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ABSTRACT: In order to overcome the apparent limitations of the inhomogeneous nature of large-scale microwave heating of
fluids, a microwave reactor with a rigid−flexible combined stirring paddle is used to heat fluids, destabilizing the hot spots present in
the microwave heating of fluids process. An integrated multiphysics field simulation model for calculating the microwave heating
process with fluid was created for the purpose of clarifying the temperature field dispersion and fluid flow patterns in the reactor. By
using the proposed model, the rigid−flexible combined stirring paddle is compared with the conventional single- and double-layer
stirring paddle to highlight the benefits of the rigid−flexible combined stirring paddle in improving fluid heating uniformity. It was
found experimentally that the leaching rate of soft manganese ore was increased by 7.08 and 5.22% compared to conventional single
and double stirred paddles, respectively. In addition, the optimal stirrer parameters were investigated by the response surface
method.

1. INTRODUCTION
Manganese is an important strategic resource with irreplace-
able application value in the national economy and steel
industry.1 With the development of social economy, the
demand for manganese alloys is increasing, and it is especially
important to recover manganese from the large amount of low-
grade manganese ore, which accounts for about 93% of
manganese resources.2,3 There are two main methods of
manganese resource recovery, pyrometallurgy and hydro-
metallurgy.4 Although pyrometallurgy has a good recovery
rate and higher efficiency, it has the disadvantage of high
energy consumption and serious pollution in the recovery
process.5,6 In contrast, hydrometallurgy focuses on the
recovery of low-grade minerals in a low-pollution manner.7

In contrast, the conventional hydrometallurgical process has a
low leaching rate and low economic efficiency. Therefore, the
development of economical, clean, and efficient recovery
technology for low-grade manganese ore is of great importance
for the sustainable development of the manganese industry.

Microwave heating is fast, efficient, and has the advantage of
selective heating,8 therefore, microwave reactors are used in
assisted chemical production.9,10 It is used frequently as an
alternative to conventional heating, especially in the fields of
mineral pretreatment or reduction, ceramic or alloy material
preparation.5,11 Ye et al. conducted microwave carbon thermal
reduction experiments on low-grade soft manganese ores and
obtained a reduction rate of 97.2% at a shorter reduction time
and lower processing temperature, 97.2% reduction was
obtained.12 However, the inhomogeneous electromagnetic
field distribution present in the microwave heating process
causes uncontrollable hot and cold spots with significant
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heating inhomogeneity,13 which limits the efficiency of
microwave heating of chemical reactions.14

To solve this problem, various research methods have been
proposed to improve the effect of microwave heating,
including: modulating the electromagnetic field distribution
in the microwave reactor, such as, by rotating a turntable with a
metal patch to change the electromagnetic field distribution in
the reactor, to improve the uniformity of microwave heating,15

adding a mode stirrer in the microwave reactor is also
beneficial to enhancing the microwave heating effect.16

Through the turntable constantly altering the position of the
reactants, so that the heat is evenly distributed, which improves
the uniformity of microwave heating;17 In besides varying the
electromagnetic field distribution and changing the position of
the reactants, the effect of microwave heating can be further
enhanced by using fluid stirring technology, which greatly
improves the heating uniformity compared to the case without
stirring.18

For fluid heat transfer in a reactor, the fluid temperature
distribution is constantly changed by the fluid flow. If the fluid
is not in a laminar flow but in a turbulent state with a more
complex fluid motion, the fluid temperature variation in the
reactor will be more complex. Based on this situation, relevant
numerical simulation studies of the fluid in the turbulent state
of microwave reactor heating have not been reported.
Nevertheless, in actual chemical production, high-speed
stirring of the reactants is often required, and the designed
reactor will be used in chemical production, for which
simulation of the heating process is of great significance.

In our previous research, we designed a novel stirring paddle
by combining rigid and flexible paddles to facilitate the
adequate mixing of liquids in the reactor. Compared with the
conventional rigid paddle, the combined rigid−flexible stirring
paddle, subsequently referred to as RF stirring paddle, can
effectively break the symmetric flow field and enhance the fluid
flow inside the reactor.19,20 Therefore, it can be expected that
the added RF stirring paddle during microwave heating of the
fluid will improve the temperature field distribution in the
reactor and contribute to a more uniform distribution of the
temperature field in the reactor. In this paper, by using the RF
stirring paddle into the microwave reactor, the multiphysical
field coupling calculation of electromagnetic field, temperature
field, and flow field of the material inside the reactor was
carried out to highlight the advantages of the RF stirring
paddle to improve the microwave heating effect compared with
the conventional paddle type. In addition, the microwave
heating and fluid flow processes with different rotational
speeds, off-bottom distances, rigid paddle diameters, and
flexible paddle widths were calculated to determine their effects
on the reactor temperature distribution, and the optimal
stirring paddle parameters were determined by the response
surface method.

2. METHODS
2.1. Experimental Section. In the experiment, first, the

received soft manganese ore and pyrite were dried in an oven
(Shanghai Yiheng Scientific Instruments Co., Ltd.) at 105 °C

Figure 1. (a) Schematic diagram of the experimental system. (b) Schematic diagram of the 3D model.
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for 2 h to remove any moisture that might have adhered to the
surface. In the leaching experiment, soft manganese ore and
pyrite with a 3:1 ratio of two ores were weighed by using an
analytical scale (OHAUS). Then the required volume of
sulfuric acid was added according to the liquid to solid ratio
(10 mL/g). The microwave heating apparatus developed by
Kunming University of Technology was used for microwave
heating,2 and the temperature of the solution in the reactor was
measured in all experiments using a k-type digital temperature
controller with a measurement range of 0−300 °C and a

temperature accuracy of ±0.1 °C. The reaction time was
controlled by a digital chronograph.21 During the leaching
process in the reactor, the sulfuric acid solution was stirred
after a certain amount of the prepared sample was added, while

Table 1. Summary of Material Properties of the Mineral
Slurry in the Simulation

parameter value unit

the real part of the relative
permittivity (ε′)

15.4251 + 0.0483 × T dimensionless

the imaginary part of the
relative permittivity (ε″)

−0.49538 + 0.0037 × T dimensionless

dynamic viscosity (μ) 0.0003 + 17.7110 × exp(−T/
29.205)

Pa·s

thermal conductivity (K) −0.8691 + 0.0089 ×
T1−1.5837×10d

−5

× T2+7.9754×10d

−9

× T3

W/(m3·K)

Figure 2. Flowchart of simulation calculation.

Figure 3. Meshing of (a) the general geometry and (b) the RF stirrer
with tetrahedral mesh cells.
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the digital timer was activated. After the reaction occurred for a
period of time, the mixer and timer were stopped
simultaneously. The reaction solution was filtered with an
SHZ-D (III) vacuum pump. The manganese content of the
filtrate was titrated with (NH4)2Fe(SO4)2 solution. For the
accuracy of the data, two replicate tests were performed under
the same conditions.
In the leaching process of soft manganese ore, the material

of the rigid stirring paddle and stirring rod used is PTFE
(Polytetrafluoroethylene), the flexible stirring paddle is a thin
sheet of PTFE, and the rigid stirring paddle and the flexible
stirring paddle are connected with a ring made of PTFE. The
schematic diagram of the experimental system with the
established 3D model can be found in Figure 1. In the
experiments and simulations, the default input parameters are
microwave power of 450 W (all microwave frequencies are
2.45 GHz), RF stirring paddle speed of 120 rpm, RF stirring
paddle height from the bottom of 3 cm, rigid stirring paddle
diameter from 2.5 cm, and flexible stirring paddle width from 1
cm. During the simulation calculations, in order to obtain a
model that is easier to simulate, the mineral paddle reacted in
the experiment is considered as an ideal fluid, and some
important parameters are set by substituting functions
considering the effect of temperature on the material
parameters,4 as shown in Table 1.
2.2. Modeling. The 3D geometry of the above

experimental system is developed in commercial finite element
software, COMSOL Multiphysics. The dimension of the
calculation model can be found in Figure 1b.
The multiphysics field simulation of microwave heated fluid

is calculated using Maxwell’s equations, fluid flow equations,

and heat conduction equations coupled with each other, and
the distribution of electromagnetic field is calculated by solving
Maxwell’s waveform equations in the frequency domain22

E k E( ) 0r
1

0
2

r× × = (1)

In the calculation, the electromagnetic power absorbed by
the microwave heated material is Pe, and Pe, as the heat source,
is obtained from the following equation23

P E
1
2e 0

2= | |
(2)

The fluid flow state inside the reactor is judged to be in a
turbulent state, so the simulation of this multiphysics coupled
model uses the k−ε model to calculate the fluid flow problem
inside the reactor.20

The model uses the dynamic mesh in COMSOL Multi-
physics to simulate the fluid flow inside the reactor. Continuity
equation and momentum equation for turbulent time-averaged
motion19,23

u
x

0i

i
=

(3)

u u

x
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i

i j

i j

j
i

2

= + +
(4)

Turbulent kinetic energy equations24

Figure 4. Temperature at the temperature measurement point obtained by simulation and experiment [microwave power 450 (a), 500 (b), 550
(c), 600 W (d)].
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The relevant constants in the standard k−ε equation are cμ =
0.09, c1 = 1.44, c2 = 1.92, σk = 1, σε = 1.3.
The heat transfer inside the reactor is mainly through fluid

flow, and the equation used to describe fluid heat transfer is as
follows

C
T
t

C u T q Pp p e+ × + × =
(7)

The stepwise algorithm was adopted to simulate the heating
process,10 and the time step was set at 0.1 s. The fluid inside

the reactor changed its physical properties with a change of
temperature. In the COMSOL simulation process, the RF
module and PARDISO direct solver are used to realize the
calculation of electromagnetic field.10 The fully coupled
method of the MUMPS direct solver was adopted to solve
the fluid temperature field and flow field distribution by the
turbulence module, dynamic grid module, and fluid heat
transfer module, respectively. The calculation program of the
multiphysical field model is shown in Figure 2.
Considering the simulation of the turbulent flow model

containing stirring paddles and the need for a more refined grid
for the coupling calculation of fluid dynamics and electro-
magnetic heating, the grid of the material region is refined, and
the grid cells of the material region are calibrated to fluid
dynamics and are more refined (Figure 3b). Based on mesh
convergence analysis, to ensure that when the number of grids
is reduced by half, the change of any dependent variable does
not exceed 1% of the total change,24 the model uses 614,158
tetrahedral grids (Figure 3).

Figure 5. Grid-independent verification [diagram of monitoring surfaces and monitoring lines (a), temperature distribution (b), speed distribution
(c)].

Figure 6. Temperature isosurface distribution without stirring (a), temperature isosurface distribution after stirring (b), and COV comparison (c).
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3. RESULTS AND DISCUSSION
3.1. Model Validation. The point temperature in the

experiment was compared with the simulated point temper-

ature (temperature point coordinates were x = 0, y = −2, z =
11) at different microwave power (microwave power was 450,
500, 550, 600 W, respectively). The stirring speed in the
experiment was 120 rpm, and the microwave frequency was

2.45 GHz. The simulation results were more consistent with
the measured results, but the simulated temperature was higher
than the measured temperature. The deviations may be due to
the use of assumed constant electrical and thermal parameters
as well as the lag in temperature measurement. Comparing the
simulated and experimental data, the average relative errors of
the obtained point temperatures are 2.04, 3.17, 3.33, and
2.51%, respectively. In general, the measured temperature and
simulated results match well, which verifies the validity of the
model (Figure 4).
Local temperature distributions and velocity magnitude

distributions are compared for microwave reactors with a total
number of grid cells of 481,857, 631,124, 852,711, 1,004,058,
and 1,225,971, respectively. The detection line is taken from a
straight line with radial coordinate x = −40 mm and axial
coordinate z = 0−200 mm in the xz plane in the stirring tank,
and the temperature of the fluid at each point of the rigid−
flexible combination stirring paddle on the monitoring line, as
well as the distribution of the fluid velocity, is extracted by
calculation, so as to analyze the influence of the number of
grids on the simulation results.
The grid validation plot is shown in Figure 5. From the plot,

it can be seen that when the number of grids is increased from
481,857 to 1,225,971, the overlap of temperature distribution
curves and velocity distribution curves under five different grid
numbers is higher, and this validation experiment can be
considered to show that the number of grids delineated has
less influence on the calculation results. Combined with the
grid validation graph, 631,124 and 1,225,971 have almost
double the difference in the number of grids, but the
temperature and velocity distribution curves in the detection
line have the highest degree of coincidence. In order to ensure

Figure 7. Hot spot destabilization schematic.

Figure 8. Comparison graphs of velocity field distribution (a−c), temperature field distribution (d−f), and COV at y−z cross-section at different
rotational speeds (h) and the location of y−z cross-section (g).
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high accuracy and simplify the calculation, 631,124 meshes are
used for all subsequent calculations.
3.2. Effect of Stirring on Fluid Heating Uniformity.

Comparing the temperature distribution in the reactor without
stirring and the stirring paddle speed of 120 rpm, as shown in
Figure 6. The temperature equivalence surface in the unstirred
reactor was not uniformly distributed, and there were hot spots
(i.e., heat concentration areas), which were always present and
did not change position; the hot spots in the reactor with a
stirring speed of 120 rpm were shifted, and the heat in the hot
spot area was transferred through the fluid, so that the heat was
more uniformly distributed in the reactor and the microwave
heating effect was greatly improved (Figure 7).
To quantify the homogeneity of the microwave heated fluid,

the temperature coefficient of variation of the fluid in the
reactor is compared (Figure 6c), stirring can effectively reduce
the temperature coefficient of variation of the fluid in the
reactor and enhance the homogeneity of the microwave heated
fluid.17

In the velocity cloud plot distribution of the y−z cross-
section (the x-coordinate of the y−z section is 0) at different
rotational speeds (Figure 8g), the overall fluid flow velocity in
the reactor increases with the increase of rotational speed, but
the distribution of fluid flow velocity is more consistent, with
the fastest fluid flow velocity near the reactor wall and then
decreasing inward (Figure 8a−c); considering that the increase
in rotational speed and the overall acceleration of the fluid flow
rate in the reactor facilitates heat transfer, the higher the
rotational speed the better the heat transfer between the fluids.
Therefore, the temperature distribution at different rotational
speeds was also explored, and it was found that the more
uniform the temperature equivalence surface on the y−z cross
section with the increase of the stirring paddle speed, the
“stratification” of the temperature equivalence surface was
reduced, and the heating uniformity was improved (Figure
8d−f). The temperature coefficient of variation of the fluid in
the reactor can also be seen in the comparison chart (Figure
8h), the increase in speed can effectively reduce the

Figure 9. Temperature profile distribution of conventional single-layer stirrer (a), conventional double-layer stirrer (b), and RF stirrer (c) and, the
position taken by the 3D intercept line (d).
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temperature coefficient of variation of the fluid, which can
improve the effect of microwave heating fluid.
3.3. Comparison with Conventional Paddle Type.

With the microwave heating process and rotation of the
stirring paddle, the temperature distribution in the reactor of
different paddle types varied after 60 s of simulated microwave
heating (Figure 9). Among them, there are more temperature
equivalence surfaces in the traditional single-layer stirred
paddle reactor and the traditional double-layer stirred paddle
reactor, and the phenomenon of “layering” of temperature
equivalence surfaces appears in the figure, which indicates that
the temperature distribution in the reactor is less uniform in
space. In contrast, the temperature distribution in the RF
stirred paddle reactor is more uniform than the above two
traditional paddle types, especially near the wall, the RF stirred
paddle reactor has fewer temperature equivalent surfaces.
For this phenomenon, a three-dimensional intercept line

(consisting of two points with coordinates x = 5.5, y = 0, z =
20, and x = 5.5, y = 0, z = 0, Figure 9d) was taken near the wall
of the reactor to investigate the effect of the flexible paddle on
improving the microwave heating fluid. From the three-
dimensional intercept of the fluid flow velocity graph, it can be
seen that the participation of the flexible blade in the RF

Figure 10. Fluid flow velocity (a) and axial flow velocity (b) at the 3D intercept line, fluid flow velocity (c), and soft manganese ore leaching rate
(d) in the reactor for different stirring paddles.

Figure 11. Flow field structure (a−c) and temperature field
distribution (d−f) at different off-bottom heights.
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Figure 12. Comparison of temperature distribution (a) and leaching rate of soft manganese ore (b) for different rigid paddle diameters and
temperature distribution (c) and leaching rate of soft manganese ore (d) for different flexible paddle widths.

Figure 13. Response surface with COV as the response value (a−c) and response surface with average temperature as the response value (d−f).
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stirring paddle plays a role in shearing the fluid and pushing
the fluid axial movement (Figure 10b), making the fluid flow
velocity at the three-dimensional intercept faster than other
paddle types (Figure 10a), which accelerates the heat transfer
and is conducive to promoting the uniform temperature
distribution; compared with the traditional single-layer and
double-layer paddles, RF stirring paddle can make the fluid
flow rate in the reactor more balanced in space, especially
improving the flow rate of the fluid at the bottom, which is
conducive to strengthening the fluid flow in the higher
temperature basin at the bottom of the reactor, enhancing the
heat transfer of the fluid, and improving the uniformity of
microwave heating (Figure 10c).
According to the preliminary research and experiments,

temperature has a great influence on the leaching process of
soft manganese ore, especially on the leaching rate.4 The
simulation results show that the combined rigid and flexible
stirring paddle can make the temperature distribution more
uniform and the fluid flow rate in the reactor more spatially
even, both of which are beneficial to the leaching of soft
manganese ore.
Combined experiments revealed that under the conditions

of microwave power of 450 W (microwave frequency of 2.45
GHz) and RF stirring paddle rotation speed of 120 rpm, the
leaching rate was increased by 7.08 and 5.22%, respectively,
compared with the conventional single- and double-layer
stirring paddles (Figure 10d), which showed that the
combined RF stirring paddle can effectively improve the
leaching rate and leaching efficiency with enhanced uniformity
of the microwave heating solution.
3.4. Optimal Mixing Paddle Parameters. The flow field

structure diagram and temperature field distribution of the RF
stirring paddle at different off-bottom distance positions
(Figure 11) were obtained by simulating the heating time of
60 s. The number of vortices generated by the RF stirring
paddle is the same at different off-bottom distance positions
(different distances h from the bottom are 1, 3, 5 cm), but the
position distribution is not consistent. The fluid is subjected to
rigid paddle lift and centrifugal force, and flows upward
diagonally along the rigid paddle, and when it hits the wall of
the reactor, the fluid continues to flow upward until it reaches
the point where the fluid has no upward velocity, when the
fluid starts to fall back down to form vortices; at the same time,
the flexible paddle also continuously shears and disturbs the
fluid between the two layers of rigid paddles during the stirring
process, forming small vortices (Figure 11a−c).
The installation position of the stirring paddle is too close to

the bottom of the reactor, but it is not conducive to fluid heat
transfer at the bottom of the reactor. The stirring paddle is
placed too low, which hinders fluid heat transfer at the bottom
of the reactor. The analysis combined with the flow field
structure is due to the vortex near the lower paddle, and the
distance between the paddle and the bottom of the reactor is
too close, resulting in poor heat transfer between the lower
stirring paddle and the bottom wall of the reactor, and
excessive heat concentration at the bottom of the reactor,
which affects the uniformity of the heated fluid (Figure 11d−
f).
The effect of other parameters of the stirring paddle on the

temperature field was explored and compared, and it was found
that appropriately increasing the diameter of the rigid paddle
and the width of the flexible paddle was favorable to the
uniform distribution of temperature in the reactor. The main

reason is that the increase of the rigid paddle diameter may
make the mixing process more fluid by the paddle to promote
the impact to the reaction kettle wall to form the reflux; with
the increase of the width of the flexible paddle and thus more
radial flow of the fluid did not increase the axial flow, so that
the reaction kettle inside weakens the effect of the heat transfer
of fluids. From the results of the leaching rate experiments, it
can also be seen that an appropriate increase in the diameter of
the rigid paddle and the width of the flexible paddle can
improve the heating effect of the system, which is conducive to
the leaching rate and leaching rate (Figure 12).
In addition to investigating the effect of RF stirring paddle

parameters on microwave heating characteristics, a three-
factor, three-level response surface test was designed using
Design-Expert. The response values of COV and mean fluid
flow velocity after 10 s of simulated microwave heating were
used to analyze the off-bottom height, rigid paddle diameter,
and flexible paddle width of the stirrer. The results of the
response surface test were analyzed by ANOVA, and it was
found that each factor of the RF stirrer had a significant effect
on the COV and the mean fluid flow velocity (Figure 13). The
larger and steeper the gradient of the curve of the response
surface in the figure indicates the more significant effect of the
factors on the COV or average fluid flow velocity; therefore,
based on the response surface ANOVA and the curve plot, the
stirring conditions for the best COV were obtained as follows:
rigid paddle diameter of 3.96 cm, flexible paddle width of 1.43
cm, and distance from the bottom of 1.21 cm; the stirring
conditions for the best average fluid flow velocity were
obtained as follows: rigid paddle diameter of 3.79 cm, flexible
paddle width of 1.38 cm, and distance from the bottom of 1.17
cm. The differences in the optimal parameters of the COV and
average fluid flow velocity are mainly due to the uneven
distribution of the heat area generated by the microwave
heating fluid in the reactor.

4. CONCLUSIONS
The calculated results of the model are in good agreement with
the experimental results, indicating that the model can be used
as an effective method to analyze the heat and temperature
distribution of the microwave-heated fluid. The stirring effect
of the RF stirring paddle and the regulation of the stirring
paddle speed can well avoid the uneven heating caused by the
short penetration depth of the microwave and the hot spots
and thermal runaway caused by the uneven distribution of the
electromagnetic field. The RF stirring paddle compared with
the traditional single- and double-layer stirring paddles, the
shear and disturbance of the rigid paddle to the fluid can more
effectively improve the temperature distribution of the fluid in
the microwave heating process. In addition, moderately
increasing the rigid paddle diameter and flexible paddle
width can improve the heating effect of the system.
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■ NOMENCLATURE
T temperature (C)
E electric field (V/m)
K thermal conductivity (W/(m °C))
k turbulent kinetic energy
k0 wave number in vacuum (rad/m)
Cp specific heat capacity (J/(kg °C))
Pe electromagnetic power dissipation (W)
p pressure (Pa)
u fluid velocity (m/s)
q heat flow density

■ GREEK SYMBOLS
ε turbulent dissipation rate
εr relative magnetic permeability
ε0 vacuum permittivity, 8.854187817 × 10−12 (F/m)
ε′ real part of the relative effective permittivity
ε″ imaginary part of the relative effective permittivity
ρ density of the liquid (kg/m3)
μt turbulent viscosity
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