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Abstract
Widespread use of microwave technology requires quantitative scale-up models. Currently,
microwave models are typical qualitative in nature. This work focuses on rendering models
qguantitative and elucidating the scale-up behavior of microwave heating using numerical
simulations. A commonly used bench-scale microwave reactor from the CEM Corp. (CEM
Discover® SP) is used for benchmarking. To enable quantitative modeling, microwave heating
experiments are conducted and compared to COMSOL calculations to develop a calibration curve
for the set point vs. the actually delivered microwave power. Using the validated computational
model, microwave-heating of various liquids in a wide range of vial sizes is investigated. The
computational study shows that during the scale-up, the volumetric power absorbed passes
through a maximum, whereas the energy efficiency and heating uniformity exhibit strongly

nonlinear behavior. This work introduces a way for quantitative microwave models and insights

into the scale-up of commercial microwave reactors.

Keywords: Microwaves, heating, COMSOL, scale-up



1. Introduction

To ameliorate global warming caused by the increasing level of greenhouse gases, efforts are
underway to develop and deploy clean and sustainable sources of energy.l? One such effort is
the utilization of electricity, sustainably generated from solar and wind, in chemical industries. In
this regard, microwaves are a promising technology to achieve process intensification due to
rapid, volumetric, and selective heating as opposed to conventional heating. These unique
abilities of microwave heating are summarized in several works, e.g.314

Despite its potential, microwave heating is far from being implemented in chemical industry.
The current fundamental understanding of microwave reactors is limited even at the lab-scale.®
Several outcomes, such as the heating rate, temperature uniformity within the material, and
energy efficiency, determine the effectiveness of microwaves and vary during scale-up in a poorly
understood way. Difficulties associated with accurate measurements inside microwave reactors
further exacerbate this situation. For instance, thermocouples cannot be employed for
temperature measurement in the presence of an electromagnetic field and direct particle
temperature measurement in multiphase systems is infeasible.

Despite experimental challenges, progress in commercial software, such as the COMSOL
Multiphysics®1®, and computational resources allow detailed investigation of microwave heating
in complex reactor geometries. Computational modeling, along with accurate experimental
measurements, can significantly enhance our understanding of microwave-assisted chemical
transformations as well as provide a platform for designing, optimizing, and scale-up of
microwave reactors. Predictive modeling of microwave reactors is challenging though due to

their resonant nature, i.e., microwaves form a standing wave within the reactor cavity where



microwave heating takes place. The spatial distribution of the microwave field is sensitive to
materials properties, such as particle size and shape and dielectric constants.!’ For this reason,
the present computational models for microwave reactors are qualitative in nature.® 1720
Consequently, there is a strong need to improve their predictive abilities.

To remedy the above limitations, our first goal is to develop a predictive computational model
for a commonly used bench-scale microwave reactor from CEM Corp. (CEM Discover® SP¢) and
validate the model against experiments. To expedite the widespread use of microwave reactors,
a better understanding of scale-up is required. In the literature, there have been a few scale-up
studies for microwave heating of liquid and solid batch systems.'® 2 22 However, a detailed
picture of the underlying phenomena is still missing. Our second goal is to investigate the scale-

up of microwave heating of liquid batch systems in the CEM Discover® SP reactor.

2. Computational Model
2.1 Governing Equations

This section describes the mathematical equations governing the phenomena of microwave
heating: the spatial distribution of electromagnetic (EM) field inside the microwave reactor and
the heating of the dielectric material due to the electromagnetic energy dissipation. For time-
harmonic or sinusoidal EM waves in a source-free, linear, isotropic, and homogeneous medium,
Maxwell's equations can be transformed into a simpler form known as the wave equation or
Helmholtz equation given by?:

VZE + k*E =0



VZH + k?H =0 (1)

Here, E and H are the electric and magnetic fields, respectively in the phasor form. k =
w +/ue is the propagation constant, w is the angular frequency, and € and u are the complex
permittivity and permeability of the medium, respectively. It is convenient to use the relative
permittivity, &, = €/g, = € — j €', and the relative permeability, u, = u/u, = p' — ju'’, with
& = 8.854 X 10712 F/m and uy, = 4w X 107 H/m being the permittivity and permeability of
the free space, respectively. The materials considered here have u, = 1. Another important

guantity is the loss tangent tané defined as:

n

tand = —. (2)

,
tand quantifies the ability of a material to be heated in a microwave field. Higher values of tané
are associated with a higher propensity towards microwave heating.

The tangential components of the electric and magnetic fields are continuous across an
interface between two mediums with no charge or surface current density and can be written
as?3:

nxE,=nXxE,
nxHy =nXH,, (3)

where 71 is the unit normal vector at the interface between medium 1 and 2. Ejand E, are the
electric fields in medium 1 and 2, respectively, whereas Hiand H, are the magnetic fields in
medium 1 and 2, respectively. The metallic walls of the reactor are assumed to be perfect
conductors making all the components of the electric and magnetic fields inside the conducting

region zero?3:



(4)

At the inlet port, a transverse electric mode, TE1o, is established.
The temperature profile of the material being heated in a microwave field can be evaluated
by solving the energy balance equation:
pCy 3 + pCu. VT = V. (kVT) + py, (5)
where p, C,, and k are the mass density, specific heat capacity, and thermal conductivity of the
medium, respectively. T and u are the temperature and velocity at a given point inside the
medium. The volumetric power absorbed p, in a medium due to the electromagnetic energy

dissipation is given by:

1
pp = Ea)goe”lEI2 (6)

where |E| represents the magnitude of E.

Evaluation of the spatial temperature profile in a fluid medium requires the knowledge of u
for which the Navier-Stokes equation and the continuity equation need to be solved along with
Egs. (1) and (5). The experiments performed in this work achieve a uniform temperature within
the liquids during the microwave heating using magnetic stirring. Therefore, in the computational
model, the knowledge of the actual flow field is not required. Instead, a sufficiently high value of
K is used in Eq. (5) to obtain a uniform temperature field within the liquid. This simplification has
previously been used in the literature.® It should be noted that for large batch and multiphase
systems, such as a slurry reactor, there can be temperature gradients within the reactor and a

full flow field will then be required to predict the temperature field. Adiabatic boundary condition



is applied at the outside boundary of the vial, whereas at the interface of two mediums thermal
equilibrium is assumed.

The governing equations along with the appropriate boundary conditions are solved in the
COMSOL Multiphysics® software,?* referred to as COMSOL. The RF module and the Heat
Transfer module are employed. These modules allow to perform transient three-dimensional
simulations of microwave heating. The temperature dependence of the dielectric property makes
Egs. (1) and (5) two-way coupled. A change in the dielectric property of a material modifies the
EM field distribution inside the reactor cavity, which in turn affects the power absorbed within
the material. More details about the workings of the relevant COMSOL modules can be found in
Ref.}” As there is a large separation between the time scales associated with EM waves, 0(107°
s), and the heating of a material, O(10* s), COMSOL updates the EM field periodically rather than
at every single time step during the transient simulations. COMSOL utilizes the finite element
method to obtain a numerical solution of the governing equations.

For the model calibration and validation studies, transient simulations are performed using
the Frequency-Transient study type in COMSOL, whereas for the scale-up study, non-transient
simulations are performed using the Frequency-Domain study type. A mesh independence study
is conducted for the smallest (inner vial diameter of 0.5 mm) and the largest vial (inner vial
diameter of 30 mm) considered in this work. Frequency-Domain simulations are performed by
varying the Physics-controlled Mesh setting in COMSOL from “Extremely Coarse” to “Finer”. In
these simulations water, ethanol, and hexane are included with a liquid height of 40 mm inside
the vials. Values of two targets, namely the mean and variance of the power absorbed, are

compared for different mesh settings. We found the “Fine” mesh setting of COMSOL to be



satisfactory as further mesh refinement changed the targets by less than 3% and 4% for the
smallest and the largest vial, respectively. Therefore, Physics-controlled Mesh is set to “Fine”

during all the COMSOL simulations. A typical number of mesh elements is about 10°.

2.2 Simulation Setup

In this work, the CEM Discover® SP is used to develop a predictive microwave heating model
and perform the scale-up study of liquid batch systems. The geometry of the reactor is built in
COMSOL and is shown in Figure 1. For details about the geometry and working of the reactor,
the reader is referred to refs.!” 1% 25 A short description of the microwave reactor is presented

here.
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Figure 1. Three-dimensional microwave reactor configuration built in COMSOL.

2.3 Experiments



The specific microwave reactor utilizes a magnetron to generate microwaves with a power
ranging from 1 W to 300 W at a frequency of 2.45 GHz. Microwaves generated by the magnetron
are transmitted to a cylindrical cavity with the help of a waveguide. Six rectangular slots in the
metal wall between the cylindrical cavity and the waveguide allow the exchange of EM waves
between them. A vial containing a dielectric material is placed inside the cylindrical cavity. Fiber
optics (FO) and Infrared (IR) pyrometer are used to measure the temperature in-situ and at the
outer surface of the vial, respectively.

In the experiments, microwave heating of 2 ml and 4 ml of water, ethanol, and hexane in a
10 ml Pyrex vial is performed at input powers of 30 W, 100 W, 200 W, and 300 W in the CEM
Discover® SP reactor. During the microwave heating, a magnetic stirrer is used to maintain a
uniform temperature within the liquid being heated in the vial. A total of 24 distinct experiments
are performed. Each experiment is repeated three times to obtain the standard deviation in the
measurements. The experimental temperature profiles are provided in Figure S1 in the
Supporting Information. Water, ethanol, and hexane are selected due to possessing dielectric

properties spanning a wide range.

3. Model Assessment

To assess our model, the experiments of Robinson et al.*® are simulated and our model
predictions are compared with their COMSOL model predictions and their experimental
measurements (Figure 2). The system entailed various liquids (3 mL in volume) in a 10 mL Pyrex
vial in the CEM Discover® SP reactor using a microwave power of 30 W and fast magnetic stirring

and a fiber optic for temperature measurements.
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Figure 2. Temperature profiles of liquids during microwave heating. Predicted temperature profiles from this work (solid

lines) and experimental measurements (symbols) and model predictions (dashed lines) of Robinson et al.18

Figure 2 compares the experimental temperature profiles from Ref.’® of BMimPF6 (an ionic
liquid), ethanol, and hexane to theirs and our simulations. Very good agreement between
simulation predictions is seen but the simulations under-predict the experimental data. Sturm et
al.'”"19 have reached similar conclusions for microwave heating of water. As a second test case,
our model predictions are compared against the experiments of Sturm et al.*° for the total power
absorbed P,psorpeq NOrmalized by the maximum, as shown in Figure 3. In their experiments,
Sturm et al.?® measured the power absorbed by water heated in borosilicate glass vials of varying
diameters in the CEM Discover® SP microwave reactor. A constant liquid height of 40 mm and a
microwave power of 300 W were used. The very good agreement between the simulations and
the experiments in Figure 3 implies that the delivered microwave power differs from the specified
power by a constant factor independent of the vial size. We discuss this point further below. A
detailed analysis of the effect of the vial diameter on the power absorbed and other parameters

is provided in Section 4.
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Figure 3. Absorbed microwave power P,p¢.rpea [W] normalized by the maxima as a function of vial diameter. Comparison

of the simulations (lines) and the experiments (symbols, from Ref.19).

4. Calibration toward Quantitative Model Predictions

At present, simulations of microwave heating in the CEM Discover® SP reactor are only
qualitative in nature.*> 1719 Based on several literature studies,'”” > 26 two major sources of
uncertainty are identified: 1) the net power delivered by the microwave reactor and 2) the
dielectric properties of materials. In the CEM Discover® SP reactor, the net power delivered by
the magnetron to the load cannot be measured. Also, it is extremely difficult to compute as it
would require an accurate model of the magnetron coupled with the applicator. Sturm et al.1’/ 19
attempted to address this problem using an idealized lumped magnetron model. However, large
deviations (>100%) from the experiments were observed.

The above-mentioned uncertainties need to be accounted for to render the model predictive.
As a first step towards developing predictive modeling, a series of experiments and simulations
are performed to obtain the optimal values of dielectric properties within their uncertainty limits
and a calibration curve for the delivered microwave power corresponding to a specified input

power (set point) is developed.
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The values of &, and tan§ for the select liquids and Pyrex are obtained from refs.1” 1827 and
are provided in Table 1. Refs.?® 28 29 indicate that a conservative estimate for the uncertainty in
€' and & is 2% and 5%, respectively. For the calibration, ¢’ and &''are multiplied by constant
factors f; and f,, respectively, such that €. = fie' —jf,&". Sturm et al.'® found that the
delivered power can be higher than the power specified to the microwave reactor by a factor
greater than two. In the calibration study, the power delivered Po.: is allowed to vary from the
specified input power, Pi,, by a factor between 1 and 3. Po. is not let to be lower than Pi, as

several experimental studies have shown that Poyt > Pin.

Table 1. Values of the relative permittivity and tand at 2.45 GHz frequency and 20 °C.

Material Relative permittivity, &, tand
Water 78.0-j10.50 0.13
Ethanol 6.6-j6.30 0.95
Hexane 1.9-j0.0376 0.02
Pyrex 3.3-j0.026 0.008

The calibration is performed by minimizing the least square difference between the
simulation predictions and the experiment data. With the above constraints, the following

objective function is minimized to obtain the optimal values of f;, f, and Pout:

2

JEM(FL, far Pout) —Jf’“”) (7)

o; exp

n
O(fY, f2, Poue) = min_fi, f2, Poue 21 (

098 < f, < 1.02,0.95 < f, < 1.05,P;, < P,y < 3 Py .
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Here, f', >, and P,,; are the optimal values of f;, f,, and Pou, respectively. i is the index of the
experiment and the corresponding simulation, n is the total number of experiments, 0;°*? is the
standard deviation in the experimental measurement, and inm and fo” are the simulation
predictions and experimental measurements of the average heating rates of the liquid samples,

respectively. 77" and J; " are calculated as:

14 p
P _ Tfinal ~ Thitial
(71' - tp _ tp ) (8)
final initial

where the superscript p stands for either an experimental measurement or a simulation

prediction. Tfp is 10 °C lower than the boiling point of the liquid used, T ... . is 25 °C (~5 °C

inal
above the room temperature). These values are selected to reduce the uncertainties present at

p

the beginning of the experiments and near the boiling point of the liquids. trinal and ti’;itml are

the time values corresponding to T? respectively. In the case of hexane, the
p g

fina

P
pand Tyiiar

heating rate is about two orders of magnitude lower than that of water and ethanol. Heat losses

due to natural convection become significant during this experiment. For this reason, sz;na

S
taken as 30 °C to minimize the impact of heat loss to the surrounding. To solve the optimization
problem (Eqg. (7)) in a computationally affordable manner, {]fim is represented by a response
surface in the form of a second-order polynomial. The coefficients are calculated using
regression, in which the values of f; and f, are determined using a factorial design.3% 3! g5
varies linearly with Py, and therefore is not included in the factorial design. The created
response surfaces are provided in Figure S2 in the Supporting Information.

Equation (7) is solved using MATLAB and the resulting optimal values of f; and f, are provided

in Table 2. Figure 4 shows Pou: as a function of Pin and clearly demonstrates that the percent

12



deviation of Pout from Pin increases as Pin decreases. A quadratic equation is fitted to provide Pout

as a function of Pj,:
Pyue(W) = —0.0005 P2 + 1.0379 P,

(9)
+ 28.929,P,, in W.

Table 2. Optimal values of f1 and f5 .

Solvent fi 15
Water 1.02 0.95
Ethanol 0.98 1.05
Hexane 1.02 0.95
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Figure 4. Delivered microwave power P, as a function of specified input power Pj,. Symbols are the calculated values from

Eq. (7). Dashed line is the fitted quadratic equation (Eq. (9)) with an R? value of 0.99.
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Using the developed power calibration curve and the estimated dielectric properties, the
experiments of Robinson et al.*® are simulated again, and the results are compared in Figure 5.
Significant improvement in agreement, compared to Figure 2, is seen. BMimPF6 was not used in
the calibration study and the volume of the liquid (3 ml) is also different from the calibration
experiments. These results along with the very good agreement in Figure 3 shows that the
delivered microwave power is independent of material type and quantity. Thus, the calibration
curve can be used for other type and quantities of liquids in the CEM Discover® SP. The
methodology introduced here to extract dielectric properties under relevant conditions and
estimate the actual power delivered vs. the set point can be generalized to other systems of

interest.
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Figure 5. Temperature profiles of liquids during microwave heating. Predicted temperature profiles using the calibration

curve developed in this work (solid lines) vs. the experimental measurements (symbols) of Robinson et al.18
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5. Scale-up of Microwave Heating

The developed COMSOL model is employed to gain insights into the scale-up of microwave
heating. Three quantities of interest (Qols) are identified for this purpose: 1) volumetric power
absorbed, 2) energy efficiency, and 3) uniformity of the power absorbed. The volumetric/specific
power absorbed p,, is calculated using Eq. (6). The energy efficiency n of microwave heating is
defined as

Pabsorbed

n= (10)

Pinput
Here, Pabsorbed and Pinput are the power absorbed by the load and the input power of the
microwave reactor, respectively.

Uniformity of the distribution of p, is quantified using the coefficient of variance (CV)

defined as

=2, (11)
i
where ¢ and p are the standard deviation and the mean of p,. The magnitude of CV is
proportional to the non-uniformity in the distribution of p,,.

In general, the dielectric properties of materials change with temperature, and therefore, all
the above mentioned Qols can also change during the heating of a material. Due to lack of
temperature dependent materials properties, we focus on the initial heating of various liquids
initially at room temperature (20 °C) to elucidate the general behavior of microwave heating
during scale-up. It should be noted that the knowledge of temperature-dependent dielectric

properties becomes essential when the prediction of the transient temperature profiles is

required. Currently, such data is not readily available.
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For the scale-up study, microwave heating of water, ethanol, and hexane in Pyrex vials with
a wide range of diameters is considered. The materials and geometric conditions used in the
simulations are reported in Table 3. The minimum and maximum volume of the liquid samples
correspond to 15.7 ulL and 124.7 mL, respectively. Using the COMSOL model, non-transient
Frequency-Domain simulations are performed and the EM field distribution inside the microwave
reactor is calculated. In the Supporting Information, Figure S3 shows the distribution of the
electric field norm inside the reactor cavity without any load and with a Pyrex vial filled with
different liquids. With the knowledge of complete EM field, the Qols are calculated using Egs. (6),

(10), and (11). Each Qol is investigated in the following subsections.

Table 3. Materials and geometric conditions used for the computational scale-up study.

Variable Value
Material Water, ethanol, hexane
Inner diameter of vial, dyial 1 mmto 60 mm
Vial thickness 2mm

Height of material in the vial, hijq 20 mm and 40 mm
Microwave power 100 W

5.1. Power Absorbed
Figure 6 shows the variation of the mean power absorbed over the liquid volume p,, and the

mean rate of change of temperature T as a function of the inner diameter of the vial dyial. T is

16



calculated as p,/pC,. Figure 6 shows that p, and T first increase and then decrease with
increasing dvia. TWo regimes are identified for the decrease of p, and T: a sharp drop (>90%)
followed by a small gradual decrease and a possible second local maximum, with increasing d.ial.
For ethanol and hexane, p,, decreases with increasing the liquid height, whereas for water, p,
increases with the liquid height for smaller d.iai and decreases for larger dyia. The maximum value
of p, for water is higher than that of ethanol, even though ethanol has a much higher value of
tand. This observation shows that tand alone cannot be used to determine the heating ability of
a material in a microwave reactor; both £’ and &'’ need to be considered. These observations are

further analyzed in Figure 7.
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Figure 6. (a) Mean volumetric power absorbed p,, (W/m?) as a function of dua. (b) Mean heating rate T (K/s) as a function

of d.ia. Liquid height is equal to 20 mm or 40 mm.
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Figure 7a compares the values of p, for all the liquids normalized by their maximum. There is
a negligible impact of liquid height on the profiles, therefore, the data for only hiiqg=40 mm is
shown in Figure 7. It can be seen that as €' increases (€iyater = 78, €athanol = 6-6, €hexane =1-9),
the width of the profile decreases and the peak shifts to a smaller dyiai. This observation implies
that scale-up favors materials with lower &', as the peak value of pp can be achieved at larger vial
sizes. Another important observation is that the normalized p,, approaches significantly different
values as d.ial approaches zero. It is close to zero for water but is much higher for ethanol and
hexane. These observations can be explained by the strong dependence of the EM field

distribution on the quantity and type of the material present in the microwave reactor.
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Figure 7. (a) Normalized mean volumetric power absorbed as a function of dia. (b) Mean heating rate T (K/s) as a function

of d.ia. Liquid height is equal to 40 mm.

Figure 7b compares T for all the liquids for dvial < 10 mm and shows that as dial approaches
zero, there is a sharp decrease in the heating rate of water and it becomes smaller than the

heating rate of hexane for d.ia < 6 mm. This observation implies that depending on the geometry
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of the load, a strongly microwave absorbing material can exhibit lower heating compared to a
weakly microwave absorbing material.

Interestingly, the standard Pyrex vial with 10 mL capacity provided by the CEM Corp. has
dvia=12 mm, which is close to the value of dvial corresponding to the maxima of p,, and T for
water, i.e., the design of the CEM Discover® SP microwave reactor has been optimized to heat

water-based samples in a 10 mL Pyrex vial.

5.2 Energy Efficiency

The microwave heating efficiency 1 is an important factor in determining the potential
benefits of microwaves. Figure 8 shows 7, calculated using Eq. (10), for all the cases considered
for the scale-up study. Two local efficiency peaks are observed for all the liquids. The first one is
near dviai, Which maximizes Pp, Whereas the second one occurs at a much larger dyial. These
observations can be explained by considering that Pabsorbed Varies as p,, X Viiquid, Where Viiquia is
the volume of the load. Both the load and the EM field distribution within the load determine the
energy efficiency. Therefore, even though p,, decreases after a certain vial size during the scale-

up, 11 increases. Moreover, there is a negligible impact of the liquid height on the efficiency trend.
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Figure 8. Microwave heating efficiency n (percent) during scale-up. Variation of 1 as a function of d.i« for water, ethanol,
and hexane. The liquid height is equal to 40 mm.
Bermudez et al.?! performed an extensive experimental scale-up study of microwave heating of
different materials (both liquid and solid) in single-mode and multi-model microwave reactors.
The trends observed in our computational study bear excellent agreement with those of their
work. Two major observations are reported here: (1) A sharp decrease (90-95%) in the p,
followed by a gradual and moderate decrease during the scale-up. Figure 6 shows that after a
certain vial size, p, first drops significantly and then decreases gradually. (2) An non monotonic
variation of n during the scale-up (Figure 8) with the second maximum being higher than the first
one and exceeding 90%. These observations indicate that the general trend of scale-up in
microwave reactors is independent of the load and the reactor type, but the actual values of the

power absorbed and the energy efficiency vary with reactor design.

5.3 Uniformity of the Power Absorbed
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A major problem with microwave heating is the highly non-uniform distribution of the
microwave heat source within the load. To understand the distribution of absorbed power, the
coefficient of variation CV is calculated for p,, using Eq. (11). Figure 9 shows the CV as a function
of dvial. Overall, the CV shows a highly non-monotonic behavior with increasing dyia for all liquids.
Figure 10 provides a visual representation of the distribution of p,, inside the liquids for dvia=20
mm, 40 mm, and 60 mm. In the case of water, multiple peaks of p,, are observed for all the dyil,
whereas in the case of ethanol and hexane, Pp is maximum near the center for dvia=20 mm and

near the wall for dyia=60 mm.
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Figure 9. Coefficient of variation CV for p,, during scale-up for water, ethanol, and hexane. The liquid height is equal to 40

These observations point to the sensitive standing wave pattern of microwaves in the reactor
cavity and the heating sample. When the sample is comparable to the wavelength of the EM
wave, a wave pattern forms within the sample due to the interference of the incident wave and

the wave reflected from the end surface.3> The penetration depth D, and the reflection
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coefficient I' are two important parameters that affect the wave pattern formed within the

sample and hence the uniformity of microwave heating.
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Figure 10. Volumetric power absorbed p,, [W/m?3] inside water (row 1), ethanol (row 2), and hexane (row 3) with a liquid
height of 40 mm during scale-up. diw=20 mm (column 1), d =40 mm (column 2), and diz=60 mm (column 3). The three disks

and vertical plane show cuts from the 3D calculations.

The penetration depth is defined as the distance at which the power of the EM field decreases

to 1/e (~37%) of its incident value in a semi-infinite slab. D,, is calculated as*:
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c 1 -1/2

= 2812 — 12
D, [ eI [1 + tan®8]2 —1| (12)

where c is the speed of light in vacuum. Using Eq. (12), D,, for water, ethanol, and hexane at 20
°Cis calculated to be 16.4 mm, 8.7 mm, and 710.2 mm, respectively. In the literature, it has been
suggested that the maximum diameter of the load should be smaller than 2D,, to achieve uniform
microwave heating. However, Figure 10 clearly shows that in the case of water, even for dyial =
60 mm~4D,, the specific power absorbed peaks near the center of the vial. In contrast, for
ethanol and hexane the maximum specific power absorbed is close to the wall for dyia = 60 mm.
Therefore, there is no clear correlation between D, and the distribution of the absorbed power.
It is possible that the role of penetration depth becomes important when the vial diameter is
much larger than the penetration depth.

The reflection coefficient I' is the complex ratio of the reflected wave to the incident wave

and quantifies the reflection of EM waves from an interface. I is calculated as?3:

L4
F‘Q+Qﬂ 13)

where {; and {; are the intrinsic impedance of materials 1 and 2, respectively; microwaves travel
from material 1 (water, ethanol, or hexane) to material 2 (vial). {; of the i*" material is calculated
as {; = jou;/k;. Using Eqg. (13), the magnitude of I for water, ethanol, and hexane in a Pyrex vial
is 0.66, 0.32, and 0.14, respectively. Thus, the internal reflection of microwaves is maximum for
water, followed by ethanol and hexane. The large value of ' in the case of water points to the
high internal reflection of EM waves and thus a stronger wave pattern formation observed within

the sample, as shown in Figure 10.
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Considering the values of D,, and T', there is no clear correlation between the heating non-
uniformity and D,,. However, I' seems to be playing an important role for the observed wave
patterns within the vials.

It should be noted that two main ISM frequencies are available for the application of
microwave heating: 2.45 GHz and 915 MHz. A frequency of 2.45 GHz is commonly used in lab-
scale microwave reactors, whereas for industrial applications, a frequency of 915 MHz may be
more favorable as it provides a higher penetration depth. The present work focuses on 2.45 GHz.
Since the dielectric properties, reflection coefficient, and the electromagnetic field distribution
in the cavity also depend on the microwave frequency, future scale-up studies should also
consider the effect of frequency.

6. Conclusions

In this work, we developed a predictive computational model for a commonly used bench-
scale microwave reactor (CEM Discover® SP) and explored its scale-up. A calibration curve was
first developed relating the delivered microwave power to the set point power. It was found that
estimation of dielectric properties and knowledge of the delivered power can render microwave
models accurate, i.e., the lack of quantitative predictions of previous models is not related with
the governing equations and physics of the problem, but rather to the manufacturing and
knowledge of the settings of these devices.

For the scale-up study, we focused on the volumetric power absorbed, energy efficiency, and
uniformity of power absorbed. During the scale-up, the power absorbed first increases, and then
decreases sharply and eventually more gradually. Significant power is absorbed only for relatively

small diameters for strongly microwave absorbing liquids. The energy efficiency exhibits a

24



strongly nonlinear response. Even though high energy efficiencies over 90% occur for microwave
absorbing liquids for larger diameters, the power absorbed is low. Moreover, when the vial size
becomes much larger than the penetration depth, most of the heat is generated in a narrow
region close to the vial surface, making the distribution of heat less uniform.

Overall, the non-uniformity of the power absorbed underscores the need for improved
microwave designs. Accurate simulation tools and detailed experiments are imperative for scale-
up as no general design criteria exist for microwave-assisted chemical technologies. More work
is required especially towards the development of simple models that can readily be solved to

evaluate the performance of the reactor for different operating conditions at different scales.
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