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The goal of the microwave ablation is the use of suitable microwave levels which will 

destroy the target tumor tissues completely without affecting the surrounding healthy 

tissues. To challenges these phenomena, this work proposes the investigation of porous 

liver heat model and blood flow including phenomena on thermal and electrical properties 

effect for enhancing the microwave ablation. The finite element technique is used for 

solving the transient heat transfer equation and transient momentum equation counterpart 

with the electromagnetic equation. The verification of the proposed porous model has been 

conducted by comparing it with the conventional bioheat model and experimental result 

from previous work. The effect of thermal and electrical properties on thermal transport 

and blood flow was analyzed. The result has shown that porous liver model agrees with the 

experimental result than the conventional bioheat model. The characteristic of changed 

thermal and electrical conductivity of target tissue in porous liver promotes heating rate 

and lower maximum temperature when compared with normal porous liver tissue 

conditions. In summary, this study gives the necessary aspects for a principle knowledge 

of heat transfer in the porous liver and can use as a guideline to enhance the microwave 

ablation efficacy in future study. 
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1. INTRODUCTION

Hyperthermia is a useful method of medicine to demolish 

unhealthy tissue. One important application is the treatment of 

the liver tumor [1]. The treatment process is achieved by 

increased the temperature of target tissue over 50 °C for a few 

minutes [2]. Above 60°C, nearly instantaneous protein 

coagulation is induced, which leads to cell death [3, 4]. 

Microwave ablation (MWA) is one significant technique in 

liver tumor treatment. Comparing with the different energy 

sources, for example, laser, radiofrequency current, and 

ultrasound, the microwave is a good candidate for a larger 

ablating zone [5-10]. Because MWA is not receptive to tissue 

coagulated which happens in radiofrequency ablation (RFA) 

[8, 10], the temperature can reach higher and deeper than RFA 

[10]. The success of this treatment process depends on the 

fulfilled temperature throughout the ablation process, duration, 

input microwave power including antenna design and 

equipment [11]. 

To enhance MWA, several antenna designs has been 

developed such as cooled-shaft antenna [12, 13], tri-axial [14, 

15], floating sleeve antenna [16, 17], and slot antenna [18, 19]. 

Because of suitable size and high effectiveness, the slot 

antenna is the most popular in the treatment process [4, 20, 21]. 

The slot antenna gives a heating pattern uniform and spherical, 

which is suitable for cancer cell shape [22]. However, the 

lesion looks like a teardrop shape, which the detrimental 

heating is unnecessary heating because it damages normal 

tissue near the antenna insertion path [8]. Keangin et al. [11] 

present the study on the effect of antenna types. The result 

shows good performance of MWA however, slot microwave 

antenna still gives the detrimental backward heating and effect 

to surrounding normal tissues. This is a limitation of the slot 

antenna even with recent improvement strategies. Because of 

this backward heating challenge, several the MWA antenna 

designs have been presented [23-25]. The backward heating 

remains a serious effect in MWA process. The key study in 

antenna design is the simulation of the precious heat transfer 

model. It is one of benefit tool to enhance MWA treatment 

process. Unfortunately, there are few studies in the realistic 

physical model of liver cancer. Maybe because of the 

complexity of the biological tissue comprise many vessels. 

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 considered as a 

porous structure. So that the study of heat transport in 

biological tissue should use porous media theory [26-28]. The 

porous media theory is the most suitable theory for heat 

transfer in biological tissue. Because of a few assumptions 

when compared to different bioheat model [27]. Only a few 

studies that considered the heat transfer model with the porous 

media theory, especially the effect of blood flow and their 

properties effect. The properly mathematical model is valuable 

for the improvement of hyperthermia technologies, and the 

enhancing of the MWA process for human liver cancer 

treatment technology. 

In this study, the porous liver model with the energy 

equation and momentum equation has proposed. The 

influences of thermal and electrical conductivity factors have 

been investigated. The blood velocity profile, temperature 
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distribution, in the ablation zone have been investigated. The 

two layers of porous liver tissue, tumor layer, and normal 

tissue layer, model is proposed. The transient momentum 

equation (Brinkman model extended with Darcy model) 

together with the transient energy equation including with 

electromagnetic equation, are conducted. The simulation 

equation and boundary conditions calculated by using the 

axisymmetric finite element method via COMSOLTM 

Multiphysics. The proposed model has verified with a 

previous work bioheat model and experimental result with the 

same conditions. The simulation results of temperature 

distribution, blood velocity profile with influences of thermal 

and electrical conductivity factors are presented in detail. The 

investigation gives the essential aspect of a fundamental 

understanding of heat transport within porous liver cancer and 

can be used as a guideline to enhance the efficacy design of 

the MWA process. 

 

 

2. SIMULATION METHODOLOGY 
 

2.1 Slot microwave antenna model  

 

The single slot microwave antenna has used because of the 

appropriate size for insertion into the human liver. The antenna 

is composed of a thin semi-rigid coaxial cable. Since the 

antenna is intended to be inserted into the human liver, the 

outer diameter is as small as possible. This antenna has a 

diameter of 1.79 mm. 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 [11]. The antennas are composed of an inner conductor, 

a dielectric and an outer conductor. Figure 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 Industrial Scientific and 

Medical (ISM) dedicated frequencies. Dimensions of a slot 

microwave antenna are given in Table 1. While the dielectric 

properties of a slot microwave antenna are given in Table 2. 

[11, 19]. 

 

 
 

Figure 1. Structure of the antenna (a) schematic of single slot 

antenna (b) cross section of single slot antenna [11, 19] 

 

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,𝜀𝑟(-) 2.03 2.1 1 

Electric conductivity, 𝜎(S/m)  0 0 0 

Relative permeability, 𝜇𝑟(-) 1 1 1 

 

2.2 Porous liver model 
 

The porous liver can be separated into three main parts. 

Which are blood vessels, cells, and interstitial space [26, 27]. 

The porous liver can simplicity considered into two distinct 

regions. One is the vascular region (blood vessels/fluids phase). 

Another one is the extravascular region (tissue cell and 

interstitial space/solid phase). Which assumes that the whole 

anatomical structure as a fluid-saturated porous medium 

through the blood infiltrates [27]. Most previous studied [26, 

27, 29] have categorized into two distinct regions, the vascular 

region (blood vessels) and the extravascular region (cells and 

the interstitial space) and the whole anatomical structure can 

be treated as a blood-saturated tissue represented by a porous 

matrix in which the blood infiltrates through. The vascular 

region refers to a blood phase and the solid matrix phase is 

regarded as an extravascular region, as explained in Figure 2. 

In Figure 2 has shown the computational domain of the porous 

liver model structure of two parts, the tumor, and normal tissue 

[11]. The anatomical structure of porous liver tissue is 

assumed to have space between cells that are filled with blood 

(blood-saturated porous media). In cylindrical porous liver 

tissue have a spherical tumor with a diameter of 20 mm. The 

axis-symmetric model is used to minimizing the calculation 

time which maintains a good resolution. The thermal 

conductivity properties and dielectric properties of normal 

tissues and the tumor has given in Table 3 [28-30], where the 

microwave frequency of 2.45 GHz is considered. 

 

 
 

Figure 2. Axis symmetrical model structure and two layers 

porous liver (a) 3D porous media model (b) 2D axis 

symmetric model 
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Table 3. Properties of tissue, blood and tumor [28-30] 
 

Properties  Normal tissue (n) Blood (b) Tumor (t) 

Thermal Conduct K (W/m °C) 0.497 0.45 0.57 

Density ρ (kg/m3) 1,030 1,058 1,040 

Specific heat capacity Cp (J/kg. °C) 3,600 3,960 3,960 

Relative Permittivity εr 43.00 58.30 48.16 

Electric conductivity σ (S/m)  1.69 2.54 2.096 

 

 

3. THE MATHEMATICAL MODEL 

 

The electromagnetic field propagation in microwave 

coaxial antenna and equation for heat transfer with blood flow 

is described as following: 

 

3.1 Electromagnetic field propagation 

 

The axisymmetric finite element model used in this study 

adapted from a single slot microwave coaxial antenna general 

model [19, 30]. The equation of electric field and magnetic 

fields in the Transverse Electromagnetic field (TEM), which 

propagate in the coaxial antenna, is described in symmetrical 

cylindrical coordinates (2D axis r-z). 
 

Electric field 
 

�⃑� = 𝑒𝑟

𝐶

𝑟
𝑒𝑗(𝜔𝑡−𝑘𝑧) (1) 

Magnetic field 

 

�⃑⃑� = 𝑒𝜑

𝐶

𝑟𝑍
𝑒𝑗(𝜔𝑡−𝑘𝑍) (2) 

 

where, 

 

𝐶 = √
𝑍𝑃

𝜋 ∙ 𝑙𝑛(𝑟𝑜𝑢𝑡𝑒𝑟/𝑟𝑖𝑛𝑛𝑒𝑟)
 (3) 

 

In Figure 2 has shown the inner dielectric radius (router) and 

the outer dielectric radius (rinner) respectively. 

In a typical MWA using a slot antenna, the thermal energy 

created from the conversion of the magnetic energy when the 

magnetic field radiated to the target porous liver. The 

Transverse Magnetic field is represented by the equation as 

follow: 

 

∇ × [[𝜀𝑟 −
𝑗𝜎

𝜔𝜀0

]
−1

∇ × �⃑⃑� 𝜑] − 𝜇𝑟𝑘0
2�⃑⃑� 𝜑 = 0 (4) 

 

where, 𝜀0 = 8.8542 × 10−12 F/m [11] 

Meanwhile, the boundary conditions for axis symmetry at r 

= 0, boundary condition for porous liver, slot antenna, 

boundary condition and electromagnetic wave propagation 

assumption have been obtained from previous literature [31]. 

Therefore Figure 3 has shown the detail of the boundary 

condition for this study. 

 

 
 

Figure 3. Boundary conditions for analysis [31] 
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3.2 Equation for blood flow and thermal transport  

 

To study the transient temperature distribution within the 

porous liver tumor and normal tissue as shown in Figure 3, the 

coupled model of electromagnetic wave propagation, blood 

flow, and thermal transport have analyzed. Due to reducing the 

complexity of problem-solving, the surrounding of the porous 

liver is equal to 37°C (normal body temperature) as fixed 

temperature except at the outer surface between the antenna 

and the porous liver, the adiabatic boundary condition has 

been considered. For simplicity, several assumptions have 

been obtained from our previous worked [31]. 

 

3.2.1 Momentum equation 

To describe the blood flow phenomenon in porous liver 

tumor and normal tissue, Brinkman model extended Darcy 

model is used [32]. The equations that explained the blood 

flow in the porous liver are given from the continuity Eq. (5) 

and momentum Eqns. (6) and (7) as follows [31]: 

 
𝜕𝑢

𝜕𝑟
+

𝜕𝑤

𝜕𝑧
= 0   (5) 

 
1

∅
[
𝜕𝑢

𝜕𝑡
] +

1

∅2 [𝑢
𝜕𝑢

𝜕𝑟
+ 𝑤

𝜕𝑢

𝜕𝑧
] = −

1

𝜌𝑏
[
𝜕𝑝

𝜕𝑟
] +

𝑣

∅
[
𝜕2𝑢

𝜕𝑟2 +

𝜕2𝑢

𝜕𝑧2] −
𝑢𝑣

𝜅
   

(6) 

 
1

∅
[
𝜕𝑤

𝜕𝑡
] +

1

∅2 [𝑢
𝜕𝑤

𝜕𝑟
+ 𝑤

𝜕𝑤

𝜕𝑧
] = −

1

𝜌𝑏
[
𝜕𝑝

𝜕𝑧
] +

𝑣

∅
[
𝜕2𝑤

𝜕𝑟2 +

𝜕2𝑤

𝜕𝑧2 ] −
𝑤𝑣

𝜅
+ 𝑔𝛽(𝑇 − 𝑇∞)  

(7) 

 
The tumor porosity (tumor) = 0.7 and normal tissue porosity 

(n_tissue) = 0.6. The kinematics viscosity (ν) = 3.78x10-7 m2/s, 

the coefficient of thermal expansion () = 11x10-4 K-1. The 

permeability () can be calculated by the following equation 

[31]: 

 

 =
∅3𝑑𝑝

2

175(1 − ∅)2
 (8) 

 

where, diameter of cell tissue (dp) =1x10-4 m2 
 

3.2.2 Energy equation 

The transient energy equation assumes that the temperature 

of solid and blood phases, are identical. The microwave energy 

is included [31]. The thermal phenomena that created in 

porous liver tumor has been described as: 

 

(𝜌𝐶𝑝)𝑒𝑓𝑓

𝜕𝑇

𝜕𝑡
+ (𝜌𝐶𝑝)𝑏

[𝑢
𝜕𝑇

𝜕𝑟
+ 𝑤

𝜕𝑇

𝜕𝑧
]

= 𝐾𝑒𝑓𝑓 [
𝜕2𝑇

𝜕𝑟2
+

𝜕2𝑇

𝜕𝑧2
] + 𝑄𝑚𝑒𝑡

+ 𝑄𝑒𝑥𝑡  

(9) 

 

where 

 

(𝜌𝐶𝑝)𝑒𝑓𝑓
= (1 − ∅)(𝜌𝐶𝑝)𝑡

+ ∅(𝜌𝐶𝑝)𝑏
 (10) 

 

𝐾𝑒𝑓𝑓 = (1 − ∅)𝐾𝑡 + ∅𝐾𝑏 (11) 

 

The external heat source (Qext) have been created by the 

electromagnetic and assumes created from tissue/solid phase 

only that can be expressed as [31]: 

𝑄𝑒𝑥𝑡 =
𝜎|�⃑� |

2

2
 (12) 

 

The metabolic heat source (Qmet) in this study is set to be 

33,800 W/m3 [11]. The blood flow boundary condition and 

thermal transport have been described in Figure 3 [31]. 

Initially, the porous liver temperature is assumed to be fixed at 

37°C, blood velocity and pressure are equal to 0 m/s and 0 Pa, 

respectively. 

 

 

4. CALCULATION PROCEDURE  

 

The transient phenomenon has analyzed by using the finite 

element method based on COMSOLTM multiphysics. The two 

models of an electromagnetic equation with blood flow 

equation and heat transport are conducted. The temperature 

distribution, blood flow and ablation area that occur in the 

porous liver are described. The simulation starts from 

calculating electromagnetic wave which creates heat sources 

in terms of an external heat source. Then calculate the time-

dependent temperature that occurs in the porous liver. The 

calculation process has continued until the target heating time. 

The axisymmetric finite element method model used the 

triangular element with Lagrange quadratic shape functions. 

The partial differential equation with the designed boundary is 

conducted. The simulation has conducted until the stability 

result in which the independent fine mesh is to be around 

22,405. 
 

 

5. RESULT AND DISCUSSION 

 

5.1 The model verification 

 

The verification of the present porous liver model is 

compared with the simulation result of Keangin et al. [11] and 

experimental result of Yang et al. [30]. All condition has been 

set in the same condition input microwave power 75 W with 

frequency 2.45 GHz with the temperature starts from 8°C. The 

validation results have been shown in Figure 4 for the 

temperature distribution in the porous liver tissue at position 

4.5 mm. and 9.5 mm. away from the slot antenna. The antenna 

insert depth is 20 mm. The result has been shown that the 

porous model is better to comply with experimental data than 

the conventional bioheat at the same approximate time range.  

 

Table 4. Comparisons of Standard deviation of residuals with 

Yang result [30] 

 

Position (mm)  

Comparisons of Standard deviation of 

residuals with Yang result [30] 

Bioheat 

(Keangin et al.) [11] 

Porous liver  

(Present study) 

4.5 mm 10.01 4.84 

9.5 mm. 4.59 2.94 

 

Because of the porous liver model show performance with 

convective heat together with conduction heat, while the 

conventional bioheat is contained with only conduction heat 

mode. The standard deviation of residuals different 

temperature data between the porous liver model and bioheat 

model [11] with experimental data [30] have been shown in 

Table 4. The conventional bioheat model compares with the 
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porous liver model has a higher deviation at both positions 

4.5mm and 9.5mm. From the comparison result in Figure 4 

and Table 4, the proposed porous liver model base on a porous 

media approach is reasonable and can be used effectively for 

this problem. This is important to obtain the approaching 

realistic tissue modeling in the MWA process. 

 
Figure 4. The verification result of the porous liver model 

 

In this study, the porous liver model has been studied for 

prediction when the key properties in the model have changed. 

The influence of two keys properties, the thermal conductivity 

(K) and electrical conductivity (σ) on the temperature 

distribution in the porous liver with blood flow have been 

investigated. The tumor is the spherical shape with a diameter 

of 10mm. A study of each parameter has conducted to 

investigate the result of each factor separately. 

 

5.2 The influence of thermal conductivity in proposed 

porous liver model 

 

Figure 5(a)-5(d) has shown simulation results of the porous 

liver model with the heat contour, vector pattern of blood flow 

in different heating time, 50, 100, 200 and 300 sec. 

respectively. The velocity profile has shown the same 

direction as the temperature profiles. The buoyancy effect has 

been driven by blood flow base on the microwave energy. The 

warmer with lower density rise near the slot antenna which 

higher density and colder come to replace. It can be obtained 

that the blood velocity depends on how to increase the 

temperature in the porous liver. The result of Figure 5 has been 

shown that the blood velocity has the same characteristic with 

temperature in the porous liver. 

 

 
 

Figure 5. The blood flow vector in the different heating time: (a) 50 sec. (b) 100 sec. (c) 200 sec. and (d) 300 sec 

 

 
 

Figure 6. The temperature pattern within the porous liver at various thermal conductivity: (a) Normal tumor tissue condition (b) 

Increase 1.5 time (c) Increase 2 time (d) Increase 4 time of normal tumor condition 
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Figure 7. The temperature measure cross line position  

 

 

 
 

Figure 8. Tissue temperature the cross-section of the axial 

and transverse planes at various porous liver thermal 

conductivity properties for the different heating time: (a) 

temperature distribution at 50 sec. (b) temperature 

distribution at 100 sec 

 

In this study, the influences of thermal conductivity in the 

porous liver with blood flow are investigated. The effective 

performance of MWA depends on the characteristic of the 

temperature profile, which determines by the key property 

thermal and electrical conductivity. The simulation of various 

thermal conductivity properties in the porous liver has been 

conducted. The heating time is 300 sec. and microwave input 

power (P) equal 10 watts. Figure 6 (a) - 6 (d) has shown the 

temperature profile and blood flow profile within the porous 

liver. The various thermal conductivities of tumors have been 

investigated by increasing 1.5, 2.0, and 4.0 times of normal 

tumor condition respectively. Figure 6 has shown the hot spot 

zone, maximum temperature and blood velocity for each 

condition. As previously mentioned, the MWA process 

achievement when the temperature of the tumor increases to 

more than 50°C in which the tumor is destroyed so that the 

contour line 50°C has been indicated with the red line to show 

the area of 50°C. The higher velocity profile has found when 

the maximum temperature rises. It is found that the maximum 

temperature decreases when the thermal conductivity increase. 

For more investigation, the temperature and blood velocity 

profile for various thermal conductivity along with the cross 

section are investigated. Figure 7 has shown the cross-line 

section of the measuring point. The measured temperature 

along the cross-section with different thermal conductivity are 

illustrated in Figure 8 (a)-8 (b). It is found that the increased 

thermal conductivity leads to a decrease in the maximum 

temperature in the porous liver. Since the convection heat and 

the buoyancy force play role in the porous liver model, the heat 

transfer and blood flow have been distributing rapidly and 

absorb the maximum temperature quite well. It can be 

observed that thermal conductivity has affected the 

temperature and blood velocity in the opposite direction, 

increase the thermal conductivity made the maximum 

temperature down. 

 

 

 
 

Figure 9. Tissue temperature along the cross section of the 

axial and transverse planes at various porous liver electrical 

conductivity properties for the different heating time: (a) 

temperature distribution at 50 sec. (b) temperature 

distribution at 100 sec 

 

5.3 The influence of electrical conductivity in the proposed 

porous liver model 

 

The effect of electrical conductivity in the porous liver with 
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convection influence is investigated. The electrical 

conductivity has been increased 1.5, 2.0 and 4.0 times are 

selected for study and demonstration. The heating time is 300 

sec. and microwave input power (P) equal 10 watts. Figure 9 

(a)-9 (b) shows the temperature distribution. It is found that 

the highest temperature occurs near the antenna and decreases 

along with the distance. The temperature of the tumor is higher 

than the temperature occurs in the normal tissue corresponds 

to the effects of the dielectric of the tumor higher than normal 

tissue. The increase in electrical conductivity brings about an 

increase in maximum temperature and an increasing 

temperature rising rate. The blood flow velocity also shows the 

same phenomenon as the temperature profile. This is because 

of an increase in electrical conductivity (σ) results in a higher 

heat generation rate of Qext term in Eq. 12 and cause the 

temperature increase in the porous liver. It can investigate that 

the increased electrical conductivity brings about the increase 

of maximum temperature as well as blood flow characteristic 

because of Qext term in Eq. 12 effects as the previous mention. 
 

 
 

Figure 10. The temperature measuring position along with 

the arc of tumor 

 

5.4 The influence of thermal and electrical conductivity for 

ablation lesion in the target zone 

 

The effectiveness of the MWA process is to elevate the 

precision of the ablation area without effect the healthy tissue 

around the tumor. In this section, the effects of thermal 

property in the ablation zone in the porous liver with blood 

flow model have been investigated. Figure 10 has shown the 

geometry of the temperature measurement point along with the 

arc of the tumor. The microwave input power is 10 watts. 

Figure 11 (a)-11(d) have shown the result of temperature at 

each measurement point within the various thermal properties. 

It is found that the higher thermal conductivity, cause the 

lower maximum temperature as the previous mention. 

Furthermore, higher thermal conductivity such as 100 or 1000 

times resulting in a smaller variation of temperature in the 

porous liver. This is because of high thermal conductivity will 

generate heat to all area rapidly with blood flow and make 

temperature distribute in a uniform shape. Figure 12 has 

shown the temperature contour when the thermal and electrical 

conductivity increases to 3 times compare to normal tissue. 

The microwave power stop when a 50°C contour line (red line) 

reaches the edge of the tumor point C in Figure 10. Figure 12 

(a) has shown simulation results of the 50°C contour for 

normal tissue property and (b) has shown the simulation result 

for the thermal and electrical conductivity increase to 3 times. 

Even though simulation time over 300 seconds, in case of 

normal tissue Figure 12 (a) the 50°C contours still not reach 

the tumor edge (simulation time stop at 1000 sec.). Figure 12(b) 

has shown uniform lesion and less effect the around healthy 

tissue with shorter backward heating with simulation time 200 

seconds. In the case of normal tissue property, Figure 12 (a), 

backward heating tail long 12mm. and Figure 12 (b), backward 

heating tail long 4mm. It has shown the improve performance 

of MWA from these comparisons. 

 

 
 

Figure 11. The temperature distribution along the arc section 

of tumor at various porous liver thermal conductivity 

properties: (a) Normal tumor thermal conductivity (b) 

Increase 4 time of normal tumor condition (c) Increase 100 

time of normal tumor condition (d) Increase 1000 time of 

normal tumor condition 

 

 
 

Figure 12. Temperature contour compare between (a) 

Normal tissue property and (b) increase 3 time for thermal 

and electrical conductivity 

 

 

6. CONCLUSION 

 

The Microwave ablation mathematical simulation model of 

heat transfer, as well as temperature profile within the porous 

liver, the coupled model of transport phenomenon of blood 

flow, heat transfer and electromagnetic wave propagation, has 

been developed. Specifically, study the influence of thermal 

and electrical properties on treatment outcome and efficacy. 
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The model includes an accurately designed platform 

incorporates with blood flow. The mathematical model has 

been validated with the experimental data conducted by 

previous work [11]. It is found that the simulation result of the 

porous liver model has a better result than the conventional 

bioheat model when compared with previous experimental 

data [30].  

Clinical treatment with MWA requires accurate control of 

various parameter due to the lesion creation need to create 

without effect on healthy tissue. To enhance the MWA process, 

the precious simulation model, porous liver model, has been 

proposed and two key properties, thermal and electrical 

conductivity, have been investigated. The key finding that 

emerged from this study include: 

(1) The higher thermal conductivity is introduced to the 

targeted tumor tissue and found that the maximum temperature 

is reduced since the heat transfer and blood flow velocity in 

the proposed model phenomena. According to the result, the 

higher thermal conductivity effect to the maximum 

temperature and reduces the blood velocity. To promote heat 

transfer between MWA antenna and target tumor tissue, some 

particles having high thermal conductivity properties such as 

nanoparticle needed to introduce and investigate. To make an 

advantage point to absorb the maximum temperature and 

uniform lesion.  

(2) The higher electrical conductivity is introduced to the 

targeted tumor tissue, the maximum temperature, and the 

heating rate are increased. The electrical conductivity 

enhances the performance of MWA in promoting the heat 

increasing rate and maximum temperature. This study results 

attributed to some particle having high electrical conductivity 

properties, for example, nanoparticle required to elevate 

magnitude of maximum temperature and heating rate between 

MWA and targeted tumor tissue. 

(3) The higher thermal and electrical conductivity promotes 

the MWA to be more uniform temperature distribution in the 

tumor tissue. The higher thermal and electrical conductivity 

gives lower variation temperature in the targeted tumor. The 

backward heating effect can be decreased with this strategy as 

shown in Figure 12. This is very useful for elevate MWA 

efficiency and decreases the harmful during the MWA process.  

This key investigation obtains the necessary aspects of a 

principle knowledge of heat transport within liver cancer and 

can be used as a guideline to study more for new hypothetical 

designs. Especially the properties of the selected nanoparticles 

assisted in the MWA process which can apply for further study. 
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NOMENCLATURE 

 

Z wave impedance in the dielectric of the coaxial 

cable (Ω) 

k propagation constant (m-1) 

C 

R 

speed of light (m/s) 

dielectric radius (m) 

𝐻 ⃑⃑⃑⃑  
u, w 

Magnetic field (A/m) 

velocity component (m/s) 

P pressure (Pa) 

dp diameter of cell tissue (m) 

Cp specific heat capacity (J/kg °C) 

�⃑�  Electric field (V/m) 

g gravitation constant (m2/s) 

K thermal conductivity (W/(m°C) 

P input microwave power (W) 

Q heat source (W/m3) 

t time (s) 

T temperature (°C) 
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Greek symbols 

 

 angular frequency (rad/s) 

ρ density of liver tissue (kg/m3) 

ε0 permittivity of free space (F/m) 

εr relative permittivity (-) 

μ permeability (H/m) 

μr relative permeability 

ν kinematics viscosity (m2/s) 

 tissue porosity 

 permeability (m2) 

 coefficient of thermal expansion (K-1) 

σ electric conductivity (S/m) 

 

Subscripts 

 

b blood/fluid phase 

t tissue/solid phase 

eff effective value 

ext external 

inner inner 

liver liver 

met metabolism 

outer outer 

r, z, φ component of cylindrical coordinates 
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