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A B S T R A C T

Microwave-assisted chemical reactions present potentially more sustainable routes for process intensification 
compared with traditional approaches, due to the reduction of reaction times, temperatures, and side reactions. 
Despite the common misconception that microwave heating is uniform, many processes can be expected to show 
temperature distributions that vary significantly over the volume, even at length scales far below the operating 
wavelength. Numerical methods are often employed in the design and optimization phase of a given process, 
however, due to the multitude of interdependent physics required; the fast and efficient modelling of microwave 
heating in liquids remains a significant challenge, particularly with respect to computational resources. Here, we 
report a new multi-physics simulation methodology that models microwave heating of liquids during agitation, 
requiring less computational resources and delivering temperature predictions within 2.78 % of relative root 
mean square error. By applying the frozen rotor approach, near-perfect temperature profiles are predicted at 
approximately 600 times faster convergence time compared to the conventional sliding mesh method. Our 
proposed model can be used to mimic real reaction systems in a fast and resource-efficient way.

1. Introduction

The exploration of high-definition radar during the First World War 
heralded the advent of microwave frequency technology development. 
Broadly defined, microwaves refer to electromagnetic waves in the 
frequency range of 300 MHz to 300 GHz. Whilst, principally used for 
communication, the accidental discovery by Spencer in 1946 led to the 
development of microwave heating technology [1]. Since then, there 
have been many studies devoted to understanding the phenomenon of 
heating materials via microwave energy [2–5]. Of the possible loss 
mechanisms, dipolar heating and conduction heating have been mostly 
explored. Finding the accelerated reaction kinetics due to dipole 
polarisation by the oscillating electromagnetic field opens new prospects 
in chemical engineering.

Microwave-assisted reactions have shown promise for use in mate
rials synthesis as well as process intensification applications offering 
higher yields, reduced reaction times, and safer operations [6–8]. Mi
crowave heating resulting from the interaction of electromagnetic 

radiation with ions and molecules leads to rapid and selective heating 
[9]. This characteristic makes microwaves a promising technology for 
applications in many fields of chemical engineering, including, distil
lation, crystallization, extraction, drying, reaction processes (esterifi
cation), chemical catalysis, organic synthesis, and polymerization 
[10–13]. Significant research has been conducted in these fields, high
lighting the advantage of microwave-assisted reactions over conven
tional counterparts. For instance, Baker-Fales et al. showed enhanced 
extraction efficiency and volumetric mass transfer coefficients with 
microwave processing [14]. Vidal Laveda et al. have reported the 
application of microwave heating for the preparation of olivine struc
tured LiFe1-xMnxPO4 cathodes. This study demonstrates that microwave 
heating offers a faster route to olivine structured cathodes. In addition to 
this, total scattering measurements have shown that fewer crystallo
graphic defects manifest during microwave synthesis, compared with 
traditional solvothermal approaches, which directly influences the 
resulting electrochemical performance of these cathodes in battery cells 
[15]. These encouraging results suggest that microwave heating offers a 
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promising alternative route to generating high quality energy storage 
materials. Beside the energy-intensive process, microwave heating has 
excellent potential to achieve a negative carbon footprint as microwaves 
run solely on electricity, which can potentially be sourced from 
renewable sources.

Despite the widely reported successes in academic discourse; mi
crowave heating languishes on its way to the chemical industry as a 
result of uneven heating. This uneven heating arises from the non- 
uniform dielectric content of the reactant feedstock itself, where 
different materials will exhibit wildly different values for permittivity, 
resulting in localised field changes [16]. Other than this, in the case of 
liquid heating, fluid flow plays a vital role in the distribution of tem
perature inside the liquid [17]. Therefore, flow information should be 
considered during designing microwave reactors for chemical reactions. 
The use of mathematical modelling and simulation could be a powerful 
tool, providing valuable insight into the factors affecting the tempera
ture inside the reaction vessel and guiding the design of microwave 
reactors for uniform heating.

Previous reports on the simulation of batch microwave heating of 
liquids demonstrate the challenges of non-uniform heating in the liquid 
state [18–21]. The liquid flow associated with batch processing is via 
convection only. For this reason, continuous flow reactions were intro
duced which delivers better heating efficiency attributed to forced flow 
which affords better microwave absorption [22–25].

Most existing microwave chemical processes apply single-mode re
actors, which feature built-in magnetic stirrers or alternative agitation 
devices, and direct temperature control of the reaction mixture. Agita
tion of the liquid during microwave heating diffuses the heat generated, 
thereby diluting the hot spots. The numerical simulation of such a 

heating process in microwave reactors with a stirrer is challenging. The 
challenges lie in physical modelling, computer requirements, computa
tional time, and numerical stability. These issues developed as a result of 
the complex geometry of the impeller, rotation of the impeller and 
consequent turbulence, and, most importantly, multi-physics calcula
tion of the microwave heating of the stirred liquid, demanding the 
coupling of electromagnetics, temperature, and velocity fields. Previ
ously demonstrated models used to toggle between simulation steps to 
adjust the sample position, ensuring its complete rotation within the 
microwave cavity [26]. Other than this, alternative methods that use 
moving wall conditions under flow physics have been reported to obtain 
a continuous rotation [27]. This method requires remeshing during the 
motion and therefore applied to simple geometries like cylindrical ves
sels rotating on their central axis to avoid mismatching of the mesh. Its 
application with irregular geometries such as a rotating impeller inside 
the vessel may cause convergence challenges due to the high compu
tational demand. Here, we directly address this challenge by presenting 
a 3D model for the fast and efficient simulation of microwave heating in 
stirred liquids. Our proposed model will reduce the computational 
resource required by using a frozen rotor approach while still predicting 
near-perfect temperature profiles. Our 3D simulation model is validated 
against experimental data with relative root mean square error (RRMSE) 
representing the model efficacy. We implement our new model to 
demonstrate the stirring effect for liquids. We also examine the effect of 
microwave input power on the coefficient of variation (COV) and mi
crowave power absorption. Finally, the impact of volume on E-field 
distribution and temperature rise was presented with experimental 
measurements.

Fig. 1. Steps involved in the (a) conventional and (b) proposed model for describing microwave heating in liquids.
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2. Experimental procedure

A commercially available CEM Discover single-mode microwave 
reactor was used for experimental trials. The reactor, operating at 2.45 
GHz, has a discrete and adjustable power setting, up to 300 W using 
integrated computer software. A 35 mL sealed pressure vessel containing 
the target material was placed in the centre of the cylindrical cavity. The 
vessel has a PTFE-coated magnetic stirrer for efficient mixing of the 
liquid during microwave heating. The waveguide consists of a circular 
section that encircles the cavity and a rectangular section connected to a 
magnetron. The six slotted openings in the inner cavity wall facilitate 
the transmission of microwaves from the waveguide into the cavity [28]. 
The temperature of the sample was measured using a floor-mounted IR 
sensor. In the present study, water was used as a test fluid. The stirring 
speed was set to 600 rpm during the heating of the water.

3. Numerical simulation

The proposed mathematical model was developed to evaluate the 
microwave heating in liquids under stirring using the COMSOL Multi
physics 6.1 software tool. A Lenovo workstation with 32-GB RAM, Intel 
(R) Xeon(R) W-2223 CPU with 3.60-GHz processor was employed for 
this study. The computation time was 128 s to compute 1 s of microwave 
heating in stirred liquid, whereas the conventional method would take 
80,000 s for the same computation. This significant discrepancy arises 
from the fact that the conventional method, working on a fully coupled 
approach, require mesh reconstruction. Operating with coupled physics 
restricts the ability to customize meshes at consecutive steps of the 

study, leading to excessive computational power demand. Therefore, 
choosing the right modelling approach is necessary depending on the 
nature of the problem, available computational resources, and desired 
accuracy. Our proposed method addresses several challenges presented 
by the conventional method considering all these factors. The current 
model illustrates the propagation of electromagnetic waves, tempera
ture distribution, and fluid flow inside the reactor vessel. The compu
tational steps involved in the simulation are shown in Fig. 1. The 
calculation is divided into two steps. In the first step, velocity fields are 
determined using a frozen rotor approach via the Flow module. The 
frozen rotor is a steady-state approach that assumes a fully developed 
flow, eliminating the need for multiple steps to establish the flow 
pattern. This allows the use of a discrete-step solution that can be im
ported into the second study step. The steady flow modelling using a 
frozen rotor is a widely practiced method in many engineering appli
cations [29,30]. Researchers found it a more efficient method for pre
dicting stirring in tank reactors than the conventional sliding mesh 
method [31–33]. The frozen rotor uses Reynolds-averaged Navier–
Stokes equations (RANS) equations to provide a time-averaged 
description of fluid flow and therefore, are often easier to validate 
against experimental data. Subsequently, the derived solution from step 
1 is utilized in step 2 where the Electromagnetic module is coupled with 
the Heat Transfer module for the prediction of temperature distribution 
in the vessel for the corresponding flow conditions. The details related to 
the physics of each module are further described in Section 3.3. The 
proposed method significantly improves computational efficiency and 
reduces computation time.

3.1. Model assumptions

The model assumptions were defined as follows to reduce the 
complexity and improve the convergence rate. 

• Microwave waveguide is made of stainless steel.
• Assuming negligible microwave energy absorption by the air domain 

and that the medium is fully transparent for the propagation of 
microwaves.

• The system was initially at 24 ◦C.
• No phase transitions were considered during heating, as it was 

evaluated in advance and ruled out as unlikely for the system under 
study.

Fig. 2. Geometric model of CEM Discover microwave applicator, reactor vessel, and stirrer.

Table 1 
Temperature-dependent dielectric properties of water [22].

Temperature (◦C) Relative complex permittivity

20 78.0 − j10.5
30 75.0 − j8.6
40 72.0 − j6.7
50 69.0 − j5.1
60 66.2 − j3.8
70 63.9 − j3.3
80 62.7 − j3.1
90 62.3 − j3.0
100 62.0 − j2.9
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• The surface roughness of the reactor vessel was neglected.
• The fluid is incompressible.

3.2. Geometry

The 3D geometric model consisted of a metallic waveguide, a cy
lindrical cavity, and a PTFE stirrer inside the reactor vessel as shown in 
Fig. 2. The empty space in the waveguide was filled with air. A standard 
WR340 waveguide was excited with the TE10 mode, which is the 
dominant mode in the 2.45 GHz frequency. The geometric parameters of 
the reactor vessel along with its physical model are shown in Fig. 2. 
Pyrex glass was incorporated as vessel material. The vessel was filled 
with deionised water up to a level of 26 mm. Table 1 represents the 
temperature-dependent dielectric properties of the water enforced in the 
model [22].

3.3. Governing equations

3.3.1. Flow
The current model predicts flow fields in the reactor vessel using the 

frozen rotor technique. The frozen rotor, also referred as the moving 
reference plane, divides the domain of interest into a rotating domain 
and a static domain. Unlike the sliding mesh approach, the relative 
position between the rotating domain and the static domain remains 
constant. The methods solve momentum equations for the stationary 
and the rotating system individually, using Eqs. (2) and (3), respectively 
[34]. The Continuity equation is given by: 

ρ∇.(u) = 0 (1) 

We define the momentum equation for the static system as: 

ρ(u.∇ )u = ∇.
[
− pI+ μ

(
∇u+(∇u)T)]

+ ρg (2) 

and for the rotating system as: 

ρ(u.∇ )u = ∇.
[
− pI+ μ

(
∇u+(∇u)T)]

+ ρg + F (3) 

where, F is the source term for Coriolis and centrifugal force, ρ is the 
density, T is the temperature, u is the velocity, I is the unit matrix and µ is 
the viscosity.

3.3.2. Electromagnetic
The Helmholtz equation, which governs electromagnetic distribu

tion, was solved for the whole computational geometry and can be 
expressed as follows: 

∇2E + εr

(
2πf
c

)2

E = 0 (4) 

where, E is the electric field at an angular frequency of ω = 2πf and c is 
the speed of light. Here, the relative permittivity (εr ) dominates the 
level of heat generation inside the dielectric material and can be further 
expressed as [35]: 

εr =
έ − jεʹ́

ε0
(5) 

where, the real part of the permittivity, έ , is termed the dielectric con
stant and represents the amount of electric energy stored inside the 
exposed material. The imaginary part, ε″, represents the ability of a 
material to convert this energy into heat and is called dielectric loss. The 
imaginary part accounts for various mechanisms of energy loss, most 
notably the flow of electric current inside the material, which is closely 
related to penetration depth (δ). Therefore, microwaves cannot pene
trate in the similar fashion in all the material. The penetration depth of 
the material can be calculated from the equation [36]: 

δ =
c

̅̅̅
2

√
πf
[

έ
{ ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 +
(

εʹ́
εʹ

)2
√

− 1
}]1/2 (6) 

Therefore, the microwave power (Pd) will be attenuated as the 
electromagnetic fields penetrate the material and can be expressed as 
follows [2]: 

Pd =
1
2

ωε0εʹ́ |E|2 (7) 

It is worth mentioning that dielectric properties change with tem
perature and therefore the change in the field distribution must also be 
considered over time. The COMSOL Multiphysics software applied here 
affords us a means to do this.

3.3.3. Heat transfer
The heat transfer equation, Eq. (8), was solved to obtain the 

Fig. 3. Comparison of element quality for different element sizes (a) unstirred and (b) stirred liquid model.
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temperature distribution [37]. 

ρcp
∂T
∂t

+ ρcpu.∇T = ∇.(k∇T) + Pd (8) 

where, Pd describes the heat source, T is the temperature, k is the 
thermal conductivity and cp is the heat capacity.

3.4. Boundary conditions

In the flow module, a no-slip condition (u = 0) was applied to the 
walls of the vessel and stirrer, whereas slip conditions (n.u = 0) were 
implemented at the liquid surface level to replicate a free surface. In an 
electromagnetic module, an impedance boundary condition imposed on 
metal walls of microwave cavity ensures no microwave leakage, and can 
be expressed as [35]: 

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅μ0μr

ε0εr − j σ
ω

√

n × H + E − (n.E)n = (n.Es)n − Es (9) 

where, H is the induced magnetic field and Es is the tangential compo
nent of the electric field. The current model considers convective and 
radiative heat loss effecting the temperature of the liquid. These heat 

losses were taken into account by applying heat flux boundary condi
tions as described below [35]: 

− n.(− k∇T) = h(T0 − T) + εradσ
(
T4

0 − T4) (10) 

where, T0 is the ambient temperature, εrad is the surface emissivity of 
glass taken as 0.84, σ is the Stefan–Boltzmann constant (5.67 × 10–8 W 
m− 2 K− 4), and h is the natural convective heat transfer coefficient, taken 
as 10 W/(m2 K).

3.5. Mesh size

As mentioned earlier, our model was converged in two discrete steps, 
step 1 and step 2, where substantially different physics are applied for 
each. A complementary mesh independent study was performed sepa
rately for the individual steps. The user defined mesh with free tetra
hedral element type was selected. The element size was calibrated by 
examining the mesh quality under normal, fine, finer, extra fine, and 
extremely fine mesh size. Fig. 3 shows statistical graph between element 
quality and number of elements under fine, finer, and extra fine mesh 
size. On the x-axis, which describes the element quality, a value of 0.0 
represents a degenerated element while 1.0 represents a completely 

Fig. 4. (a) Influence of mesh size on average element quality [Parentheses shows change in Final temperature of the water with number of elements], (b) Mesh 
quality statics for finer mesh used.

Fig. 5. Temperature prediction in (a) unstirred and (b) stirred water domain.
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symmetric element. Analysis of these data (Fig. 4(a)) demonstrates that 
a finer mesh produces the most accurate prediction of the final tem
perature of the target liquid, closely matching the experimental mea
surement. This mesh, with its optimal element quality, has therefore 
been taken into consideration for further simulations. The mesh quality 
statistics for a finer mesh (shown in Fig. 4(b)) are representative of a 
good-quality mesh.

4. Results and discussion

4.1. Model validation

The temperature measured during experiments was compared with 
simulation results to validate the model. Three sets of experiments were 
performed at 40 W microwave power with and without water stirring. 
The experimentally measured temperature values with a 5 % error band 
are plotted in Fig. 5, together with simulation results for the transient 
temperature at the bottom of the vessel. Fig. 5 shows good agreement 

Fig. 6. Temperature contours of the simulated water domain at various time intervals.
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between experimentally measured values and simulation results.
The performance of the model was evaluated quantitively by using 

the relative root-mean-square error (RRMSE). The use of RRMSE is a 
widely used metric for evaluating numerical models [38,39]. RMSE 
measures the average difference between the simulated and experi
mental results as shown in Eq. (11): 

RRMSE =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1
m
∑m

i=1(Ts − Te)
2

√

1
m
∑m

i=1Te
× 100 (11) 

where, Te and Ts are the experimental and simulated temperature values 
respectively, and m denotes the data points. The RRMSE was found to be 
3.04 % for unstirred and 2.78 % for stirred samples. The higher RRMSE 
value for the unstirred case can be attributed to the challenge of pin
pointing the location on the vessel for extraction of simulation results. 
This is due to the fact that the non-contact type pyrometer utilized by 
CEM Discover does not allow the determination of the exact point of 
temperature measurement. However, considering the location of the IR 
sensor in CEM Discover, the bottom point of the vessel was chosen for 
extracting the simulation results. This situation is different in the stirred 
case as it has almost the same temperature at every point, which is 
further discussed in detail in Section 4.2. Furthermore, the assumptions 
made in the flow module as stated in Section 3.1. might have introduced 
errors in the simulation results. Nevertheless, the RRMSE values indicate 
that model predictions are reasonably accurate and thus it can be used to 
simulate microwave heating in liquids even under agitated conditions.

4.2. Effect of stirring

Microwave heating is significantly influenced by the penetration 
depth and the dielectric properties of the liquid. A consequence of this is 
the likelihood of hot and cold spots within the sample. The current 
model aims to illustrate the effect of stirring on achieving uniformity in 
microwave heating. Fig. 6 represents the temperature contour of liquid 
with varying microwave exposure times, ranging from 2 s to 12 s, both 

with and without stirring. The initial temperature contour reveals higher 
temperature in the core of the liquid, with colder regions near the re
action vessel walls. This can be explained based on the higher micro
wave penetration depth in water [40]. Furthermore, the implied stirring 
in the numerical model predicts an even temperature distribution 
compared to the non-stirred liquid. The non-stirred model considers 
natural convective heating due to temperature difference (Fig. 7). 
Clearly, the convective currents alone were found to be insufficient for 
attaining uniform heating. Therefore, the occurrence of non-uniform 
temperatures in microwave reactor is highly apparent in the absence 
of liquid stirring.

Further, the predicted velocity field within the reactor vessel as a 
result of stirring, as shown in Fig. 8, indicates that flow in the lower 
region is suppressed, resulting in an axially asymmetric flow. In case of 
magnetic stirrer, there is a hydrodynamic obstacle that is imposed by the 
limited clearance between stirrer and bottom of the vessel which con
straints the formation of fully developed axial flow. This observation is 
in agreement with a previous study reporting the dependency of hy
drodynamics on clearance [33,41]. The present model reveals that peak 

Fig. 7. Temperature contour and velocity fields in the unstirred sample at various time intervals.

Fig. 8. Velocity field in the sample as a result of rotating stirrer.
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Fig. 9. Influence of input power on simulated Tmax: maximum temperature, Tavg: average temperature and Tmin: minimum temperature of unstirred and stir
red water.
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mean velocity originates in the vicinity of the stirrer, and decreases to
wards the tank wall, redirecting an upward inclination of the fluid near 
the wall and downward liquid motion towards the centre. Though, 
natural convection is indeed present in the reactor during stirring. The 
stirring force generated by the stirrer is sufficiently large to dominate 
over the natural convection effect. Furthermore, the model simulates the 
CEM Discover system, where the lowest rpm possible is 400. Such high 
rpm far exceeds the velocity field associated with natural convection; 
therefore, natural convection is not considered in the stirring case. The 
difference in velocity field due to natural convection and stirring can be 
seen in Figs. 7 and 8.

4.3. Effect of power

Reduced reaction times leading to enhanced productivity and faster 
turnaround times are crucial in the context of process intensification. 
Microwave power is one of the process parameters that influences 
temperature rise which in turn affects the reaction rates of reactive 
processes [42]. In the present study, four different power patterns (10 W 
× 900 s, 20 W × 450 s, 30 W × 300 s, and 40 W × 225 s) delivering a 
fixed input energy of 9 kJ is imposed while studying the effect of mi
crowave power on the resulting temperature profile. In addition to 
monitoring the temperature rise rate, uniform heating is also an 
important aspect of microwave-based heating, and can be quantitatively 
described by the coefficient of variation (COVT) [43]: 

COVT =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1
m
∑1

m(Ti − Ta)
2

√

Ta
(12) 

where, m represents the measured data points, Ta is the average tem
perature and Ti is the instant temperature at a point in the liquid domain. 
A smaller COVT value represents more uniform heating. The simulated 
temperature profiles at different power levels are shown in Fig. 9.

In the unstirred liquid, almost similar average volumetric tempera
tures (75.36–74.63 ◦C) were achieved with different input powers 
however, the final COVT (0.008–0.062) differs significantly as repre
sented in Fig. 10. It was observed that COVT increases with an increase 
in power. It can be concluded that even though more input power could 
reduce the overall heating time, this results in poorer temperature uni
formity. With stirring, the average temperature of water rises to 92.10 
◦C, and COVT is reduced to 0.004 at 40 W microwave power. The stirred 
liquid exhibited a higher average temperature of 12–15 ◦C compared to 
the non-stirred liquid depending upon the power input. According to 
Eqs. (7) and (8), heat generation is a function of the electromagnetic 

power loss density. Therefore, this increase in average temperature 
compared to non-stirred liquid can be attributed to a change in absorbed 
power, which was determined by volume integration of the electro
magnetic power loss density and is shown in Table 2. The results 
demonstrate that the absorbed power increases with stirring for each 
power setting. Further detailed analysis reveals that the electromagnetic 
power loss density was found to be strengthened in the central zone of 
the simulated water domain (Fig. 11). This suggests that the central zone 
has been exposed to higher microwave energy, potentially leading to 
higher heat generation. This is true for both stirred and unstirred cases; 
although, power absorption is likely to reduce when this central thermal 
zone does not diffuse as observed for the unstirred liquid domain, shown 
in Fig. 6. This is due to the temperature dependency of dielectric 
properties controlling power absorption as per Eq. (7). This also un
derscores the importance of controlling the temperature variation across 
the whole sample volume while working with microwaves. In a nutshell, 
model predictions indicated that improved heating uniformity can lead 
to a better heating rate.

4.4. Effect of volume

In this section, the accuracy of the model is assessed by examining its 
prediction capability under varying load conditions within the cavity. 
The height of the water domain is increased to the level of 40 mm under 
both stirred and non-stirred conditions. Introducing a material with a 
high dielectric constant and dielectric loss into a microwave cavity alters 
the electric field distribution. The same is predicted by the model in 
Fig. 12 for the water. The increase in volume of water further perturbs 
the field distribution, resulting in a shift in the energy absorption 
pattern. The peak of electric field loss is no longer in the center of the 
load. This effects the temperature distributions for stirred and non- 
stirred liquids as presented in Fig. 13. A similar pattern of temperature 
distribution was observed experimentally by Sturm et al. for non-stirred 
water in CEM Discover [21]. The temperature uniformity improves for 
the stirred liquid. For both water volumes, the simulated temperature 
profiles are within 5 % error bar of experimental results (Figs. 5 and 14), 
this emphasizes model’s ability to predict temperature distribution 
under varying loads. This confirms its reliability and robustness in sce
narios involving substantial changes in dielectric material in the cavity.

5. Conclusions

A new and fast Multiphysics model that simulates microwave heating 
of liquids in an agitated state shows that the temperature rise in the 
liquid is significantly influenced by microwave power. A higher micro
wave power leads to a higher heating rate, but there is a trade-off in non- 
uniform temperature distribution inside the reactor vessel. Our simu
lation results suggest that temperature uniformity can be enhanced by 
stirring, shown quantitatively via the coefficient of variation (COVT). 
The maximum COVT was found to be 0.062 without stirring at 40 W 
input power, decreasing substantially to 0.004 with stirring for a water 
load in a vial filled up to a height of 26 mm. Our analysis of distributions 
of electromagnetic power loss density, and temperature demonstrated 
that stirring within the reactor vessel is essential not just for ensuring 
temperature uniformity but also for regulating the volume temperature 
of the liquid. Our model demonstrated that stirring increases the final 

Fig. 10. COVT values under different input power.

Table 2 
Change in absorbed power with input power with and without stirring.

Input power (W) Absorbed power (W)

Without stirring With stirring

10 1.50885 2.10261
20 3.04645 4.21865
30 4.66028 6.31924
40 6.28019 8.43120
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average temperature by 12–15 ◦C compared to the non-stirred liquid. 
Further, analysis showed that the volume of load inside the cavity has a 
significant impact on the electric field distribution.

In summary, the model can be used to predict the temperature profile 

of liquids under agitation during microwave heating, which will aid in 
microwave system design and process optimization. The proposed 
approach applies to any kind of motion within the reactor, such as mode 
stirrer, and enables mathematical prediction of microwave processing 
capability even with a local PC. This method significantly reduces 
convergence time by almost 600 times compared to conventional 
methods and eliminates the need for supercomputers under complex 
model conditions. The instantaneous simulation results open future 
research opportunities for integration with advanced technologies, such 
as neural network models to avoid deviations in the reaction in real- 
time.

CRediT authorship contribution statement

Bhupinder Singh: Writing – original draft, Validation, Software, 
Methodology, Investigation, Formal analysis, Conceptualization. 
Samuel Hefford: Writing – review & editing, Visualization, Conceptu
alization. Enrique Sanchez-Perez: Writing – review & editing, Visual
ization, Conceptualization. Michael Barter: Writing – review & editing, 
Visualization, Conceptualization. Daniel R. Slocombe: Writing – re
view & editing, Visualization, Project administration, Conceptualiza
tion. Serena A. Cussen: Writing – review & editing, Visualization, 
Project administration, Conceptualization. Georgios Dimitrakis: 
Writing – review & editing, Visualization, Supervision, Resources, 

Fig. 11. Microwave power density inside the water domain at 40 W input power.

Fig. 12. Microwave power density inside the water filled to a height of 40 mm.

Fig. 13. Simulated Temperature contours of water filled to a height of 40 mm.

B. Singh et al.                                                                                                                                                                                                                                    International Journal of Heat and Mass Transfer 237 (2025) 126425 

10 



Project administration, Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper.

Acknowledgement

The authors gratefully acknowledge the financial support received 
from Engineering and Physical Sciences Research Council (EPSRC), 
reference number EP/W018950/1.

Data availability

No data was used for the research described in the article. 

References

[1] J.C. Atuonwu, S.A. Tassou, Quality assurance in microwave food processing and 
the enabling potentials of solid-state power generators: a review, J. Food Eng. 234 
(2018) 1–15, https://doi.org/10.1016/j.jfoodeng.2018.04.009.

[2] D.E. Clark, D.C. Folz, J.K. West, Processing materials with microwave energy, 
2000. www.elsevier.com/locate/msea.

[3] R.R. Mishra, A.K. Sharma, Microwave-material interaction phenomena: heating 
mechanisms, challenges and opportunities in material processing, Compos. Part A 
Appl. Sci. Manuf. 81 (2016) 78–97, https://doi.org/10.1016/j. 
compositesa.2015.10.035.

[4] Z. Peng, J.Y. Hwang, M. Andriese, Magnetic loss in microwave heating, Appl. Phys. 
Express 5 (2012), https://doi.org/10.1143/APEX.5.027304.

[5] J. Cheng, R. Roy, D. Agrawal, Experimental proof of major role of magnetic field 
losses in microwave heating of metal and metallic composites, n.d.
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