. It is also seen from
Fig. 10 that the duration of post-microwave heating depends on
the rate of microwave heating; the latter can be controlled, as
mentioned above, by the position s of the shorting wall in the
waveguide reactor. The effect can be explained by the strong
non-uniformity of microwave heating at a high rate and a
significant subsequent heat diffusion from overheated areas to
the underheated ones, due to the high thermal conductivity of
graphite powder.

This interpretation of post-microwave heating as of thermal
relaxation is well consistent with the time evolution of tempera-
ture fields revealed by the simulation (Figs. 4 and 7), but it does
not fully explain the shapes of all measured characteristics: it is
seen that the rate of post-microwave heating may be higher at
the points of high microwave-induced temperatures. We believe
that in these cases additional heat is generated by better access
of near-surface particles to oxygen. Indeed, volatile reaction prod-
ucts of carbon monoxide and carbon dioxide are known to be
formed at all temperatures above 25 �C [51], and they are thus



Fig. 8. Temperature evolution in different positions h along the axis (a) and near the wall (b) of the cylindrical sample (diameter 20 mm, height 38 mm) of graphite powder in
the Pyrex vial (outer diameter 23 mm, height 74 mm); MiniFlow 200SS batch reactor; incident microwave power (40 W, 2.45 GHz) is applied for 20 s.

Fig. 9. Temperature evolution in different positions h along the axis of the cylindrical sample (diameter 20 mm, height 20 mm (a) and 50 mm (b)) of graphite powder in the
Pyrex vial (outer diameter 23 mm, height 74 mm); MiniFlow 200SS traveling-wave reactor with s = 104 mm; incident microwave power (100 W, 2.45 GHz) is applied for 30 s;
reflected power is measured and simulated and presented in the ranges on the scale from 0 to 100 W (b).

Fig. 10. Instantaneous (non-normalized) thermal images of the central section of the sample of graphite powder as seen through the side hole of the MiniFlow’s waveguide
reactor (Fig. 4(a) and (d)) when heating the sample (w = 20 mm) by 100 W of microwave power; heating time 30 s, s = 85 mm (a) and 100 mm (b).
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likely to form in the course of microwave heating of graphite pow-
der, especially, in the upper part of the cylindrical sample, as illus-
trated by the top curves in Fig. 9(a) and (b).

For the scenario with the 50 mm sample in the waveguide reac-
tor, the reflected power was both measured and simulated; the
resulting ranges are highlighted in Fig. 9(b). Given the intrinsic
uncertainty in characterization of material parameters of graphite
powder in the model, the presented level of closeness of the
experimental and modeling results can be considered satisfactory.
Since the same electromagnetic model (running merely with an
alternative (sinusoidal rather than pulse) excitation) was involved
in the multiphysics simulations, one can suggest that the reported
above computational results on the evolution of microwave-
induced temperature fields may quite adequately represent the
actual thermal characteristics of microwave heating of graphite
powder in the considered batch and waveguide reactors. This sug-
gestion is directly supported by a full consistency of the IR thermal
images in Fig. 10 (showing the transient temperature distribution
on the surface of the central section of the sample in the waveguide
reactor) and the simulated (for a similar scenario) patterns in
Fig. 7: temperature distributions in both cases are relatively spread
and conditioned by the regime of wave propagation which, in its
turn, is controlled by the position of the shorting wall in the reac-
tor’s terminal section.
6. Discussion and conclusion

The results in the previous sections show that the principal dif-
ficulty in modeling microwave heating of graphite power comes
from the lack of precision in specification of complex permittivity
and thermal conductivity. Both characteristics depend on particle
size and density; in the former, the loss factor is very high; thermal
conductivity of the solids fraction of the powder is strongly aniso-
tropic. All that make both measurement and computation (via
appropriate physical models) of these parameters quite tricky.
Yet, despite the intrinsic uncertainty in characterization of e and
k, the proposed model, as evidenced from the comparison of simu-
lated and measured temperature fields (Figs. 7 and 10) and
reflected power (Fig. 9(b)), appears to be capable of computing
evolution of microwave-induced temperature fields with a reason-
able accuracy.

Both the loss factor and thermal conductivity are seen to be
critical parameters in the formation of a relatively uniform tem-
perature field: if the heating rate is not very high (e.g., due to an
elevated level of reflections from the reactor), heat diffusion makes
a strong impact on the temperature fields by spreading the heat
from the hot spots to the areas with lower temperature. These fea-
tures are expected to impact the characteristics of different micro-
wave heating scenarios with graphite powder and should be
carefully addressed in future works.

Since it is technically challenging to experimentally study
microwave-induced temperature fields inside graphite powder
(as well as other products containing graphite and its derivatives),
sufficiently accurate computer models monitoring 3D tempera-
ture fields in the course of virtual experimentation appear to be
very attractive. The value of such a modeling tool would be even
higher for larger samples in larger reactors operating, in contrast
to the considered MiniFlow reactors, on their higher modes with
multiple minima/maxima of the electric field. The electromag-
netic modeling technique used in the present study is proved to
be (i) fully capable of accurately handling high modes of arbitrar-
ily-shaped closed microwave systems and (ii) advantageous in
solving in multiphysics modeling in microwave power engineer-
ing [32–34]. However, as seen from the results of this paper, for
more precise computations, the electromagnetic–thermal model
should also be coupled with a solver accounting for exothermic
chemical reactions (in this case, oxidation) as a source of an addi-
tional heat.

Our results also demonstrate that, due to the high values of the
loss factor and thermal conductivity, microwave-induced tempera-
ture distributions in graphite powder may be controlled by the
levels of reflections from the reactor that may make a strong
impact on the heating rate and the level of absorbed microwave
power. Systems fed by solid-state generators and capable of pre-
cise tuning their resonances at the operating frequency (like the
MiniFlow waveguide reactor with a sliding shorting wall) appear
to be particularly convenient for this type of control.
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