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Microwave (MW) ablation is a new technology for focused cancer treatment. This treatment
applies the microwave power to tumor by using the MW antenna. The modeling for heat transport
in the biological tissue was applied in the therapeutics application for preventing injury and
analyzing the effectiveness of the treatment process. There were many heating models proposed
for predicted heat transfer in the liver model. However, there were few studies comparative of the
heating models in the liver cancer model. This study presented the systematically the comparative
performance of the thermal model during the MW ablation process with MW power of 10 W and

Numerical simulation frequency of 2.45 GHz. The comparative thermal models implemented in this work were the
bioheat model, the porous media model with constant velocity, and the Darcy-Brinkman porous
model on the heat transfer in liver cancer model during MW ablation process. The mathematical
models were considered to couple with electromagnetic wave propagation, heat transfer, and
blood flow analysis. The Darcy-Brinkman porous model has a comparative advantage higher than
the porous model with constant velocity. The Darcy-Brinkman porous model was effective in
various situations of predictions as compared to other models, since the role of conduction and
the role of convection were combined. The value of investigated provided an indication of lim-
itations that must be considered in administering microwave ablation therapy.

1. Introduction

Microwave (MW) ablation is a new technology for focused cancer treatment. This treatment is an alternative treatment for liver
cancer [1-3], which one of the cancers that have a low survival rate [4]. The MW ablation has applied the MW power to the target
tissue (tumor) by MW antenna. The MW is absorbed and converted to the heat generation in the tumor. The tissue temperature rises to
52 °C for a heating time of 1 min, or the instantaneous tissue temperature exceeds 54 °C, the cell will be killed immediately [5-10]. The
goal of this treat tissue by the MW heating and without damaging it to the surrounding tissue. Furthermore, MW ablation has many
advantages and powerful treatment techniques compared with conventional treatment for localized liver cancer treatment. However,
MW ablation has dangerous when used incorrect conditions during treatment, such as the heat spread over the boundaries of the tumor
area. When the heat spread over the boundaries of the tumor, the temperature of healthy tissue is rising. The increase of the healthy
tissue temperature is resulting in the protein denaturation process, which is dangerous on the healthy tissue. Therefore, the studies of
correct conditions are necessary.
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MW ablation is a popular treatment technique for primary and metastatic liver tumors [11-13], and has advantages over the other
thermal ablation (such as radiofrequency ablation (RFA)) [14,15,16]). It could not apply to human liver beings due to be unethical.
Many researchers have been experimenting with animals [10,17-21]). However, these experimental studies had limitations compared
to experimenting with a nearly realistic human liver. The numerical simulation could be applied to study the treatment. It has been the
advantage of needing only a short period, the low economic cost, humanity, and could be set up with conditions near to those of a real
human liver. Most simulation studies of liver cancer treatment with thermal therapy used the Pennes bioheat model, introduced by
Pennes [22].

The Pennes bioheat model has been widely applied in many studies about heat transfer in biological tissue, in particular, this has
applied in the thermal ablation models [23-25]. Although the Pennes bioheat model is widespread and has been applied in several
studies, this model requires many assumptions and may limit their application [26]. Therefore, researchers proposed the new model,
the modified bioheat model, or the couple bioheat with other models for reduced the many assumptions and highly accurate in the
specific situations.

Waulff and Klinger proposed the new bioheat equation, pointing out the shortcomings of the Pennes bioheat model, because of not
considering the moving blood through the biological tissue convect heat in any direction [27,28]. In 2007, Yang et al. developed a
modified bioheat model for prediction temperature profiles during MW ablation in a high temperature state [29]. After that, Keangin
et al. developed the numerical model of liver cancer treatment with MW ablation, which included thermal deformation analysis during
the treatment process [2]. In 2016, Wu et al. proposed the model of MW ablation in liver tissue with the multi-frequency [30].

Although the bioheat model could be modified to improve accuracy and efficiency, the bioheat models have some limitations. This
model cannot handle several physical effects, in particular, the directional of blood flow and convective heat transfer mechanism.
Some researchers proposed the porous media model applied in the biological tissue for improved model accuracy and efficiency. The
realistic, the biological tissue includes the cell, blood vessel, and interstitial space, which can be defined as the solid phase and fluid
phase in the biological domain [31]. Therefore, the biological tissue could assume a porous structure [32,33]. Thus, the porous media
theory can be applied in biological tissue [34]. In 2009, Mahjoob and Vafai proposed the hyperthermia treatment in the two biological
models, based on the local thermal non-equilibrium (LTNE) model in porous media theory [31]. The advantages of utilizing a porous
media model in biological tissue has few assumptions as compared to different established bioheat transfer models [31].

In 2013, the liver cancer with MW ablation treatment model based on the porous media approach was proposed by Rattanadecho &
Keangin [34]. This work was the first study of heat transfer and blood flow in the two-layered porous liver during MW ablation process
using single and double slot antenna. This study was considered the fluid with constant velocity but considered the fluid with fluid flow
equations in the porous tissue domain. Keangin et al. presented the mathematical model of biological materials based on porous
theory. This model imposed the electromagnetic field on biological materials such as the liver, brain, bone, and skin, etc. The results
showed the effect of electromagnetic power and frequency on the temperature of solid phase and blood phase in biological materials
[35]. After that, Keangin and Rattanadecho developed the porous liver cancer model during MW ablation treatment. The mathematical
model based on LTNE approach and the equations of the model considered couple with electromagnetic wave propagation and heat
transfer analysis. The simulation results showed the effect of the model approach, porosity, and MW power during MW ablation
treatment [26].

Although the performancing comparative of the predicted thermal models during the MW ablation process, there are a few studies.
In particular, the systematical studies of the performancing comparative heat modeling implemented in the biological tissue.
Therefore, the porous model was applied in the biological tissue coupled with the blood flow model with the heat transfer model,
which is necessary and exciting. The comparative of the thermal models during the MW ablation process on the heat transfer affects the
accuracy and effectiveness of the liver cancer model. Furthermore, the systematic study of the different heating models in the early
stage of heating time to the long stage of heating time has not appeared. Therefore, the fundamental of the different heating imple-
mented could be selected as the suitable heat models for the right condition and situation.

This study proposed the performancing comparative of the predicted heating models implemented of the liver cancer model with
MW ablation with MW power of 10 W and frequency of 2.45 GHz. The heating models implemented were the bioheat model, the
porous model with constant velocity, and the Darcy-Brinkman porous model. The porous models (the porous model with constant
velocity and the Darcy-Brinkman porous model) were based on the local thermal equilibrium (LTE) approach. The mathematics of all
models considered coupled with the electromagnetic wave propagation and heat transfer in the liver tissue. In the specific Darcy-
Brinkman porous model deemed to be fully combined with the electromagnetic wave propagation, heat transfer, and flow analysis
in the liver cancer model. The effect of the bioheat model, the porous model with constant velocity, and the Darcy-Brinkman porous
model on the temperature distribution was systematically comparison. For accuracy, the numerical model was validated with
experimental results by Yang et al. [29]. In finally, this study presented suitable models for prediction temperature profiles during MW
ablation treatment for various conditions. The fundamental understanding of models could be a guideline for effective treatment.

2. Modeling and formulation

The anatomic structure of the model consists of the liver tissue domain and the MW antenna domain. The liver tissue domain
(tumor and healthy tissue) as porous media materials consist of solid and fluid phases (blood phase), in which domains considered with
electromagnetic wave propagation, heat transfer, blood flow analysis (Brinkman model extended Darcy). The MW antenna domain is
less affected by heat transfer, therefore considered with electromagnetic wave propagation only. This study developed the numerical of
liver cancer model with MW ablation based on the LTE porous model. Furthermore, this study investigated the performancing
comparative of the heating models implemented of the liver cancer treatment with MW ablation on the heat transfer.
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Table 1
Dimensions and dielectric properties of single slot MCA [2]].
Material Dimensions (mm) Dielectric properties
Relative permittivity, &, Electric conductivity, o (S/m) Relative permeability, p,
Inner conductor 0.135 (radial) - - -
Dielectric 0.47 (radial) 2.03 0 1
Outer conductor 0.595 (radial) - -
Catheter 0.895 (radial) 2.1 0 1
Slot 1.00 (wide) 1 0 1

2.1. Problem description

MW ablation is a type of thermal ablation. This technique is using the MW frequency induced external heat in a specific area. The
MW frequency is transmitted by using a MW antenna, in which the MW coaxial antenna (MCA) is used extensively [34]. This study was
developed the numerical model of liver cancer treatment with MW ablation by using a single-slot MCA transmitting the MW power into
a specific area (tumor domain). The single-slot MCA has a diameter of 1.79 mm, the antenna is required as small as a possible for
minimally invasive [26]. A wide of the ring-shaped slot of 1 mm is cut off the outer conductor, and the length of 5.5 mm from the
short-circuited tip, that for avoiding the electric field becomes stronger near the slot (Saito et al., 2000). The MW antenna operated at
the power of 10 W and frequency of 2.45 GHz, which is used for MW ablation treatment. The dimension and properties of single-slot
MCA are shown in Table 1. The goal of this treatment treated liver by MW heating and without damaged to the surrounding tissue.

In this study, the liver cancer domain based on the porous media model. The porous liver cancer consists of 2 domains, the porous
tumor, and the porous healthy tissue. The center of the tumor sets on the center slot and tumor radius of 10 mm. All domains are
considered as an axisymmetric model, which the geometry of porous liver cancer, as shown in Fig. 1(a). The porous tissue domains
(tumor and healthy tissue domain) are based on LTE in the porous media theory. The geometry of the model based on Bioheat was
adapted to the geometry of the porous liver. In this study, the liver cancer model with MW ablation by using single-slot MCA for all
cases. The mathematical of the porous model is considered to couple with the electromagnetic wave propagation, heat transfer, and
fluid (blood) flow based on LTE assumption. The dielectric and thermal properties of the model are selected from the literature [2,26,
36,371, as shown in Table 2.

2.2. Equations of electromagnetic wave propagation analysis

The electromagnetic (EM) wave propagation was considered in all domains. The governing equations and boundary conditions of
EM wave propagation were applied for all models.

2.2.1. Governing equation and assumptions of electromagnetic wave propagation analysis
The electromagnetic wave propagation is considered in all domains. To reduce the complexity of the problem, the following as-
sumptions are made.

. The electromagnetic wave propagation considered in the 2-D axisymmetric model on r-z coordinates.

. The electromagnetic wave propagation in the MCA is characterized by transverse electromagnetic fields (TEM) [38].
. The electromagnetic wave propagation is characterized by transverse magnetic fields (TM) [38].

. The model assumes that the dielectric properties of the liver are uniform.

A WN R

The propagation of the electromagnetic wave in the antenna is by a transverse electromagnetic field (TEM) [2] that given as:

_ C .
Electric field (E )f:EﬁE’(’“”kz) )
r
. . o\ o C vj(wt—kz)
Magnetic field (H) H:Ed)EE 2 (2)

where E is the electric field (V/m), r,¢, and 2z are cylindrical coordinates centered on the axis of the coaxial cable. C = W is
the arbitrary constant, Z is the wave impedance (£2), P, is the MW power input (W), Ryyer is the dielectric outer radius (m), Ripper is the
dielectric inner radius (m), fis the frequency (Hz), @ = 2xf is the angular frequency (rad/s), k is the wave propagation constant (m™1),
which relates to the wavelength (1) in medium: k = 27”

Furthermore, the propagation of the electromagnetic wave in the biological tissue is by a transverse magnetic field (TM) as
described by the following equation:

1 jou\ ' = -
VX((—7&> VXHg)*/lrkéHg:() 3)
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Fig. 1. The physical domain and boundary conditions of porous liver cancer model with MW ablation; (a) The physical domain, (b) The boundary conditions.
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Table 2

The dielectric and thermal properties of the tissue [26,371].
properties Normal Tissue Tumor Blood
Relative permittivity, &, 43 48.16 58.3
Electric conductivity, 6¢ (S/m) 1.69 2.096 2.54
Density, p (kg/m) 1030 1040 1058
Thermal conductivity, ke, (W/m-°C) 0.497 0.57 0.45
Specific heat capacity C, (J/kg- °C) 3600 3960 3960

where ﬁ(.) is magnetic field intensity (A/m), u, is relative permeability, & is relative permittivity, &, = 8.8542 x 107'2 F/m is
permittivity of free space, o, is electric conductivity (S/m), ko is the free space wavenumber (m™1), and » = 2zf is the angular fre-
quency (rad/s).

The interaction of an electromagnetic wave with biological tissue can be defined in terms of a specific absorption rate (SAR)
distribution. When the electromagnetic wave is transmitted by an MCA, it passes through it and then propagates throughout the entire
domain. The electromagnetic wave is absorbed and converted to the external heat source term. In this study, SAR represents the MW
power absorption deposited per unit mass in tissue (W/kg) [34]. The SAR is given by:

SAR=2¢

2p

E| @

where o, is the electrical conductivity (S/m), p is the tissue density (kg/ms), and E is the electric field intensity (V/m).
2.2.2. Boundary conditions of electromagnetic wave propagation analysis
The boundary conditions of EM wave propagation were adapted for all cases. The EM boundary conditions of the porous liver show

in Fig. 1(b), and the following conditions are made:

5. The outside of the computation domain is considered as a scattering boundary condition to eliminate the reflections:

A X VEE — i Hy =2/, Hp 5)

6. The interfaces between different mediums are considered as a continuity boundary condition:

7 x (ﬁl fﬁz) -0 6

7. The boundary conditions of the inner and outer conductor of MCA as the perfect electric conductor (PEC) boundary conditions:

AXE=0 7)

8. The port boundary condition is applied at the inlet of MCA with the MW power level set to 10 W.
9. The electrical symmetry boundary condition is applied at r = 0:

E =0 (8a)
JE,
o 0 8b)

2.3. Equations of heat transfer and blood flow analysis

In this study, the liver cancer model during MW ablation treatment was compared and applied by three heating models: the bioheat
model, the porous model with constant velocity, and the Darcy-Brinkman porous model.

2.3.1. Governing equation and assumptions of heat transfer and blood flow analysis
The heat transfer and blood flow are considered in the tissue domains only, i.e., healthy tissue and tumor domain. For reduce the
complexity of the problem, the assumptions of the Darcy-Brinkman porous model have been offered into the analysis:

10. Heat transfer, as well as heat convection, are considered in the 2-D axisymmetric model on r-z coordinates.

11. The liver tissue domains (healthy tissue and tumor) of the porous liver model are considered the homogeneous porous media
materials, thermally isotropic, and saturated with blood.

12. The LTE heat transfer between solid and blood phases is considered.
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13. The blood perfusion rate term is assumed to be constant for all cases.

14. The blood in the porous liver is incompressible and Newtonian.

15. The Boussinesq approximation is applied to the buoyancy term of the flow analysis.

16. The chemical reactions and phase changes are ignored.

17. The porosities and thermal properties of the porous liver are assumed to be constant and uniformed.
18. The analysis of heat transfer and flow in the MCA are ignored.

The heat transfer analysis of the porous liver model was considered the transient problem, and couples with electromagnetic wave
propagation. The heat transfer in the liver tissue is obtained by solving the energy equation, which based on the LTE approach in
porous media theory. The equations are given as follows:

JaT
(pcp)eﬁa + pb Cp.bu . VT = kih,effvz T + /7;7 Cp,bwb (Tb - T) + Qmel + Qext (93)
(PC) oy =(1=0)(PCy), + 0 (pC,), (9b)
kiner = (1 — @)k s + ki (90)

where, the subscription eff, s, th and b represent the effective value, solid phase, thermal and blood phase, respectively. ¢ is the
porosity (volume fraction of the vascular space), p is the tissue density (healthy liver tissue or tumor) (kg/m®), C, is the specific heat
capacity (J/kg- °C), T is the temperature of tissue (°C), kg, is the thermal conductivity (W/m-°C), p, is the blood density (kg/m3), Wy is
the blood perfusion rate (1/s), Qe is the metabolism heat source (Qme = 33,800 W/m?) [39] and Q.. is the external heat source term
(W/m3). The external heat source term is converted from SAR distribution, which is defined as:

—

oa| E |2

Qexz = )

=p-SAR (10)

where, the parameters are corresponding with equation (4). It well-known, the blood perfusion rate of the large tumor slower than that
in the healthy tissue. For the healthy tissue, the blood perfusion rate is 6.4 x 10~% 1/s, while the blood perfusion rate of tumor is 2.12 x
1073 1/s [36,40]. The blood perfusion rate was applied to a constant value in all cases.

The flow analysis was applied only, i.e., the Darcy-Brinkman porous model. The Brinkman equation extended Darcy equation was
first developed by Brinkman [41], and used for investigating the blood flow in the Darcy-Brinkman porous model. The governing
equations describing the flow phenomenon in the Darcy-Brinkman porous model are given as follows [34]:

Continuity equation

pV-(u) =0 an
Momentum equation

g (s o)

m g (12)
K

where u is the blood velocity (m/s), p is the pressure in porous liver (Pa), 4 = 0.003 Pa/s is the viscosity of blood [42], F = g#(T —T;) is
the body force that applied the buoyancy term, # =1 x 10~* 1/K is the coefficient of thermal expansion, T; is the reference tem-
perature (°C), which is considered as the initial temperature of model, and « is the permeability (m?), which can be expressed by the
following [43,44]:
372
P s
175(1 — @)
whered, =1 x 1074 m? is the diameter of tissue cells. The inertial effect of blood flow was relatively low, which was neglected [34].
In order to implement the porous model with constant velocity in the porous liver model, the governing equation is equation (9) but
ignore equation 11 and 12 [26]. Also, the heat transfer for the bioheat model was considered the transient problem, and couples with
electromagnetic wave propagation. The heat transfer in the liver tissue is obtained by solving only the bioheat equation [45,46]. The
equation is given by:

Ps Cp,s(j% =k V2T + 0, Cp s (Ty — T) 4 Opes + Qe 14)
2.3.2. Boundary conditions of heat transfer and flow analysis

The boundary conditions of heat transfer and flow were applied for the porous liver models and the only boundary conditions of
heat transfer was applied the bioheat liver model. The boundary conditions of porous liver model were shown in Fig. 1(b), and to
following conditions are made:

19. The top, right, and bottom sides of the liver domain is assumed to be constant the core body temperature for the bioheat and
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porous models, as shown in Equation (15a). Furthermore, the top, right, and bottom sides of the porous models are assumed to be open
boundary conditions, as shown in Equation (15b).

T=37C (15a)

7 (—pl+§(Vu+(Vu)’)>: —Fy-n (15b)

20. The interfaces between the healthy tissue and the tumor are considered as the thermal and flow continuity boundary conditions
for the porous models, as shown in Equations (16a) - (16d). The interfaces between the healthy tissue and the tumor are
considered as only the thermal continuity boundary conditions for the bioheat model, as shown in Equations (16a) - (16b).

- (VT —kVTy) =0 (16a)
T1 = T2 (16b)
Uy =uy (16C)
P —p, (16d)

21. The interfaces of healthy tissue and tumors with MCA are considered thermally insulated for all models and no-slip boundary
conditions for the only porous models.

A-(kVT)=0 (172)

Au=0 17b)

7 (—p1+ﬁ(w+(Vu)’)) =0 17¢)
@

22. The thermal symmetry boundary conditions are applied r = O for all models and including the symmetry of flow boundary
conditions for only the porous models.

7 (kVT)=0 (18a)
Au=0 (18b)
= ."l T

A = pI+=(Vu+(Vu))) =0 18
Ao (= pl (Vuk (Va))) (180)

2.4. Initial condition

The initial electromagnetic fields of the models are set to 0 V/m, the initial temperature of the models is set to the core temperature,
which of 37 °C, while the initial velocity is set of 0 m/s.

3. Calculation procedure

This study developed the numerical of liver cancer model with MW ablation based on the LTE porous media model. The numerical
models are solved by the FEM to analyze a 2D axisymmetric transient problem. The EM wave propagation analysis was applied in all
domains. The heat transfer and blood flow were applied only tissue domains (healthy tissue and tumor domain). The performancing
comparative of predicted thermal models during MW ablation: the bioheat model, the porous model with constant velocity, and the
Darcy-Brinkman porous model were investigated on the heat transfer in the identical condition. The numerical models were dis-
cretized using triangular elements with Lagrange quadratic shape functions, and the elements were adaptive in sensitive areas. The
initial time-steps and the maximum time-steps to solve the transient problem were 1 x 10~#s and 0.1 s, respectively. The convergence
test for the liver cancer model is showing the relation with the temperature at the sensitive point. The density of elements, approx-
imately 41,720 elements, was mesh independent. Increasing the number of elements past this point did not lead to significantly
different computational results. All simulations are computed with 2D symmetry FEM analysis by using COMSOL™ Multiphysics.
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Fig. 2. The validation results of the calculated tissue temperature to the tissue temperature obtained by Yang et al. [29].

Table 3
Comparisons of RMSE of the liver tissue temperature between the presented model and Yang et al. [2,29]1].

Comparisons of RMSE with experiment from Yang et al., (°C)

Position (mm)

Presented study (Brinkman) Yang et al. (simulation model)
4.5 3.95 11.03 [2]
9.5 3.50 5.57 [2]

4. Results and discussion
4.1. Verification of model

In order to verify the accuracy of the present numerical study, the present numerical model was validated against the experimental
results obtained by Yang et al. [29] for the MW ablation of the bovine liver under the same testing conditions. In the validation model,
the MW power input was 75 W with a frequency of 2.45 GHz, and the initial temperature of the liver domain was set to 8 °C. The MCA
was inserted 20 mm deep into the liver tissue, and the duration for a heating time was 180 s. The simulation results against the
experimental results received by literature [29] are shown in Fig. 2, which shows the temperature of two points 4.5 and 9.5 mm away
from the MCA, in dependence on the heating time. The error between the presented model and Yang et al.’s experiment results shows
in Table 3. The simulation results are clearly in good agreement with the experimental results. This gives confidence in the accuracy of
the presented numerical models.

4.2. The comparative of the performance of thermal models

In this section, the MW ablation technique is used to treat in the liver cancer with MW power of 10 W, a frequency of 2.45 GHz, and
a heating time period of 5 min for all cases. The mathematical models considered couple with the EM wave propagation, heat transfer,
and flow analysis. The three liver cancer models were applied the bioheat model, the porous model with constant velocity, and the
Darcy-Brinkman porous model. The EM wave propagation analysis based on the same governing equations and conditions. Thus, the
EM wave propagation with the bioheat model, the porous model with constant velocity, and the Darcy-Brinkman porous model was
identical. Fig. 3 shows the 2D-plot temperature and blood velocity vector of the bioheat model, the porous model with constant ve-
locity, and the Darcy-Brinkman porous model for a heating time of 1, 3, and 5 min. The high temperature zone or the hot spot area of
the liver cancer model has appeared around the slot area and decrease with distance from the slot. The hot spot area in the liver cancer
model was similar to the water of droplet. The temperature was distributed in the direction of antenna insertion (z-axis) more than the
radius side (r-axis). Besides, the temperature profiles of the bioheat model, the porous model with constant velocity, and the Darcy-
Brinkman porous model were similarly distributed.

However, Fig. 3 shows the maximum temperature of the three heating models, and they were different. The maximum temperature
of the bioheat model was 73.12 °C, 93.28 °C, and 100.56 °C for the heating time of 1 min, 3 min, and 5 min, respectively (shown in
Fig. 3(a), (d), and 9(g)). The maximum temperature of the porous model with constant velocity was 78.84 °C, 99.33 °C, and 106.56 °C
(shown in Fig. 3(b), (e), and 3(h)). The maximum temperature of the Darcy-Brinkman porous model was 77.02 °C, 99.12 °C, and
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Fig. 3. The temperature distribution and velocity vector of the difference liver cancer models with MW ablation for a heating time of 1, 3, and 5
min, the MW power of 10 W, and frequency of 2.45 GHz.

107.18 °C (shown in Fig. 3(c), (f), and 3(i)). In all the figures henceforth, the arrows represent the direction and the magnitude of blood
velocity in the liver domain. The maximum temperature of the three models increased with the heating time. The maximum tem-
perature of the porous model with constant velocity shows the highest temperature, followed by the Darcy-Brinkman porous model
and the bioheat model, respectively. The maximum temperature of the porous model with constant velocity and the Darcy-Brinkman
porous model was similar trend when the heating time increased. This because in the early state, the heat transfer of the Darcy-
Brinkman porous model plays the role of conduction. After that, the heat convection of the Darcy-Brinkman porous model
increased and forcefully when the heating time increased. Furthermore, the heat transfer of the Darcy-Brinkman porous model is
strongly convection with the heating time increased. The blood convection flow is driven by the effect of the buoyancy term, which is
increased by the gradient temperature in the model. These comparative results show the porous models’ maximum temperatures (with
the constant velocity and the Darcy-Brinkman) similarly when the heating time increased.

In this study, the MW propagation in the liver tissue (i.e., healthy tissue and tumor) is considered axisymmetric propagation and the
characterization with TM mode. When the MW penetration in the tissue, the MW is contributed to the heat generation in liver tissue by
using the dipole rotation mechanism. The goal of this treatment is to destroy the target tissue by without damaged in the surrounding
healthy tissue. The electromagnetic wave propagation is the first mechanism for this treatment. Therefore, electromagnetic wave
propagation has to investigate. Fig. 4(a) shows the SAR distribution of the liver cancer models at the insertion depth line. The SAR
distribution is strongly distributed near a slot of the antenna and decreased with distance from a slot. In this simulation results, the SAR
of all models is similarly profiles. That because electric field intensity and the dielectric properties of all models are nearly the same.
The temperature distribution in Fig. 4(b) is a similar trend with the SAR distribution, but the temperature between each models is
different, especially in the hot spot zone.

The insertion line in the liver cancer model was the line to parallel with MCA and away from MCA of 2.5 mm (r = 2.5 mm), as
shown in Fig. 4. Fig. 4(b) shows the temperature distribution of the liver cancer models along with the insertion depth line for a heating
time of 1, 3, and 5 min. The maximum temperature of all models appeared around the slot area and decreased with distance away from
the slot. The temperature distribution increases with heating time. In the hot spot zone, the temperature of the liver cancer model with
the different models is clearly the difference. In the early stage of heating, the temperature distribution between models is slightly
different. When treatment time increases, the temperature distribution between the bioheat model and the porous models were clearly
different. Furthermore, the temperature distribution of the porous model with constant velocity and the Darcy-Brinkman porous model
was seemed to be the trend. This because the effect of heat convection was increasing when the gradient temperature was increasing.
Moreover, the temperature difference between the porous model with constant velocity and the Darcy-Brinkman porous model was
decreasing with heating time, corresponding with the result from Fig. 3.

The position of the temperature monitoring points at the center of the slot line, which P2 position is a point at the boundary of the
tumor and along with the center of the slot line, as shown in Fig. 5. Left hand side of P2, these points are monitoring the temperature in
the tumor domain. Right hand side, the points on the right side of the P2 monitoring the temperature in the healthy liver domain. Fig. 5
shows the temperature distribution of the liver cancer model at the monitoring points with a heating time of 1, 3, 5 min. The tem-
perature of the left hand side was higher than the right hand side. The temperature distribution of the porous model with constant
velocity was most quickly increasing, followed by the Darcy-Brinkman porous model and bioheat model, respectively. In the hot spot
zone (left side), the temperature distribution of the liver cancer with different thermal models implemented have clearly seen the
difference. In case of porous model, the stronger heat convection clearly observed in the high temperature area, because in this area,
the blood convection is strongly dependent with gradient temperature. However, the distance away from the slot could not observe the
effect of the different thermal models on the temperature distribution. Furthermore, the temperature distribution of the porous model
with constant velocity and the Darcy-Brinkman porous model is a similar trend, when the heating time increases, corresponding with
Figs. 3 and 4.

Fig. 6(a) shows the percentage of the damaged area of the models. The damaged area of the liver cancer model with the MW
ablation was calculated by integrating the area, in which the temperature of the area increases over 52 °C. This integrating area was
divided by the total area. This section represented the area as the specific tumor area, the specific healthy liver area, and the total area.
The total area was a combination of the area of the tumor and healthy liver. The damaged area increases with the heating time. The
most percentage of damage has occurred in the tumor area, followed by the total area (tumor area, including healthy liver) and the
healthy liver, respectively. The effect of the thermal models implemented on the percentage of the damaged area could be seen in the
only tumor, as the hot spot area has appeared in the tumor area. The damaged area of the thermal models was corresponding with the
temperature distribution. For the heating time of 5 min, the tumor damage of 82.75%, 83.75%, and 83.30% for the bioheat model, the
porous model with constant velocity, the Darcy-Brinkman porous model, respectively. Simultaneously, the healthy liver damage of
2.54%, 2.59%, and 2.59% for the bioheat model, the porous model with constant velocity, and the Darcy-Brinkman porous model,
respectively. Although this treatment was damaged on the healthy liver, nevertheless, it is only a small amount of destruction (less than
3% also all models).

The Root Mean Square Error (RMSE) of the temperature difference between the bioheat model, the porous model with constant
velocity, and the Darcy-Brinkman porous model shows in Fig. 6(b). The RMSE of the porous models (the porous model with constant
velocity and the Darcy-Brinkman porous model) decreases with the heating time. On the other hand, the RMSE of the porous models
and the bioheat model increases with the heating time. The RMSE of the porous model with constant velocity and the bioheat model

10



W. Preechaphonkul and P. Rattanadecho Case Studies in Thermal Engineering 25 (2021) 100908

3.5

Center of the slot —48M8M8 ———
= Bioheat model

= =Porous model with constant velocity

= = +Darcy-Brinkman porous model

Liver
Antenna—p.

SAR (kW/kg)

0.5 4

0 10 20 30 40 50 60 70 80
Insertion depth (mm)

(a)

107

" Liver Center of the slot —M——
97 ntenna—

temperature (°C)

T

40
Insertion depth (mm)

¢+ e sBioheat model, 1 min = = +Porous model with constant velocity, 1 min ====Darcy-Brinkman porous model, 1 min
e+ e eBioheat model, 3 min = =<Porous model with constant velocity, 3 min ====Darcy-Brinkman porous model, 3 min
e+« +Bioheat model, 5 min = = <Porous model with constant velocity, S min =—=—Darcy-Brinkman porous model, 5 min

(b)
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Fig. 5. The temperature distribution of the difference liver cancer models along at the monitoring points for a heating time of 1, 3, 5 min with the
MW power of 10 W, and frequency of 2.45 GHz.

more than the Darcy-Brinkman porous model and the bioheat model. In the initial heating time, the heat transfer of Darcy-Brinkman
porous model plays in the role of conduction mode. However, when the heating time increased, the heat transfer of the Darcy-
Brinkman porous model plays in the role of convection combined with conduction modes. These results were shown on the tem-
perature profiles difference between the Darcy-Brinkman porous model, the Bioheat, and the porous model with velocity constant.

In the early stage of the heating time, the effect of the thermal models implemented on the temperature distribution was not
different. Because of the heat transfer of the early state was influenced by the heat conduction. After that, the temperature distribution
of the thermal models implemented could be differently increased. In particular, the hot spot zones could clearly see the temperature
differences. When increasing the heating time, the heat convection of the Darcy-Brinkman porous model has become stronger. It was
seen to be the temperature of the Darcy-Brinkman porous model has similarly distributed the temperature of the porous model with
constant velocity. Thus, the heat transfer of this state was driven by the heat convection more than the heat conduction. Furthermore,
in the initial stage of heating time, the bioheat model could be implemented for the prediction temperature in the liver cancer model at
an area far away from the hot spot. However, in the area of high temperature have to use the Darcy-Brinkman porous model for the
prediction temperature in liver cancer model.

5. Conclusion

This work presents the numerical study of the heat transfer as well as the heat convection coupled with the EM wave propagation in
the porous liver cancer model. The performancing comparative of the predicted thermal models during the MW ablation process using
a slot antenna with MW power of 10 W and frequency of 2.45 GHz was systematically investigated. The bioheat model, the porous
model with constant velocity, and the Darcy-Brinkman porous model were implemented in the liver cancer model. The simulation of
the porous model was in good agreement with the experimental results obtained by Yang et al. [29], as shown in Fig. 2. Key findings
that occurred from this study:

23. The heating models have affected on temperature prediction in liver cancer model with MW ablation. Especially, in the area of
the high temperature. In this area, The Darcy-Brinkman porous model has a flexible used than the porous model with constant
velocity and the bioheat model. However, in the area far away from the hot spot, the three heating models have not different.

24. The effect of the different heating models on the heat transfer had clearly appeared in the hot spot area and similarly distributed
in the area far away from the hot spot.

25. In the early stage of heating time, the heat transfer of the Darcy-Brinkman porous model and the bioheat model were roughly
similar. When the heating time increased, the heat transfer of the Darcy-Brinkman porous model and the porous model with
constant velocity were seemed to be the trend.
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Fig. 6. (a) The percentage of the damaged area in the difference liver cancer models with the MW power of 10 W and the MW frequency of 2.45
GHz. Fig. 6(b) The RMSE of the comparative temperatures with the different thermal models implemented in the liver cancer model with MW
ablation for the MW power of 10 W and the MW frequency of 2.45 GHz.

26. In the early stage of heating time, the effect of the thermal models implemented on the temperature distribution was not
different. After that, the temperature distribution of the thermal models implemented could be differently increased. Because of
the heat convection is strongly dependent with gradient temperature.

The four key findings could be concluded the effect of the thermal models on the heat transfer was necessary for consideration in
the liver cancer treatment, especially in the high temperature area. The Darcy-Brinkman porous model was effective in various
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situations, such as the role of conduction or the role of convection, or combination heat transfer. Therefore, the Darcy-Brinkman
porous model was suggested for the heat transfer prediction in liver cancer model with the MW ablation technique, especially in
the high temperature areas and the highest MW power.

The difference point between the porous model and the bioheat can be expressed in the difference in the equations. The equation of
the bioheat model based on heat diffusion. This equation added blood perfusion term in the heat conduction equation. The heat
transfer mechanism of the bioheat model plays in the role of conduction. On the other hand, the equation of the porous media based on
heat convection. In the early state of heating, heat transfer plays in the role of conduction. Therefore, the temperature distribution is
slightly different between porous models and bioheat model. After that, the heat transfer of the porous models plays in the role of
convection. Nevertheless, the heat transfer of the bioheat still plays in the role of conduction. It is not a suggestion for the medium and
extended state of heating time, in which heat transfer of the bioheat and porous models occurs differently.

In the next step of this research, we will develop the numerical modeling for approaching realistic liver tissue will be performed
with the deformation analysis in the porous liver. The study will also consider the local non-thermal equilibrium (LNTE) heat transfer
model in analyzing biological tissues subjected to MW energy.
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