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Abstract 

Microwave ablation (MWA) is a process that uses the heat from microwave energy to kill cancer tissue 
without damaging the surrounding tissue. The effectiveness of this treatment is related to the temperature achieved 
during the process,  heating time, microwave power including the equipment that use during the treatment. Slot 
microwave antennas are the most popular antennas in treatment because of their small dimensions, low cost to 
manufacture and highly effective. However, slot microwave antennas to cause residual tail of the heating zone 
patterns inevitably damages surrounding normal tissues. Hence a treatment that fully conforms to the shape of liver 
tumor is difficult to achieve even with current optimization strategies. Numerical analysis of the temperature pattern, 
ablation area and residual tail length in porous liver tissue during MWA process via microwave antennas is 
presented. The effects of heating time, microwave power and number of slot on temperature pattern, ablation area, 
and residual tail length in porous liver tissue are studied. The transient heat transfer equation and transient 
momentum equations (Brinkman model extended Darcy model) coupled with the electromagnetic wave propagation 
equation is solved using the finite element method (FEM). The one-heat transfer equation under local thermal 
equilibrium (LTE) model is systematically investigated. In order to verify the accuracy of the present model, the 
numerical results from the present model (porous media model) have been verified with the numerical results of the 
bioheat model and the experimental results from previous work with the same conditions. The results show that the 
present model (porous media model) is in agreement with experimental data better than bioheat model. It is found 
that an increase in the heating time and an increase in the microwave power results in an increase in the maximum 
temperature, ablation area and residual tail length. However, an increase in the number of slot results in a decrease 
in the ablation area and increase in the residual tail length. The numerical model in this study can be used as a basis 
for the development for the practical treatment of liver cancer MWA. 
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1. Introduction 
 Microwave ablation (MWA) is an efficacious 
treatment for organ cancers, especially liver cancer. 
MWA can improve outcomes with few side effects for 
patients and also particularly useful when the cancer 
cells are located in an area that cannot surgical 
resection. The main advantages of MWA technology, 
when compared with existing thermal ablation 
technologies, include consistently higher internal 
temperatures, larger ablation areas and faster ablation 
times [1]. MWA is a process that uses the heat from 
microwave energy to kill cancer cells [2]. The energy 
from the microwave is emitted by the microwave 
antenna to the target tumor/cancer cells. When the 
microwave energy propagates in a cancer cells, it is 
absorbed by the medium causes water molecules to 
vibrate and rotate, resulting in heat to a temperature 
high enough to cause cancer cell death. The goal of 
MWA is to elevate the temperature of cancerous tissue 
cancer to more than 50 °C where cancer cells are 
destroyed [3] and without the damaging surrounding 
healthy tissue. The effectiveness of this treatment is 
related to the temperature achieved during the process, 
heating time, microwave power including the 
equipment that use during the treatment. 

 Microwave antenna is one of the factors that can 
affect to effectiveness MWA therapy. Several 
microwave antennas have been developed for MWA 
within the liver cancer, such as the slot antenna [4-5], 
floating sleeve antenna [6-7], triaxial antenna [8-9] and 
cooled-shaft antenna [10-11]. However, the slot 
antenna is the most popular antennas in treatment 
because of their small dimensions, low cost to 
manufacture and highly effective [12]. Moreover, the 
heating pattern of the slot antenna is uniform and 
spherical-like heating region, which is more suitable 
for the most tumor/cancer cells shape [13]. Of many 
previous studied on heat transfer within liver cancer 
for interstitial MWA using slot antenna. Keangin et al. 
[14] carried out on the numerical simulation of liver 
cancer treated during MWA process using single slot 
and double slots antennas. The influences of antenna 
types on microwave power absorbed, specific 
absorption rate (SAR) and temperature distribution 
were systematically investigated. However, slot 
microwave antennas to cause residual tail of the 
heating zone patterns inevitably damages surrounding 
normal tissues. This is why a treatment that fully 
conforms to the shape of liver tumor is difficult to 
achieve even with current optimization strategies. In 
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recent years, most previous studies of MWA therapy 
were mainly focused on effects of antenna types on 
ablation area and did not consider residual tail length 
caused an incomplete analysis of the results [15-17]. 
Phasukkit et al. [16] analyzed of triple-antenna 
configurations and designs for hepatic MWA using 3D 
finite element method (FEM) and verified by in-vitro 
experiments. The comparison of coagulation volumes 
created, as well as temperature distribution 
characteristics, from the three-antenna arrangements 
was presented. The results illustrated that arranging 
antennas in the T-shaped pattern destroyed more 
unwanted tissues than those found when using linear 
array and triangular arrangements, with maximum 
coagulation volume. While clinical treatment with 
MWA needs to control the temperature distribution 
and the lesion generation accurately, in order to ensure 
cancer cells destruction and to minimize side effects to 
surrounding normal tissue and surrounding other 
organs [14]. There are few studies on both the ablation 
area and residual tail length during MWA process in a 
realistic physical model of the liver cancer in the 
couple way due to the complexity of the problem, even 
though it is directly related to thermal injury of tissue. 
Moreover, in realistic, the biological tissue, such as 
liver tissue including cell and microvascular bed with 
the blood flow direction contains many vessels and can 
be regarded as a porous structure [18-19]. Thus, the 
study of heat transport in biological tissue should use 
porous media theory.  A few studies considered model 
of heat transport porous media biomaterials and 
concentration of layered biomaterials, especially a 
detailed study of the effects of heating time, input 
microwave power and number of slot on temperature 
pattern, ablation area, and residual tail length. This is 
because complexity of the dielectric and thermal 
properties in each layer as affected by the temperature 
pattern, ablation area, and residual tail length within 
the layered materials. The complete mathematical 
model is useful for the development of biomedical 
technologies, especially the actual process of MWA 
for human liver cancer technology. 
 In this study, the influences of heating time, 
microwave power and number of slot on temperature 
pattern, ablation area, and residual tail length within 
the porous liver tissue during MWA process have been 
investigated. The two layers of porous liver tissue 
model ( tumor layer and normal liver tissue layer) are 
proposed. Mathematical model of the process involved 
in MWA are based on transient momentum equations 
(Brinkman model extended Darcy model) and energy 
equation coupled with electromagnetic wave 
propagation equation. The coupled nonlinear set of 
governing equations as well as initial and boundary 
conditions are solved using the axisymmetric FEM via 
COMSOLTM Multiphysics. The one-heat transfer 
equation under local thermal equilibrium (LTE) model 
is systematically investigated. In order to verify the 
accuracy of the present model, the numerical results 
from the present model (porous media model) have 

been verified with the numerical results of the bioheat 
model and the experimental results from previous 
work with the same conditions. The simulation results 
of temperature pattern, ablation area, and residual tail 
length are presented in details. This investigation 
provides the essential aspects for a fundamental 
understanding of heat transport within liver cancer 
MWA and can be used as a guideline to evaluate new 
hypothetical designs.  
 

2. Problem Statement 
 
2.1 Slot microwave antenna model 
 This study uses a slot microwave antenna, to 
transfer microwave power into the porous liver for the 
treatment of liver cancer. The antenna is composed of 
a thin semi-rigid coaxial cable. Since the antenna is 
intended to be inserted into the human liver, it is 
desirable that the outer diameter be as small as 
possible. This antenna has a diameter of 1.79 mm [14] 
because the thin antenna is required in the interstitial 
treatments. A ring-shaped slot, 1 mm wide is cut off 
the outer conductor 5.5 mm in length from the short 
circuited tip of the antenna to allow electromagnetic 
wave propagation into the liver because the effective 
heating around the tip of the antenna is very important 
to the interstitial heating and because the electric field 
becomes stronger near the slot [20]. The width of slot 
is a 1 mm, which is easily fabricated, and also gives 
minimal power reflection [5]. The antennas are 
composed of an inner conductor, a dielectric and an 
outer conductor. The antennas are enclosed in a 
catheter (made of polytetrafluorethylene; PTFE), for 
hygienic to prevent adhesion of the probe to desiccated 
ablated tissue and guidance purposes. Fig. 1 shows the 
model geometry of a slot microwave antenna. The 
antenna is operated at the frequency of 2.45 GHz, a 
widely used frequency in MWA and is one of the ISM 
(Industrial, Scientific, and Medical) dedicated 
frequencies. Dimensions of a slot microwave antenna 
are given in Table. 1[2]. While the dielectric properties 
of a slot microwave antenna are given in Table. 2 [2].  
 
2.2 Porous liver model 
 The porous liver consists of two parts, namely, the 
tumor and normal liver tissue. The porous liver is 
considered as a cylindrical geometry, it has a 30 mm 
radius and 80 mm in height [14]. The tumor is a 
spherical shape with diameter of 20 mm [2]. The 
antennas are inserted into the porous liver with 70.5 
mm depth [2]. An axially symmetric model is 
considered in this study, which minimized the 
computation time while maintaining good resolution 
and represents the full 3D result. The vertical axis is 
oriented along the longitudinal axis of the antenna, and 
the horizontal axis is oriented along the radial 
direction. Fig. 2 shows the axially symmetrical model 
geometry for analysis when using a slot microwave 
antenna. 
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 As mentioned in the section above, in realistic, the 
biological tissue, such as liver tissue including cell and 
microvascular bed with the blood flow direction 
contains many vessels and can be regarded as a porous 
structure. Three main compartments of porous liver are 
identified namely, blood vessels, cells and interstitial 
space [18-19]. The interstitial space can be further 
divided into the extracellular matrix and the interstitial 
blood. However, for sake of simplicity, the porous 
liver are divided into two distinctive regions, namely, 
the vascular region (blood vessels) and the extra-
vascular region (cells and the interstitial space) and 
treat the whole anatomical structure as a fluid-
saturated porous medium, through which the blood 
infiltrates. The vascular region is regarded as a 
blood/fluid phase and extra-vascular region is regarded 
as a tissue/solid phase, as illustrated in Fig. 2. 
 The thermal and dielectric properties of normal 
tissue, blood and tumor used for simulation are 
selected from several literatures [5,21-24] and given in 
Table. 3 where the microwave frequency of 2.45 GHz 
is considered. 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

Fig. 1 Model geometry of a slot microwave antenna 
[2] 

 
Table. 1 Dimensions of a slot microwave antenna 

Materials Dimensions  (mm) 
Inner conductor 0.135 (radial) 
Dielectric 0.335 (radial) 
Outer conductor 0.460 (radial) 
Catheter 0.895 (radial) 
Slot 1.000 (wide) 
 
Table. 2 The dielectric properties of a slot microwave 
antenna 

Properties Dielectric Catheter Slot 
Relative permittivity,  

rε  (-) 
2.03 2.1 1 

Electric conductivity, 
σ (S/m) 

0 0 0 

Relative permeability,  

rµ  (-) 
1 1 1 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

Fig. 2 Axially symmetrical model geometry [2] 
 

3. The formulation of the mathematical model 
 This study focuses the effects of heating time, 
microwave power and number of slot on temperature 
pattern, ablation area and residual tail length in porous 
liver. An analysis of electromagnetic wave 
propagation, blood flow and heat transfer in the porous 
liver during MWA process are illustrated in the next 
section.  
3.1 Analysis of electromagnetic wave propagation 
 To simplify the problem, the following 
assumptions are made:  
1. Electromagnetic wave propagation is modeled in 2D 
axially symmetrical cylindrical coordinates (r-z). 
2. An electromagnetic wave, propagating in a slot 
microwave antenna, is characterized by transverse 
electromagnetic fields (TEM) [5]. 
3. In the porous liver, an electromagnetic wave is 
characterized by transverse magnetic fields (TM) [5]. 
4. The model assumes that the wall of the slot 
microwave antenna is a perfect electric conductor 
(PEC). 
5. The outer surface of the porous liver is truncated by 
a scattering boundary condition [14].  
6. The model assumes that dielectric properties of the 
porous liver are uniform and constant.  
  
 The electric and magnetic fields associated with 
the time-varying TEM wave is expressed in 2D axially 
symmetrical cylindrical coordinates: 
 
Electric field ( E


)                            
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where ( )innerouter rr
ZPC

/ln.π
= , Z  is the wave 

impedance(Ω ), P  is the microwave power (W), 

innerr  is the dielectric inner radius (m), outerr  is the 

dielectric outer radius (m) , fπω 2=  is the angular 

frequency (rad/s), f is the frequency (Hz), λ
π2=k is 

the propagation constant (m-1) and λ is the wave 
length (m). 
 
 In the porous liver, the electric field also has a 
finite axial component, whereas the magnetic field is 
purely in the azimuth direction. The electric field is in 
the radial direction only inside the coaxial cable and in 
both radial and the axial direction inside the tissue. 
This allows for the slot microwave antenna to be 
modeled using an axisymmetric TM wave formulation. 
The wave equation then becomes scalar in ϕH


 [14]: 
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where 12

0 108542.8 −×=ε  F/m is the permittivity of 

free space, rε  is the relative permittivity (-),σ  is the 

electric conductivity (S/m), rµ  is the relative 

permeability (-) and 0k  is the free space wave number 
(m-1). 
 
Boundary condition for electromagnetic wave 
propagation analysis 

At the inlet of the slot microwave antenna, TM 
wave propagation with various microwave powers is 
considered. An axial symmetry boundary is applied at 

0=r : 
   0=rE


              (4) 
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∂
∂

r
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                          (5) 

The scattering boundary conditions for ϕH


 were 
used along the outer sides of the porous liver 
boundaries to prevent reflection artifacts: 

 02ˆ ϕϕ HμHμ-Eε  n


−=×            (6) 
 
where ZrCH /0 =ϕ


 is the excitation magnetic field.  

 
The inner and outer conductors of the slot 

microwave antenna are modeled as the PEC boundary 
conditions: 
   0ˆ =×En


                         (7)  

 

3.2 Analysis of blood flow and heat transfer 
 The surroundings of the porous liver model are 
fixed temperature at 37 °C (normal body temperature) 
except at the outer surface between the slot microwave 
antenna and the porous liver is considered as adiabatic 
boundary condition. To reduce complexity of the 
problem, several assumptions have been offered into 
the blood flow and energy equations: 
1. Corresponding to electromagnetic wave propagation 
analysis, blood flow and heat transfer analysis in the 
porous liver is assumed in 2D axially symmetrical 
cylindrical coordinates (r-z). 
2. The porous liver is assumed to be homogeneous and 
thermally isotropic and saturated with a fluid (blood). 
3. There is local thermodynamic equilibrium (LTE) 
between blood/fluid phase and tissue/solid phase [2]. 
4. There is no phase change occurs within the porous 
liver, no energy exchange through the outer surface of 
the porous liver, and no chemical reactions occur 
within the porous liver. 
5. The thermal properties of the porous liver are 
assumed to be constant. 
3.2.1 Momentum Equations. The Brinkman model 
extended Darcy model are used for describing the heat 
transfer phenomenon [2]:  
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where u and w are the blood velocity component in 
r  and z  axial, respectively (m/s), φ  is the porosity, 

which in this study used nφ = 0.6 and tφ  = 0.7 [2], 
p is the pressure (Pa), ν = 3.78x10-7 m2/s  is the 

kinematics viscosity, β = 1×10-4 1/K is the coefficient 
of the thermal expansion and κ  is the permeability 
(m2) can be expressed by the following [25-26]: 

   
( )2

23

1175 φ

φ
κ

−
= pd

         (10) 

 
where pd = 1x10-4 m2  is the diameter of cell tissue. 
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3.2.2 Energy Equation. The transient energy equation 
based on LTE assumption can be written as [2]: 
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where ( ) ( )( ) ( )
bptpeffp CCC ρφρφρ +−= 1       (12) 

( ) bteff KKK φφ +−= 1            (13) 
are the overall heat capacity per unit volume and 
overall thermal conductivity, subscripts eff , t  and b  
represent the effective value, tissue/solid phase and 
blood/fluid phase, respectively, T  is the temperature 
(°C), ρ  is the density (kg/m3), pC  is the specific 

heat capacity (J/kg.°C) and K  is the thermal 
conductivity of the liver (W/m·°C).  
 The metQ  = 33,800 W/m3 is the metabolic heat 

source term and extQ  is the external heat source (heat 
generation by the electric field) term, respectively. The 
external heat source term is equal to the resistive heat 
generated by the electromagnetic field and assume 
only generated from tissue phase which can be defined 
as [27]: 

   
2

2
E

Qext


σ

=                         (14) 

 
Boundary condition for blood flow and heat transfer 
analysis 
 The blood flow and heat transfer analysis are 
considered only in the porous liver, which does not 
include the slot microwave antenna. The boundary 
condition for blood flow and heat transfer analysis as 
follows: 
 An axial symmetry boundary is applied at 0=r  
for the blood flow and heat transfer analysis: 
 0u.ˆ =n              (15) 

 ( ) ( )( )( ) 0u.u./1.ˆ =∇+∇+− TpIn ηφ        (16) 

 ( )( ) 0u.ˆ =−∇ TρCTKn
bpeff


                   (17) 

 The surroundings of the porous liver are fixed 
temperature at 37°C and the boundaries for blood flow 
analysis are considered an open boundary condition:  

( ) ( )( )( ) nFpIn T ˆ.u.u./1.ˆ 0−=∇+∇+− ηφ       (18) 

where η  is the dynamic viscosity (Pa.s) and 0F  is the 
normal stress (N/m2) 
 At the outer surface between the slot microwave 
antenna and the porous liver is considered as adiabatic 
boundary condition: 

( ) 0.ˆ =∇TKn eff                          (19) 
 Furthermore, it is assumed that no contact 
resistant occurs between the normal tissue and the 

tumor. Therefore, the internal boundary is assumed to 
be a continuous: 
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 The initial temperature of the porous liver is 
assumed to be uniform at 37 °C and initial condition 
for the blood velocity and pressure are ( ) =0tu 0 m/s, 

( ) =0tw  0 m/s and ( ) =0tp 0 Pa    
 

4. Calculation procedure 
 
 In this study, the FEM is used to analyze the 
transient problems. The coupled model of 
electromagnetic wave propagation, blood flow and 
heat transfer analysis is solved to demonstrate the 
temperature pattern, ablation area and residual tail 
length that occur within the porous liver during MWA. 
The computational scheme starts with computing an 
external heat source term by running an 
electromagnetic wave propagation calculation and 
subsequently solves the time dependent temperature in 
the porous liver. All the steps are repeated until the 
required heating time is reached. The electromagnetic 
wave propagation equation coupled with the blood 
flow and energy equations by Eq. (14). The 
axisymmetric FEM model is discretized using 
triangular elements with the Lagrange quadratic shape 
functions. The set of partial differential equations 
along with their related boundary conditions are 
coupled and are solved numerically by the FEM using 
COMSOLTM multiphysics. In order to obtain a good 
approximation, a fine mesh is specified in the sensitive 
areas (the vicinity of the tip of the slot microwave 
antenna, where the temperature is more concentrated). 
The number of elements where solution is independent 
of mesh density is found to be around 20,471. It is 
reasonable to confirm that, at this number of element, 
the accuracy of the simulation results is independent 
from the number of elements through the calculation 
process.  
 

5. Results and Discussion 
 
5.1 Verification of the model 
 It must be noted in advance that it is very difficult 
to make direct comparison of the present model results 
and the experimental results because it is not possible 
to directly measure the temperature in the porous liver, 
especially during MWA process. To verify the 
accuracy of the present model, the resulting data of the 
porous media model proposed in this study is validated 
against the numerical results of bioheat model 
obtained at the same testing condition by Keangin et 
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al. [14]. Moreover, the numerical results from this 
study are then compared with the experimental results 
obtained by Yang et al. [23]. Fig. 3 shows the 
geometry of the validation model obtained by Yang et 
al. [23]. In the validation model, the microwave power 
of 75 W with frequency of 2.45 GHz and the initial 
liver tissue temperature of 8 °C are selected. The slot 
microwave antenna with a radius of 1.25 mm is 
inserted into liver tissues 20 mm in depth. The axially 
symmetrical model is used to analyze the MWA 
process with the heating time of 50 s. The validation 
results of the selected test case are illustrated in Fig. 4 
for temperature distribution in the liver tissue, with 
respect to the heating time of 50 s with the positions of 
4.5 mm and 9.5 mm away from the slot microwave 
antenna. It is observed that the all cases temperatures 
of the liver tissue are increased with increasing time. 
From the figures, it is found that the simulation results 
of the porous media model is in agreement with 
experimental data better than bioheat model over the 
same approximate time range at both positions, 
especially at the end stage. This is due to the fact that 
the porous media model is based on convective heat 
mode coupled with conduction heat mode. While the 
bioheat model is manly heat transfer governed by 
conduction heat mode. Table. 4 shows the comparisons 
of the root mean square error (RMSE) of the liver 
tissue temperature between the present study (porous 
media model) and our previous work [14] (bioheat 
model) with experiment from Yang et al. [23]. Data 
from Table. 5 shows that the bioheat model gives 
greater error than the simulation results obtained from 
porous media model. Moreover, at the position of 9.5 
mm away from the slot microwave antenna, the 
temperature distribution matches the experimental 
results better than the temperature distribution at the 
position of 4.5 mm. Therefore, the developed model 
based on porous media approach is reasonable and can 
be used effectively for this problem. This is important 
to obtain the approaching realistic tissues modeling 
during MWA.  
 
 
 

 
 
 
 
 
 
 

 
 
 

Fig. 3 Geometry of the validation model obtained by 
Yang et al. [23] 

 
 In this study, the influences of the heating time 
( t ), microwave power ( P ) and number of slot ( N ) 
on temperature pattern, ablation area and residual tail 

length in porous liver tissue have been investigated. 
The tumor target is a spherical shape with diameter of 
20 mm and operating microwave frequency of 2.45 
GHz. A parametric study has been carried out to assess 
the effect of each of these factors separately. 
5.2 The effects of heating time 
 In this topic, the effects of heating time are 
studied. The heating times of 150 s, 210 s and 300 s 
are selected for investigation. The physical data are: 
P  = 10 W and N = 1. Figs. 5(a)-5(c) show that the 
temperature pattern within the porous liver for various 
heating times of 150 s, 210 s and 300 s, respectively. 
The figure illustrates the volume heating effect 
expected from MWA. Microwaves power emitted 
from the slot microwave antenna propagates through 
the tumor and the normal tissue, which leads to the 
generation of a hot spot zone. It is observed that the 
temperature pattern in all heating times exhibits a near 
ellipsoidal shape around the slot. It has the highest 
value in the vicinity of the slot microwave antenna and 
decreases with the distance lead to the temperature 
value within the tumor is higher than the temperature 
value within the normal tissue. This is because the 
thermal and dielectric property values of tumor are 
much more than the ones of the normal tissue, as 
shown in Table. 3. Moreover, it is found that an 
increase in the heating time results in an increase in the 
temperature distribution in porous liver.  
 The ablation area and residual tail length results 
for various heating times of 150 s, 210 s and 300 are 
illustrated in Fig. 6(a)-6(c), respectively. The goal of 
MWA is to elevate the temperature of cancerous tissue 
cancer to more than 50 °C where cancer cells are 
destroyed. Therefore, the isothermal contour at 50 °C 
is considered. It is obvious that increasing the heating 
time results in an increase in the ablation area in 
porous liver. However, at the same time residual tail 
length will also increase. This increasing of residual 
tail length will effect to surrounding normal tissues. In 
addition, using long heating time for treatment, result 
in patients will feel uncomfortable. Comparison of the 
maximum temperature value, ablation radius, ablation 
area, ablation volume, ratio between ablation 
area/ablation zone target and residual tail length for 
heating times are shown in Table. 5. 
5.3 The effects of microwave power 
 The changing of the microwave powers has 
significant effects on the temperature pattern, ablation 
area and residual tail length. The microwave powers of 
8 W, 10 W and 12 W are selected for study and 
demonstration. These microwave powers are selected 
during MWA in order to estimate the appropriate 
power setting of MWA applied treatment for liver 
cancer. The physical data are: N = 1 and t  = 300 s. 
Figs. 7(a)-7(c) show that the temperature pattern 
within the porous liver for various microwave powers 
of 8 W, 10 W and 12 W, respectively. It is seen that 
the temperature pattern in all microwave powers forms 
a nearly ellipsoidal shape around the slot and the 
highest value occurs in the vicinity of the slot 

Microwave antenna 

Liver tissue 

Air 

Plastics cutting board 

Plastics template 
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microwave antenna and decreases with the distance 
lead to the temperature value within the tumor is 
higher than the temperature value within the normal 
tissue corresponds to the effects of heating time. Once 
again, it can be seen in Fig. 7, an increase in the 
microwave powers results in an increase in the 
temperature distribution in porous liver. This is 
because an increase in the microwave powers results in 
a higher heat generation rate and lead to temperature 
increase in porous liver.  
 Fig. 8(a)-8(c) depict the ablation area and residual 
tail length results for microwave powers of 8 W, 10 W 
and 12 W, respectively. Again it can be observed that 
an increase in the microwave power results in in an 
increase in the ablation area in porous liver. 
Nevertheless, at the same time residual tail length will 
also increase. Likewise, comparison of the maximum 
temperature value, ablation radius, ablation area, 
ablation volume, ratio between ablation area/ablation 
zone target and residual tail length for microwave 
powers are shown in Table 5. From this table, it can be 
observed that at microwave power of 12 W has 
ablation radius, ablation area, ablation volume, ratio 
between ablation area/ablation zone target higher than 
at microwave power of 10 W, however, at microwave 
power of 12 W has residual tail length higher than at 
microwave power of 10 W of 0.006 m. 
5.4 The effects of number of slot 
 Microwave antenna is one of the factors that can 
affect to effectiveness MWA therapy. In this section 
present the effects of number of slot. The comparison 
of the results from using 1 slot, 2 slots and 3 slots are 
considered. The slot spacing length of 3.2 mm is 
selected. The slot spacing length is chosen to achieve 
localized power deposition near the distal tip of the 
antenna [2]. The temperature patterns within the 
porous liver for various numbers of slots of 1 slot, 2 
slots and 3 slots are shown in Figs. 9(a)-9(c), 
respectively. The physical data are: P  = 10 W and  t  
= 300 s. It is found that the hot spot zone in all cases 
forms a nearly ellipsoidal shape around the each slot 
and the highest value occurs in the vicinity of the each 
slot microwave antenna and decreases with the 
distance. In cases of 2 and 3 slots, the slot microwave 
antenna provides the two hot spot zones with a wider 
region of temperature pattern to the porous liver 
around the slot. This is because of in cases 2 and 3 
slots have supplied microwave energy via its slot 
separately. It concludes that the 1 slots microwave 
antenna is generally suitable for the narrow tumor size 
and single tumor. While, the 2 and 3 slots microwave 
antenna are suitable for the larger tumor size and 
adjacent tumors. 
 The ablation area and residual tail length results 
for numbers of slots of slots of 1 slot, 2 slots and 3 
slots are illustrated in Fig. 10(a)-10(c), respectively. 
However, it is evident from the results that the 
increasing the number of slot results in a decrease in 
the ablation area in porous liver. Moreover, at the 
same time residual tail length will also increase. 

Comparison of the maximum temperature value, 
ablation radius, ablation area, ablation volume, ratio 
between ablation area/ablation zone target and residual 
tail length for number of slots are shown in Table. 5. 

 
6. Conclusions 

 This study presents a numerical analysis of the 
effects of heating time, microwave power and number 
of slot of microwave antenna on the temperature 
pattern, ablation area and residual rail length in the two 
layers porous liver during MWA process. Furthermore, 
the comparisons of temperature distribution form the 
present model (porous media model) have been 
verified with the numerical results of the bioheat 
model and the experimental results from previous 
work. The results show that the present model (porous 
media model) is in agreement with experimental data 
better than bioheat model. Clinical treatment with 
MWA needs an accurate control of the lesion 
generation in order to ensure cancer tissue destruction 
and to minimize damage to normal tissue. The 
obtained results represent the accurate phenomena to 
determine the temperature pattern, ablation area and 
residual rail length in the porous liver during MWA 
process. It is found that an increase in the heating time 
and an increase in the microwave power results in an 
increase in the ablation area and residual tail length. 
An increase in the number of slot results in a decrease 
in the ablation area and also increase in the residual 
tail length. Although still unable to find the optimum 
of all parameters, the main idea of effect in each 
parameter in this work can be propose the completed 
model, i.e., multi-layered porous media model in order 
to completely explain the actual process of MWA 
within the porous liver. 
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Table. 3 The thermal and dielectric properties of normal tissue, blood and tumor used for simulation [5,21-24] 
 

Properties Thermal 
conductivity 
K (W/m C° ) 

Density 
 

ρ  (kg/m3) 

Specific heat 
capacity 

pC (J/ kg. C° ) 

Relative 
permittivity 

rε  

Electric 
conductivity 
σ (S/m) 

Normal tissue ( n ) 0.497 1,030 3,600 43.00 1.69 
Blood ( b ) 0.45 1,058 3,960 58.30 2.54 
Tumor ( t ) 0.57 1,040 3,960 48.16 2.096 
 

 
 

Fig. 4 The validation results of the liver tissue temperature, against Keangin et al. [14] and Yang et al. [23] 
 

Table. 4 Comparisons of RMSE of the liver tissue temperature between the present study and Keangin et al. [14] 
and Yang et al. [23] 

 

Position 
(mm) 

Comparisons of RMSE with experiment from Yang et al. [23] (oC) 
Bioheat model  

(Keangin et al. [14]) 
Porous media model  

(Present study) 
4.5 mm 11.10 3.87 
9.5 mm 4.52 2.73 

 
Table. 5 Comparison of the maximum temperature value, ablation radius, ablation area, ablation volume, ratio 
between ablation area/ablation zone target and residual tail length for all cases 
 

 Maximum 
temperature  

( C° ) 

Ablation 
radius 
 (m) 

Ablation 
area  
(m2) 

Ablation  
volume  

(m3) 

Ratio (Ablation area / 
Ablation zone target) 

(-) 

Residual  
Tail Length  

(m) 

The effects of heating time 
 
- P = 10 W,N = 1, t = 150 s 

 
 

76.349 

 
 

0.0053 

 
 

0.883x10-4 

 
 

0.624x10-6 0.2809 

 
 

0.0284 
- P = 10 W,N = 1, t = 210 s 80.242 0.0071 1.582x10-4 1.500x10-6 0.5041 0.0360 
- P = 10 W,N = 1, t = 300 s 84.347 0.0081 2.062x10-4 2.227x10-6 0.6561 0.0445 
The effects of microwave power 
 
- P = 8 W,N = 1, t = 300 s 

 
 

75.510 

 
 

0.0074 

 
 

1.721x10-4 

 
 

1.698x10-6 0.5476 

 
 

0.0367 
- P = 10 W,N = 1, t = 300 s 84.347 0.0081 2.062x10-4 2.227x10-6 0.6561 0.0445 
- P = 12 W,N = 1, t = 300 s 93.088 0.0090 2.546x10-4 3.055x10-6 0.8100 0.0504 
The effects of number of slot 
 
- P = 10 W,N = 1, t = 300 s 

 
 

84.347 

 
 

0.0081 

 
 

2.062x10-4 

 
 

2.227x10-6 0.6561 

 
 

0.0445 
- P = 10 W,N = 2, t = 300 s 82.483 0.0062 1.208x10-4 0.999x10-6 0.3844 0.0543 
- P = 10 W,N = 3, t = 300 s 81.035 0.0059 1.094x10-4 0.861x10-6 0.3481 0.0595 
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Fig. 5 The temperature pattern within the porous liver base on P = 10 W and N = 1 at various heating times;  
(a) 150 s (b) 210 s and (c) 300 s 

 
 

     
 

 
 

Fig. 6 The ablation area and residual tail length results within the porous liver base on P = 10 W and N = 1  
at various heating times; (a) 150 s (b) 210 s and (c) 300 s 

 
 
 

       
 

 
 

Fig. 7 The temperature pattern within the porous liver base on N = 1 and t = 300 s at various microwave power;   
(a) 8 W (b) 10 W and (c) 12 W 
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Fig. 8 The ablation area and residual tail length results within the porous liver base on N = 1 and t = 300 s  

at various microwave power;  (a) 8 W (b) 10 W and (c) 12 W 
 

 

      
 
 

 
Fig. 9 The temperature pattern within the porous liver base on P = 10 W and t = 300 s at various number of slots; (a) 

1 slot (b) 2 slots s and (c) 3 slots 
 
  

 

     
 

 
Fig. 10 The ablation area and residual tail length results within the porous liver base on P = 10 W and t = 300 s at 

various number of slots; (a) 1 slot (b) 2 slots s and (c) 3 slots 
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