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 ABSTRACT 

 

Microwave ablation (MWA) is a minimally invasive cancer treatment 

technique that induces thermal injury into the tumor by using microwave energy. This 

treatment applies microwave energy to the tumor by using the microwave antenna. The 

microwave energy is absorbed and converted to heat generation in the unwanted tissue. 

The goal of this treatment is to generate heat damaged by microwave energy in the 

tumor and unwanted heat to the surrounding tissue. The advantages of this treatment 

are rapid, effective, and non-toxic side effects. However, microwave ablation has 

dangerous when used incorrect conditions during treatment. Therefore, the studies of 

correct conditions are necessary. 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. However, the specific treatment area and 

comparative studies of the heating models were not investigated systematically. This 

dissertation presented the numerical analysis of specific absorption rate and heat 

transfer in liver cancer during MWA treatment by using a coaxial slot antenna. The 

mathematical model is considered coupled with the electromagnetic wave propagation 

Ref. code: 25635810360015ZVI



 

 

- 2 - 

and heat transfer in the biological tissue. The coupled nonlinear set of these equations 

is solved using the finite element method (FEM). The influence of the large vessel 

locality was systematically investigated on the specific absorption rate and heat transfer 

in the 3D liver cancer domain. The results show the volumetric of damaged tissue in 

the model with a vertical blood vessel is lower than the model with a horizontal vessel. 

Furthermore, this result presented the asymmetrical temperature distribution, which 

indicated the necessity for the 3D assumption. 

 Moreover, this dissertation presented the comparative performance of 

the thermal model during the MWA process. 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 in the liver cancer model 

during the MWA process. The results show the Darcy-Brinkman porous model has a 

flexible use than the porous model with constant velocity and the bioheat model. 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 the dissertation provides an indication of limitations that must 

be considered in administering microwave ablation therapy. 

 

Keywords: Microwave ablation (MWA), heat transfer, Bioheat, Porous media, 3D 

Numerical simulation, FEM, Comparative thermal model, Local thermal equilibrium 

(LTE), Liver cancer, Thermal ablation 
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CHAPTER 1 

INTRODUCTION 

 

 

1.1 Introduction to the liver cancer treatment and modeling 

 

Based on the World Health Organization (WHO) report on cancer, cancer 

is the second leading cause of death globally. In 2018, the people about 9.6 million 

people died from cancer or one in six global deaths due to cancer. Many people have 

suffered from cancer. In this report, cancer cases are growing globally, and 

approximately 70% of cancer deaths occurred in low- and middle-income countries. In 

the high-income countries where the health systems are robust, the survival rate of 

cancer is improving. In the high-income countries where the health systems are robust, 

the survival rate of cancer is improving. That because many patients have access to 

early detection and quality of cancer treatment. On the other hand, the health systems 

of the low- and middle-income countries are least prepared to manage the cancer 

burden. Large numbers of cancer patients of these countries could not have access to 

timely quality diagnosis and treatment. Therefore, cancer is one of the most important 

problems facing this world today. 

 

 

Fig. 1.1 Estimated number of cancer cases in 2020 by World Health Organization 

(WHO); (a) number of cancer new cases, (b) ) number of death cases by cancer 
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 2 

 

Liver cancer is the sixth most common cancer incidence worldwide 

(Ananthakrishnan et al., 2006), but it is the second leading cause of death by cancers 

(Sia et al., 2018). Liver cancer is one of few cancers’ disease increasing new incidence 

cases and the greatest increase in mortality during the past 2 decades (Llovet et al. 

2016). Liver cancer is generally classified as a primary or secondary liver cancer. 

Primary liver cancer begins in the cells of the liver transformation of normal cells into 

diseased tissue (tumor cell) in a multistage process that generally progresses from a pre-

cancerous lesion to a malignant tumor (Ananthakrishnan et al., 2006). Secondary liver 

cancer begins primary liver cancer or tumor at the liver organ spreading out of the liver 

to another part of the body. Liver cancer consists of a heterogeneous group of malignant 

tumors with different histological characteristics and an unfavorable prognosis that 

range from hepatocellular carcinoma (HCC) and intrahepatic cholangiocarcinoma 

(iCCA) to mixed hepatocellular cholangiocarcinoma (HCC- CCA), fibrolamellar HCC 

(FLC), and the pediatric neoplasm hepatoblastoma (Bosman et al., 2010; Lozano et al., 

2012). In all of the liver cancer categories, the HCC is most of the common liver cancer. 

Approximately 90% of liver cancer cases are HCC types, with nearly 800,000 new 

cases annually (Llovet et al. 2016). The iCCA is the second most common liver cancer, 

with the highest incidence in Southeast Asia and low incidence in Western countries 

(Bridgewater et al., 2014). The information from both the Surveillance, Epidemiology, 

and End Results (SEER) and Eurocare occur that primary liver cancer has the lowest 

overall survival rate worldwide among the 11 most common cancers. The mortality rate 

with liver cancer approximately less than 10% 5-year survival (Parkin et al., 2005). 

Furthermore, the liver cancer burden is increasing globally, and Torre et al. was 

projection there could be 1 million cases by 2030 (Torre et al., 2015). In the untreated 

cases, liver cancer has a mortality rate of 100% at 5 years (McGahan & Dodd lII, 2001). 

Therefore, the liver cancer is necessary to treated. 

Liver cancer is treated with many types of treatment. Cancer treatment uses 

surgery resection, radiation, medications, and other therapies to treat cancer, shrink 

cancer, stop cancer progression, and improve life quality. Types of cancer treatments 

depend on the particular situation. The patients may receive one treatment or a 

combination of treatments, such as surgical resection with chemotherapy or radiation 
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therapy. The treatment options will depend on several factors, such as the type and stage 

of cancer, the general health of patients, genetic, sizes, numbers, and position of cancer. 

Surgical resection is the first considered option for cancer treatment (Bruix et al., 2004), 

the achievement of this method about 60 to 70% 5-year survival in well-selected 

patients (Bruix et al., 2001; Bruix, 2005). This treatment is limited for patients with a 

single tumor and well-preserved liver function, who have neither abnormal bilirubin 

nor clinically relevant portal hypertension (Lencioni & Crocetti, 2007). Liver 

transplantation is a cancer treatment that benefits patients who have decompensated 

cirrhosis and one tumor smaller than 5 cm or up to three tumors smaller than 3 cm each. 

In this treatment, the inherent limitations are required a highly skilled surgical team and 

living donation, which donor short age greatly limits its applicability. Chemotherapy is 

one option for unresectable or medically untreatable patients, but it is not entirely 

satisfactory in terms of survival rate outcomes (Lencioni & Crocetti, 2007). 

The coming of image-guided technology such as ultrasound, computed 

tomography (CT) or magnetic resonance imaging (MRI) was used in the health care 

system, which leads to the possibility of new treatment methods. Later, alternative 

cancer treatment methods were developed and presented as optional for patients who 

cannot treat by surgery. The different treatment methods have different therapy 

mechanisms, which led to different survival rates, complications, and reoccurrence. The 

percutaneous ethanol injection is a local ablative method for patients that are not 

surgical candidates. In this method, the alcohol is injected directly into the tumor 

through the thin needle guided by ultrasound or computed tomography (Ansari & 

Andersson, 2012). In this method, the alcohol is injected directly into the tumor through 

the thin needle guided by ultrasound or computed tomography, as shown in Fig. 1.2. 

The alcohol injection was induced tumor destruction by dehydration and protein 

denaturation (Ebara et al., 2005). Although the percutaneous ethanol injection is less 

invasive and may be associated with reduced postoperative pain and fewer 

complications, the other ablative methods are more accurate and effective than the 

percutaneous ethanol injection methods. Furthermore, the limitations of this method 

cannot be applied to tumor size over 3 cm and the leaked of alcohol during treatment 

method (Ansari & Andersson, 2012). 
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Fig. 1.2 The cancer treatment by percutaneous ethanol ablation (Voizard et al., 2019) 

 

Cryosurgery also called cryoablation, or cryotherapy is a minimally 

invasive cancer treatment method that uses extreme cold to deep freezing and 

destruction tumor, including cancer cell. This treatment method is inserted the 

cryoprobe into the tumor area by using imaging guidance. The cryofluid as such as 

liquid nitrogen or high-pressure argon gas are fed into a cryoprobe that creating deep 

freezing that is area at contact with tumor (Yiu et al., 2007). The benefits of this 

treatment method are less invasive and may be associated with reduced postoperative 

pain, fewer complications, shorter hospital stay, and reduced costs (Ebara et al., 2005; 

Nabaei & Karimi, 2018; Shao et al., 2018). However, this treatment shortcoming is the 

surrounding tissue may be injured during the treatment process, and the cryosurgery 

cannot guarantee completely lethal damage to the entire tumor domain (Baust et al., 

1997; Di et al., 2012). 

Radiofrequency ablation (RFA) is a minimally invasive cancer treatment 

method that induces the thermal injury into the tumor using the electromagnetic energy 

with the frequency range of 350–500 kHz (Sabiston et al., 2001). RFA is a lower risk 

of complications when comparative with cryosurgery treatment (Wu et al., 2015). This 

treatment method is inserted the RFA electrodes directly into the tumor by using 

imaging guidance. The temperature of disease tissue surrounding the electrodes is 

increased by electrical energy and causes resistive heating (Curley et al., 2000). When 

the tumor temperatures exceed 50°C for more than 3 minutes, intracellular protein 
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denaturation and melting of lipid bilayers result in direct tumor cell is death. (McGahan 

et al., 1990; Rossi et al., 1990; Sanchez et al., 1993; Lounsberry, 1995). Although RFA 

is an effective cancer treatment method, it has limitations. For the larger tumor (usually 

defined to be larger than 3-5 cm in diameter) and the specific area near the large blood 

vessels, this treatment may not be suitable for the entirety encompassing the tumor 

volume (Brace, 2009; Ahmed & Goldberg, 2011). 

Microwave ablation (MWA) is a minimally invasive cancer treatment 

method that induces thermal injury into the tumor, as same as RFA. MWA has applied 

the microwave energy into the diseased tissue or tumor area through the microwave 

antenna. The microwave would be absorbed and converted to the local heat generation 

in the tumor area (Keangin et al., 2011, Rattanadecho & Keangin, 2013). The tissue 

temperature rises to 52 ºC for a heating time of 1 min, or the instantaneous tissue 

temperature exceeds 54 ºC, the cell will be killed immediately (Dong et al., 1998; 

Goldberg et al., 2000; Whelan et al. 2005; Prakash et al., 2008; Prakash et al., 2012; 

Wu et al., 2013). Although MWA and RFA can heat the tumor to cytotoxic levels, the 

mechanisms of MWA and RFA are quite different. The primary distinction between 

RFA and MWA is that RFA heating occurs in the area with high current density, while 

MWA is heating around the slot of an antenna (Brace, 2009). That because the 

mechanism of heating methods is different. MWA induced the heating by 

electromagnetic field mechanism as opposed to the electrical current mechanism used 

in RFA (Poulou et al., 2015). The benefits of MWA are short ablation time, a short 

recovery period, less postoperative pain, and fewer complications that may be related 

to a minimally invasive treatment method. Comparative with RFA, MWA is a faster 

treatment time, higher flexible treatment, a larger zone of ablation, and a complete 

tumor kill (Wright et al., 2005; Liang & Wang, 2007; Izzo et al., 2019). 

MWA has powerful treatment method and many advantages compared with 

conventional treatment for localized liver cancer. However, MWA 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 (Poulou et al., 2015). 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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Although MWA was an interesting and effective treatment method, the experimental 

and study in the humans liver could not be studied because it was due to humanity and 

the risk of unethical. Some group researchers have been experimenting with animals 

(Strickland et al., 2002; Hines-Peralta et al., 2006; Wu et al., 2013; Saccomandi et al., 

2015; Lopresto et al., 2017; Marcelin et al., 2018).  

 

 

Fig. 1.3 The experimental study of the MWA process in the bovine liver obtained by 

the Center of Excellence in Electromagnetic Energy Utilization in Engineering (CEEE) 

lab, Thammasat university. 

 

Fig. 1.3 shows the sample experimental results of the MWA process in the 

bovine liver obtained by the Center of Excellence in Electromagnetic Energy 

Utilization in Engineering (CEEE) lab, Thammasat university. This experiment using 

a microwave generator (Acculis, AngioDynamics, 60-140 W, 2.45 GHz) and connected 

the microwave antenna, which microwave ablation system operated at the Office of 

Advanced Science and Technology, Thammasat University. The experimental results 

are measuring by the fiber optic thermometer and infrared camera. 

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 (Keangin & Rattanadecho, 2013). 
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Several years ago, many researchers developed mathematical models for 

predicting the temperature distribution in the living tissue. The most widely heating 

model was introduced by Pennes, which has become well known as Pennes' bioheat 

model (Pennes, 1948). In the original, the Pennes' bioheat model was designed for 

predicting the temperature distribution in the human forearm. Due to the Pennes bioheat 

simplification, many studies have established and developed the mathematical of 

extending and modifying the Pennes' bioheat model (Wulff, 1974; Klinger, 1974; Chen 

& Holmes, 1980). Description of the bioheat and the modified bioheat can be found in 

literature (Pennes, 1948; Wulff, 1974; Klinger, 1974; Chen & Holmes, 1980; 

Weinbaum et al., 1984; Jiji et al., 1984; Charny et al., 1990; Arkin et al., 1994). For 

MWA treatment, the temperature distribution in biological tissue during the treatment 

process was indicated to treatment achieve. Therefore, the mathematical model based 

on the bioheat approach was developed for predicting the temperature distribution in 

the biological tissue during the MWA process (Yang et al., 2007; Keangin et al. 2011; 

Wang et al., 2015; Wu et al., 2016; Xu et al., 2019; Minbashi et al., 2020). However, 

liver cancer with MWA treatment models was developed based on two dimensions (2D) 

or 2D axial symmetry assumption. This assumption was reduced the complexities of 

realistic problem to the simplified problem. Although the 2D assumption benefits 

computation, this assumption could not be applied to the diversity of treatment cases, 

especially in the treatment area nearby the large blood vessels. In this limitation, the 

three dimensions (3D) problem has introduced. 

Although the bioheat approach 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 (Mahjoob & Vafai, 

2009). Therefore, the biological tissue could assume a porous structure (Roetzel & 

Xuan, 1998; Nakayama & Kuwahara, 2008). Thus, the porous media theory can be 

applied in biological tissue (Mahjoob & Vafai, 2009; Rattanadecho & Keangin, 2013). 

The advantages of utilizing a porous media model in biological tissue has few 
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assumptions as compared to different established bioheat transfer models. Therefore, 

the porous media theory was applied to the liver cancer treatment with MWA process 

(Keangin & Rattanadecho, 2013; Keangin et al., 2013; Rattanadecho & Keangin, 2013). 

The comparison of the thermal models during the MWA process on the heat transfer 

affects the performance and effectiveness of the temperature prediction in the liver 

cancer model.  Therefore, the fundamental of the different heating implemented could 

be selected as the suitable heat models for the right condition and situation. 

 

Fig. 1.4 The liver cancer with the MWA treatment concept to the 3D mathematical 

modeling; (a) The liver cancer with the MWA treatment (Voizard et al., 2019), (b) The 

control volume mathematical modeling of the liver cancer with the MWA treatment. 

 

This dissertation was proposed the numerical simulation of the liver cancer 

treatment with the MWA process using a slot antenna. The characteristics of thermal 

response as same as heat transfer during the MWA process were investigated, which 

indicated to treatment achieve. This dissertation focuses on the treatment area near the 

large vascular (vessel), in which cannot be applied 2D axial symmetry assumption. 

Therefore, the 3D problem assumption was considered. Fig. 1.4 shows the 3D 

mathematical model in this study, which is converted from a practical treatment 

concept. In addition, the effect of vessel distancing on heat transfer of the deformed 

liver cancer model was investigated. The complex multi-physicals during the MWA 
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process were considered with the governing equation systematically. Furthermore, the 

performancing comparative of the predicted heating models as bioheat model and 

porous model was systematically comparison. The fundamental understanding of this 

study could be a guideline for effective treatment. 

 

1.2 Introduction to the microwave 

 

The microwave is a form of electromagnetic waves within a frequency 

range of 300 MHz to 300 GHz. The microwaves can be self-propagated in the vacuum 

or matter as same as the other electromagnetic waves. These waves are comprised and 

synchronized oscillations of electric and magnetic fields. In wave propagation, the 

electric and magnetic fields oscillate in phases perpendicular to each other and 

perpendicular to the wave direction. The electromagnetic wave is classified into several 

types according to the wave frequency. In the ordering, the high frequencies to the low 

frequencies as shown in Fig. 1.5.  

 

 

Fig. 1.5 Electromagnetic spectrum 

 

Jame Clerk Maxwells produced the first complete set of equations 

governing electricity and magnetism, expressed in terms of fields, which has become 

well known as Maxwell's equations (Maxwell, 1890). Subsequently, Maxwell's 

equations were confirmed by Heinrich Hertz through experiments with radio waves 
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(Baird et al., 2013). Maxwell's theory predicted that coupled electric and magnetic 

fields could travel through space, which has become well known as an electromagnetic 

wave. Maxwell concluded that light itself is the electromagnetic wave of a short 

wavelength, but no one could prove this until Hertz's experiment confirmed it. 

The microwave is one of the most popular electromagnetic waves and is 

widely used in many applications, such as spacecraft, communication, navigation, 

radar, or heating. The microwave heating application is contrasted to conventional 

heating. In microwave heating, the microwave penetrates the surface is converted into 

thermal energy within the material. This process is several advantages as rapid heating, 

selective heating, less material decomposition, non-pollution, or high-efficiency 

heating (Rattanadecho & Klinbun, 2011). For the many advantages, microwave heating 

has applied in many industrial processes and households. The accomplishments of 

microwave heating occurred in many applications, such as drying, melting, 

pasteurization, sterilization (Datta, 2001; Rattanadecho, 2002; Chatterjee et al., 2007; 

Keangin et al., 2013). The microwave is a rapid heating, selective heating, and highly 

efficient heating. Therefore, microwave heating was introduced to the therapeutic 

application. 

 

1.3 Introduction to the microwave ablation 

 

Microwave ablation (MWA) is a minimally invasive cancer treatment 

technique that induces thermal injury into the tumor, as same as RFA. This treatment 

technique has applied the microwave energy into the diseased tissue or tumor area 

through the microwave antenna. The microwave would be absorbed and converted to 

the local heat generation in the tumor area (Keangin et al., 2011, Rattanadecho & 

Keangin, 2013). When the tissue temperature exceeded the lethal temperature, the 

cancer cell will be destroyed. The benefits of this treatment technique are short ablation 

time, a short recovery period, less postoperative pain, and fewer complications that may 

be related to a minimally invasive treatment technique (Keangin et al., 2011). 

Comparative with RFA, MWA is a faster treatment time, higher flexible treatment, a 

larger zone of ablation, and a complete tumor kill (Wright et al., 2005; Liang & Wang, 

2007; Izzo et al., 2019).  
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MWA is using the heat from microwave energy to kill cancer cells. The 

microwave energy transmitted by the microwave antenna creates heat in the tumor 

tissue without damaging surrounding tissue. In this process, the polar molecules 

(primarily the water) in the tissue are continuously forced to realign with the oscillating 

electric field continuously. The molecules vibrate and rotate, resulting in heat to a 

temperature high enough to cause cell death (Phadungsak & Keangin, 2013). MWA is 

to create direct heating in the tissue around the antenna. The mechanism of MWA 

heating differs from RFA heating. In RFA treatment process, heat created by resistive 

heating when the electrical current passes the ionic tissue. In the RFA treatment process, 

resistive heating is created when the electrical current passes the ionic tissue medium 

(Lubner et al., 2010). In the comparative, MWA is a technique that more flexible 

treatment and highly efficient heating than RFA. 

 

 

Fig. 1.6 the equipments of the MWA system at Office of Advanced Science and 

Technology, Thammasat University; (a) the microwave generator (Acculis, 

AngioDynamics, 60-140 W, 2.45 GHz), (b) microwave antenna (Accu2i PMTA 

Applicator) 

 

The basic components of the MWA system consist of three components; 

the microwave generator, the microwave distribution system; the microwave antenna. 

The microwave generator is a device for creating microwave energy with a magnetron 

or solid-state source (Rattanadecho et al., 2007; Lubner et al., 2010). The generator 

created the microwave energy with specific microwave power and frequency to be 
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suitable for treatment conditions, as shown in Fig. 1.6(a). The microwave frequency of 

915 MHz and 2.45 GHz are generally microwave frequencies for treatment application, 

as allowed by the federal communications commission (Hines-Peralta et al., 2006; 

Oshima et al., 2008; Brace, 2009). The microwave distribution system is a system 

connecting the generator to the microwave antenna. The microwave energy from the 

microwave generation is transmitted to the microwave antenna by the commonly 

accomplished coaxial cable transmission line. Coaxial cables were designed for 

excellent wave propagation characteristics, reducing the diameter and power loss. 

Therefore, coaxial cables were small and flexible, and resistance cable heating during 

the treatment process. Fig. 1.6(b) shows a sample of the microwave coaxial antenna. 

Fig. 1.6 shows the components of the MWA system at the Office of Advanced Science 

and Technology, Thammasat University. 

The microwave antenna is a critical component of this treatment system. 

This part contract is contacted with the living tissue, inserted into the human body, and 

active in the heating zone. Many factors are required for a microwave antenna designed, 

such as safety for the human body, efficiency for transferring microwave energy, 

resistant heat during the treatment process. Moreover, an antenna is required as robust 

and as small as possible for minimally invasive treatment. The most common 

microwave antenna is straight and needle-like (Shock et al., 2004; Meredith et al., 2005; 

Yu et al., 2006). In many conditions, the antenna has been designed in many types. The 

advantages of the coaxial antenna are remarkable than the other antenna, such as small 

diameter and good handling of the microwave to a specific area (Strickland et al., 2002; 

Hines-Peralta et al., 2006; Wolf et al., 2008; Lubner et al., 2010). Therefore, this study 

uses a microwave coaxial antenna to transmit microwave energy during the MWA 

process. 

Although MWA has a powerful treatment technique and many advantages 

compared with conventional treatment or alternative as RFA for localized liver cancer, 

this treatment 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 (Poulou et al., 2015). 

The increase of the healthy tissue temperature is resulting in the protein denaturation 
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process, which is dangerous on the healthy tissue. Therefore, the studies of correct 

conditions are necessary, which may improve the efficiency of this treatment. 

 

1.4 Research objectives 

 

1.4.1 To develop the couple numerical model of electromagnetic wave propagation, 

heat transfer, and blood flow in the biological tissue by using 3D simplified 

approach and porous media approach. 

1.4.2 To study characteristics of specific absorption rate, heat transfer, and damaged 

tissue in the 3D biological tissue near large vascular subjected to the heating 

by microwave energy. 

1.4.3 To study comparative heating models performance implemented to the liver 

cancer model during the MWA process. 

 

1.5 Scope of research 

 

1.5.1 Analysis of the specific absorption rate, heat transfer, damaged tissue in the 

liver cancer near large vessel during MWA treatment process by varying the 

two locality of blood vessel. 

1.5.2 Analysis the performance of the heating model implemented to the liver 

cancer model during the MWA process. 

 

1.6 Expected benefits 

 

1.6.1 The developed the model will enable us to get more practical prediction of 

the heat transfer in liver cancer during MWA treatment process. 

1.6.2 Obtain results can be applied to a wide range of problems related to 

therapeutic application during MWA treatment process. 

1.6.3 This work will give us an understanding of the characteristics of specific 

absorption rate, heat transfer, and damaged tissue in the biological tissue 

near large vascular to the heating by microwave energy. 
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1.7 Research procedure 

 

The study and research procedure consist of the following steps 

1.7.1 Review literatures  

1.7.2 Study the fundamental of electromagnetic wave propagation, heat transport, 

blood flow, and damaged tissue in biological tissue. 

1.7.3 Developed the mathematical model and numerical scheme that considered 

electromagnetic wave propagation, heat transfer, damaged tissue, and tissue 

deformation of the liver cancer during MWA treatment process. 

1.7.4 Compare the simulation results of the tissue temperature against the 

experimental results obtained from the literatures in order to verify the 

accuracy of the developed numerical model. 

1.7.5 Study effect of large blood vessel locations on the specific absorption rate, 

heat transfer, and damaged tissue in liver cancer during MWA treatment 

process. 

1.7.6 Study the performance of the heating model implemented to the liver cancer 

model during the MWA process. 

1.7.7 Explain and discuss the effects of the physical parameters and comparative 

heating model on the specific absorption rate, heat transfer, and damaged 

tissue in liver cancer during MWA treatment process. 
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(a) 

 

(b) 

Fig. 1.7 Research procedures; (a) 3D numerical analysis, (b) comparative 

performance of predicted thermal model. 
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CHAPTER 2 

REVIEW OF LITERATURE 

  

This dissertation proposed to study the phenomenon of electromagnetic 

wave propagation, heat transfer, blood flow, damaged tissue, and tissue deformation of 

the MWA treatment in the 3D liver cancer tissue and the effect of the large vascular 

location nearby the treatment area on the specific absorption rate, temperature 

distribution, blood velocity, and necrotic of damaged tissue. The performancing 

comparative of the bioheat and porous media models was implemented to the liver 

cancer model during the MWA process was investigated. Therefore, the previous 

studies are briefly recalled as follows.  

 

2.1 The studies of heat transfer in the biological tissue based on simplified 

approach 

 

In the past, the theory of heat transfer in the biological tissue was diversified 

developed. Predicting the temperature distribution in the human body is a famous study 

because there are many benefits and applications, such as the comfortable design or 

therapeutics in medical, etc. However, a remarkable study of heat transfer in the 

biological tissue was introduced by Pennes in 1948 (Pennes, 1948). He proposed the 

equation describing the temperature distribution in the human forearm, which has 

become well known as the Pennes bioheat equation or bioheat equation. Pennes tried 

to predict the temperature distribution in the human forearm by using the energy 

balance based on heat conduction. However, temperature prediction had not 

corresponded to the temperature of experimental measurement. Therefore, he 

developed the bioheat equation for describing the heat transfer in the biological tissue. 

The bioheat equation was developed based on heat diffusion and added blood perfusion 

term and metabolism term in the energy conservation equation. The metabolism term 

represented the heat generation by the metabolism of the cell, and the blood perfusion 

term represented the energy exchange between tissue and the capillaries system. Pennes 

assumed the significant heat contribution between tissue and vascular systems at the 
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capillaries. Due to the Pennes bioheat simplification, many studies have established and 

developed the mathematical of the extending and modifying the bioheat model (Wulff, 

1974; Klinger, 1974; Chen & Holmes, 1980; Weinbaum et al.,1984; Jiji et al., 1984). 

 Later, several researchers have questioned the physiological and 

physical phenomena validity of the assumption underlying the Pennes bioheat equation, 

especially heat transfer by flowing blood (Arkin et al. 1994). Wulff claimed that the 

heat transfer in the biological tissue is affected by the net blood flux within the 

biological tissue. Wulff developed and suggested the model with the directional blood 

term rather than the scalar perfusion term by Pennes (Wulff, 1974). Subsequently, 

Klinger proposed the heat transfer in the biological tissue caused by the blood flow 

inside the vessels. He suggested a blood convection term by considering the velocity of 

blood flow inside the vessels rather than the perfusion term by Pennes (Klinger, 1978). 

Wulff and Klinger's suggestion is consistent in improving the Pennes bioheat model by 

representing the directional blood term inserted the scalar blood perfusion term. Later, 

Chen and Holmes evacuated the thermal equilibrium length of the individual vessel 

with the semi-quantitative model. Results showed the thermal equilibration of the blood 

with the tissue occurs not in the capillaries (Chen & Holmes, 1980). The conclusions 

by Chen and Holmes were not supported the underlying assumptions of Pennes bioheat 

model. Subsequently, Chato investigated the heat transfer between the tissue and the 

vessel, which various vessels' geometry (Chato, 1980). He pointed out the magnitude 

of heat transfer at the large vessel and small vessel, such as the capillaries. However, 

the heat transfer between the tissue and the intermediate vessel was inconclusive. Chen 

and Holme pointed out that the intermediate vessel's significant heat transfer, which 

indicated the shortcomings assumptions of the Pennes bioheat model (Chen & Holmes, 

1980). Later, Weinbaum and colleagues proposed the modified bioheat model based on 

completely different vascular. This study considered the heat transfer in the tissue and 

countercurrent vascular based on based on anatomical observations (Weinbaum et al., 

1984). The mathematical model used the three equations and neglecting axial 

conduction. The modified bioheat by Weinbaum Jiji and Lemons (Weinbaum et al., 

1984) was the effective model but required the most detail about the vascular structure 

(arkin et al., 1994). Therefore, this model was difficult to apply to most tissue. Based 

on the shortcoming of the modified bioheat by Weinbaum Jiji and Lemons, Weinbaum 
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and Jiji developed the modified bioheat with the one equation (Weinbaum & Jiji, 

1985). This model adjusted the thermal conductivity to the effective conductivity for 

the presence of the simplified model. However, the modified bioheat by Weinbaum and 

Jiji was criticized the assumption (Wissler, 1987). Although the bioheat model is 

underlying the concern assumption, this model also has many benefits, especially the 

model simplified and useable for predicting the temperature. Hence, the bioheat model 

was used to describe the heat transfer in the biological tissue in many applications, 

especially thermal treatment. 

 Although the bioheat model was described the heat transfer in the 

homogeneous tissue, some studies were approached the bioheat in the 

nonhomogeneous tissue. Mechling et al. was carried out the numerical simulation to 

predict the hyperthermia treatment by using the microwave antenna in the brain tissue 

(Mechling et al., 1992). Later, Tzou developed a dual phase-lag model based on the 

Fourier’s law of heat conduction (Tzou, 1995). However, this model gave erroneous 

results with non-homogeneous inner structure as in the case of biological tissues 

(Andreozzi, 2019). 

 Although many studies were used bioheat to study heat transfer in the 

biological tissue, a few studies have been applied the interaction between the heat 

transfer in the biological tissue and electromagnetic fields. The electromagnetic field 

interaction with the heat transfer in the biological tissue was defined by the specific 

absorption rate (SAR). This term was indicated the energy absorption per unit mass 

when exposed electromagnetic field. This mechanism interaction was improved the 

mathematical model to advanced. The advanced model application was predicted the 

heat transfer in the biological tissue when exposed to the electromagnetic field, such as 

radiofrequency ablation or microwave ablation. In 1998, Skinner et al. proposed the 

comparison treatment sources study between microwave ultrasound and laser in the 

thermal ablation process in three tissue sites; breast, brain, and liver (Skinner et al., 

1998). This study was focused on the heat pattern in two geometries of tissue as 

spherical and cylindrical, and considered the SAR propagation in this tissue. Later, 

Fujimoto et al. investigated the correlation between the peak of SAR and the maximum 

temperature in the head model due to a dipole antenna (Fujimoto et al., 2006). This 

study calculated the SAR propagation in the human heads and converted it to the heat 
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generation by using the finite difference time domain (FDTD) method. Furthermore, 

several studies focused on the interaction between electromagnetic wave propagation 

and heat transfer in the biological tissue, which can be found in the literatures (Hirata 

et al., 2000; Wessapan et al., 2011; Wessapan & Rattanadecho, 2016; Wessapan & 

Rattanadecho, 2018).  

 Although the several studies focused on the interaction between 

electromagnetic wave propagation and heat transfer in the biological tissue, the 

previous studies mentioned above were not considered the characteristic heat transfer 

in the biological tissue by using microwave heating, as same as MWA treatment. 

However, there are some groups of research focused on the thermal treatment via the 

microwave. Camart et al. proposed the microwave antenna design, which affected heat 

pattern during treatment process. This study used numerical computation by an N points 

Gaussian quadrature formula for the electric field around the antenna and represented 

the SAR distribution (Carmart et al., 1992). The SAR distribution was converted to heat 

generation term in the bioheat equation. The effect of microwave antenna design 

presented on the temperature profile via solved the bioheat equation. After that, Saito 

et al. proposed the heat characteristic for composed the two coaxial-slot antennas (Saito 

et al., 2000). In this study, the SAR propagation and temperature distribution were 

solved by the numerical technique via the FDTD method. Afterward, Pisa et al. studied 

the power density and temperature distribution in cancer therapy when using the sleeve-

slot antennas (Pisa et al., 2003). This study was calculated the SAR distribution with 

the FDTD method and converted it to the heat generation term in the bioheat equation. 

In 2007, Yang et al. developed and proposed the modified bioheat for predicting the 

high temperature in the MWA process (Yang et al., 2007). This study focused on liver 

cancer treatment via the MWA technique. The evaporation term was considered and 

developed to effective specific heat term in the bioheat equation. In this study, the 

numerical model was validated with the experiment on the bovine liver. This result 

showed the temperature distribution based on the modified bioheat model was more 

accurate than the model based on the Pennes bioheat. Phasukkit et al. configured the 

triple antennas for hepatic ablation treatment by using numerical and experimental 

studies (Phasukkit et al., 2009). This study developed the numerical modeling based on 

the finite element method (FEM), the SAR distribution was solved to identify the 
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volumetric heating term in the bioheat equation. In the studies of the heat transfer in the 

biological tissue during the MWA process in mentioned above, the electromagnetic 

wave propagation in the biological tissue considered based on SAR equation.  

 Although the benefits of this method could be simplified and quickly 

calculated, the electromagnetic wave propagation was not independently investigated. 

In addition, this equation considered the SAR characteristic was constant distribution, 

which inconsistent with the facts of treatment. Hence, there are the studies of the 

electromagnetic wave propagation in the biological tissue based on the Maxwell's 

equations. Wessapan et al. proposed the SAR and heat transfer in the biological tissue 

when exposed to the electromagnetic field at a frequency of 915 MHz and 2450 MHz 

(Wessapan et al., 2011).  In this study, the FEM is used to analyze the transient 

problems. The electromagnetic field was investigated based on Maxwell's equations, 

and the heat transfer in the biological tissue was investigated based on the bioheat 

model. Furthermore, Other studies could be obtained from literature (Becker et al., 

2007; Özen et al., 2008; Wessapan et al., 2011; Wessapan et al., 2012; Wessapan & 

Rattanadecho, 2016; Wessapan & Rattanadecho, 2018). Therefore, there are some 

studies developed the mathematical model based on Maxwell's equations for predicting 

the SAR distribution in the biological tissue. Keangin et al. investigated the heat transfer 

in the liver tissue during MWA treatment when using a single and double slot antenna 

(Keangin et al., 2011). This study developed the mathematical model was considered 

coupled with electromagnetic wave propagation equations and heat transfer in the 

biological tissue based on bioheat equation. This study focused the temperature and 

SAR distribution in the liver tissue when using a single and double slot antenna. Later, 

Wang et al. proposed the heat transfer and electromagnetic wave propagation in the 

liver cancer during MWA treatment when using multi-slot antenna (Wang et al., 2015). 

This study developed the numerical model by using FEM. This study developed the 

numerical model by using FEM. The mathematical model was considered coupled with 

the electromagnetic wave propagation equations and the heat transfer in the biological 

tissue based on the bioheat equation. This study focused on the number of slots and 

antenna design as same as Keangin study, and the different points were the number and 

dimensions of the slot-antenna. Later, Wu et al. evaluated the frequency microwave of 

the MWA treatment model (Wu et al., 2016). In this study, the mathematical model was 
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considered coupled with the electromagnetic wave propagation and heat transfer in the 

biological tissue based on the bioheat approach. This study focused on the temperature 

distribution and SAR distribution when using high microwave frequencies in MWA 

treatment. In 2020, Minbashi et al. investigated the effects of the input power of a 

microwave antenna on liver cancer tissue when injection of magnetic nanoparticles 

(Minbashi et al., 2020). The mathematical model was considered coupled with the 

electromagnetic wave propagation and heat transfer in the biological tissue based on 

the bioheat approach. This study focused on the temperature distribution when using 

vary microwave power in the liver tissue by injection of magnetic nanoparticles. 

 Furthermore, there are some studies focused on the thermomechanical 

of biological tissue when exposed the heating process (Shen et al., 2005; Yang et al., 

2008; Xu et al., 2008). In the MWA treatment process, the temperature of biological 

tissue in the treatment area has quickly increased, which caused tissue deformation. 

Therefore, Keangin et al. proposed the heat transfer in the deformed liver cancer 

modeling treated using a microwave slot antenna (Keangin et al., 2011). The 

mathematical model is considered coupled with electromagnetic wave propagation, 

heat transfer in the biological tissue, and tissue deformation. In this study, the coupled 

Mathematical model are solved by using axisymmetric FEM. These results presented 

the comparison between the model with deformation and without deformation analysis 

on the SAR and temperature distribution. Furthermore, some group researchers focused 

on the dielectric and thermal properties of biological tissue during the MWA treatment 

process, which can be found in the literature (Brace, 2008; Lopresto et al., 2014; 

Lopresto et al., 2017).  

 Although many previous studies of heat transfer based on the bioheat 

model, a few works focused on thermal ablation that has presented a completed 

mathematical model incorporating the coupled model of the electromagnetic wave 

propagation and heat transfer in the biological tissue during the MWA process. 

Especially, the studies considered the three dimensions (3D) of heat transfer in the 

biological tissue during the MWA process with the completed mathematical model was 

not found. However, the liver is an organ consist of many vascular systems, and it 

involved large vessel flow. Many studies indicated that heat transfer in biological tissue 

involved large blood vessels; the large blood vessels should be separately considered 
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(Wissler, 1971). In the field of thermal ablation studies, the 3D numerical simulation 

requires many resources for simulation, such as the high computer with the high 

performance, the long period for simulation, and high understanding for discretize 3D 

numerical problems. However, there are few studies that considered the 3D heat 

transfer in the biological tissue when using the thermal treatment. Shao et al. proposed 

nano-assisted radiofrequency ablation treatment (Shao et al., 2017). This study focused 

on the treatment area near the countercurrent vessel flow. The mathematical model was 

considered coupled with electric field equation, heat transfer the biological tissue, and 

heat transfer in large blood flow. This study could be predicted the asymmetric 3D heat 

transfer in the liver organ when using radiofrequency ablation treatment. Later, Nabaei 

et al. investigated of the effect of vessel size and distance on the cryosurgery of an 

adjacent tumor (Nabaei & Karimi, 2018). This study was using the 3D simulation and 

3D FEM for the analysis of the 3D problem. The results showed the asymmetry heat 

transfer in liver cancer during cryoablation treatment. Table 2.1 summarizes previous 

studies of heat transfer in the biological tissue based on the simplified approach. 

 Although several studies developed the mathematical model with 

various conditions for improving predictions temperature in the biological tissue when 

using MWA treatment, those studies developed the mathematical model based on 2D 

axisymmetric assumption. This assumption has many benefits, such as a short period 

for computation, providing the 3D results. However, this assumption has limitations in 

reality implementation. In the realistic treatment, we cannot avoid treating specific 

areas where this assumption is available. Therefore, the study of MWA therapy in the 

area needs to be considered with a 3D assumption that should be developed.  
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Table 2.1 Summarizes studies of heat transfer in the biological tissue based on the simplified approach 

References 

Heat 

transfer 

model 

Electromagnetic 

wave model 
Application Parameter Numerical model 

Model 

validation 

Carmart et al., 1992 Bioheat eq. SAR eq. 

Design and modelization the microwave 

coaxial antennas array for hyperthermia 

system at the microwave frequency of 915 

MHz. 
N/A 

Crank-Nicholson 

method for the time 

 

The residual elliptic 

equation is solved by 

the Cholesky method 

N/A 

Mechling et al., 1992 Bioheat eq. SAR eq 

Numerical simulation of interstitial 

hyperthermia microwave antenna arrays is 

driven at 915 and 2450 MHz in brain 

tissue 

Insertion depths 

 

Shape of tumor 

3D FEM N/A 

Skinner et al., 1998 Bioheat eq. SAR eq. 

The comparison treatment sources study 

between microwave ultrasound and laser 

in the thermal ablation process in three 

tissue sites: breast, brain, and liver 

Heat source 

 

Geometries of 

tissue 

2D FDM N/A 

Hirata et al., 2000 Bioheat eq. SAR eq. 
Temperature in the human eye model 

when exposed to the electromagnetic wave 

Frequencies of 

electromagnetic 
3D FDTD N/A 
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References 

Heat 

transfer 

model 

Electromagnetic 

wave model 
Application Parameter Numerical model 

Model 

validation 

Saito et al., 2000 Bioheat eq. SAR eq. 
Heat characteristic for composed the two 

coaxial-slot antennas. 

Microwave 

antenna 
3D FDTD 

Temperature 

(experimental) 

Pisa et al., 2003 Bioheat eq. SAR eq. 

The power density and temperature 

distribution in cancer therapy when using 

the sleeve-slot antennas Array spacing 3D FDTD 

Temperature 

increase 

(Alternate 

direction implicit 

solution) 

Shen et al., 2005 Bioheat eq. N/A 

Numerical simulation of the 

thermomechanical interaction in soft 

tissue 

N/A 3D FDM 
Temperature 

(experimental) 

Fujimoto et al., 2006 Bioheat eq. SAR eq. 

Investigated the correlation between the 

peak of SAR and the maximum in the 

head model due to a dipole antenna 

Human aging 3D FDTD N/A 

Becker et al., 2007 Bioheat eq. SAR eq. 

Thermal damage in the skin 

electroporation and pre-cooling 

Cooling period 

 

Blood vessel 

 

Electrode 

3D FVM 
Temperature 

(analytical) 
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References 

Heat 

transfer 

model 

Electromagnetic 

wave model 
Application Parameter Numerical model 

Model 

validation 

Yang et al., 2007 Bioheat eq. SAR eq. 

Developed and proposed the modified 

bioheat for predicting the high temperature 

in the MWA process 

Comparative 

mathematical 

model 

2D FEM 
Temperature 

(experimental) 

Özen et al., 2008 Bioheat eq. 
Electromagnetic 

wave eq. 

Heat transfer analysis in the skin tissue 

when exposed to microwave 

Mathematical 

model 

 

Thermal properties 

of skin 

1D FEM N/A 

Xu et al., 2008 Bioheat eq. N/A 

Biothermomechanical behavior of skin 

tissue 

Thermal properties 

of skin 

 

Mathematical 

model 

3D FDM 
Tension  

(experimental) 

Yang et al., 2008 Bioheat eq. N/A 

Numerical model based on FEM for 

cryosurgery with coupled phase change 

and thermal stress aspects N/A 3D FEM 

Temperature 

(experimental) 

 

Stress 

(calculation) 
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References 

Heat 

transfer 

model 

Electromagnetic 

wave model 
Application Parameter Numerical model 

Model 

validation 

Phasukkit et al., 2009 Bioheat eq. SAR eq. 

configured the triple antennas for hepatic 

ablation treatment by using numerical and 

experimental studies 

Antenna types 

 

Antenna 

configuration  

3D FEM 
Temperature 

(experimental) 

Wessapan et al., 2011 Bioheat eq. 
Electromagnetic 

wave eq. 

Numerical analysis the SAR distribution 

and temperature distribution in the human 

body when exposed to leakage the 

electromagnetic  

Microwave 

frequencies 

 

Organs 

2D FEM 
SAR (numerical 

results) 

Keangin et al., 2011 Bioheat eq. 
Electromagnetic 

wave eq. 

Investigation the heat transfer in the liver 

tissue during MWA treatment when using 

a single and double slot antenna 

Number of the slot 

coaxial antenna 
2D FEM 

Temperature 

(experimental) 

Wessapan et al., 2012 Bioheat eq. 
Electromagnetic 

wave eq. 

A numerical analysis of specific 

absorption rate (SAR) and temperature 

distributions in the realistic human head 

model exposed to mobile phone radiation 

at 900 MHz and 1800 MHz. 

 Electromagnetic 

frequencies 

 

Organs 

3D FEM 
SAR (numerical 

results) 
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Heat 

transfer 

model 

Electromagnetic 

wave model 
Application Parameter Numerical model 

Model 

validation 

Wang et al., 2015 Bioheat eq. 
Electromagnetic 

wave eq. 

Numerical simulation evaluation of the 

treatment effectiveness of a novel coaxial 

multi-slot antenna during MWA treatment. 

Lengths of the 

slots 

 

Number of the 

slots 

 

Microwave power 

2D FEM 
Temperature 

(experimental) 

Wessapan & 

Rattanadecho, 2016 
Bioheat eq. 

Electromagnetic 

wave eq. 

The simulation of the SAR and 

temperature distribution in a male 

reproductive model exposed to an electric 

dipole antenna. 

Microwave 

frequencies 

 

Types of tissue 

2D FEM 
SAR (numerical 

results) 

Wu et al., 2016 Bioheat eq. 
Electromagnetic 

wave eq. 

Numerical simulation evaluates the 

feasibility of high frequency MWA used 

in cancer thermal therapy. 

Microwave 

frequencies 
2D FEM 

Temperature 

(experimental) 

Lopresto et al., 2017 Bioheat eq. SAR eq. 

Numerical simulation effects of 

temperature-dependent variations in the 

dielectric and thermal properties of the 

targeted tissue during MWA therapy 

Thermal properties 

 

Dielectric 

properties 

2D FDTD 
Temperature 

(experimental) 
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References 

Heat 

transfer 

model 

Electromagnetic 

wave model 
Application Parameter Numerical model 

Model 

validation 

Shao et al., 2017 Bioheat eq. N/A 

A three-dimensional finite difference 

analysis is employed to simulate the RFA 

treatment with nanoparticles. 

Types of 

nanoparticles 

 

Concentration of 

nanoparticles 

3D FDM 
Temperature 

(experimental) 

Nabaei & Karimi, 2018 Bioheat eq. N/A 

Numerical simulation of the effect of 

vessel size and distance on the 

cryosurgery of an adjacent tumor 

Distancing of 

vessel 

 

nanoparticles 

3D FEM 
Temperature 

(experimental) 

Wessapan & 

Rattanadecho, 2018 
Bioheat eq. 

Electromagnetic 

wave eq. 

Numerical simulation of the SAR and 

temperature distribution in a human torso 

exposed to near-field and far-field EM 

radiations. 

 Electromagnetic 

frequencies 

 

Organs 

2D FEM 
SAR (numerical 

results) 

Minbashi et al., 2020 Bioheat eq. 
Electromagnetic 

wave eq. 

The numerical simulation of temperature 

distributions in a cancerous liver tumor at 

its irradiation by microwaves using a dual-

slot antenna with injection of 

nanoparticles 

Types of 

nanoparticles 
2D FEM 

Temperature 

(experimental) 
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2.2 The studies of heat transfer in the biological tissue based on porous media 

approach 

 

Due to the bioheat model's shortcomings, the porous media theory was used 

analysis the heat transfer in the biological tissue. Compared with the bioheat model, the 

porous media model was required few assumptions and flexible applications. In recent 

decades, the porous media theory has been applied in many applications, i.e., 

microwave heating (Rattanadecho et al., 2002; Pakdee & Rattanadecho, 2011; Cha-um 

et al., 2011), melting (Rattanadecho & Serttikul, 2007; Chaiyo & Rattanadecho, 2011), 

freezing (Serttikul et al., 2019), food (Datta, 2007; Holtz et al., 2010). Furthermore, the 

porous media theory has been applied to describing and predicting heat transfer in 

biological tissue.  

 Roetzel and Xuan introduced the equations to predict the transient 

temperature profile of the arterial and venous blood flows and the tissue within a limb 

(Roetzel & Xuan, 1998). The two governing equations of tissue were derived for fluid 

phase (blood phase) and solid phase (tissue cell), which developed based on the porous 

media approach. Subsequently, Khaled and Vafai and Khanafer and Vafai stress 

remarked that the porous media theory is most appropriate for describing the heat 

transfer in the biological tissue (Khaled & Vafai, 2003; Khanafer and Vafai 2006). It 

required few assumptions compared to the bioheat equation. Furthermore, Nakayama 

and Kuwahara introduced the general bioheat models based on porous media theory 

(Nakayama and Kuwahara, 2007). This conclusion indicated the model was established 

based on porous media theory required fewer assumptions than the bioheat model. Yuan 

proposed a thermal response of the biological tissue model during hyperthermia therapy 

(Yuan, 2008). This study developed a model based on local thermal non-equilibrium 

assumption. The results indicated the one-equation of porous media was suitable when 

the blood vessel diameter was less than 30 m and blood velocity lower than 0.4 

cm/s. Later, Mahjoob and Vafai investigated the characterization of heat transport 

through biological tissue based on porous media theory when incorporating 

hyperthermia treatment (Mahjoob & Vafai, 2009). This result indicated the importance 

of utilizing the local thermal non-equilibrium model in the state of the higher metabolic 

heat generation. Although Mahjoob and Vafai and Yuan investigated the heat transport 
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in the biological tissue during hyperthermia treatment, this study was not covered the 

interaction of electromagnetic field and heat transport in the biological tissue. 

 However, there are some studies focused on the heat transfer 

phenomenon in the biological tissue based on porous media theory when exposed to 

the electromagnetic field. Wessapan and Rattanadecho presented the SAR and 

temperature distribution in an anatomically human eye exposed to electromagnetic field 

based on porous media theory (Wessapan and Rattanadecho, 2012). This study 

developed the human eye with multi-layers. The heating model conjugated 

consideration with conventional heating model and advanced bioheat model based on 

porous media theory. Subsequently, Keangin et al. proposed the effects of an imposed 

electromagnetic field on different biological media materials such as the liver, brain, 

bone, and skin, etc. (Keangin et al., 2013). In this study, the mathematical model was 

developed underlying the local thermal non-equilibrium assumption. The coupled 

equation of electromagnetic wave propagation and heat transfer were solved by using 

FEM. The results showed the effect of electromagnetic power and frequency on the 

temperature of solid phase and blood phase in biological materials. Later, Wessapan 

and Rattanadecho investigate the SAR, fluid flow and heat transfer in biological tissue 

due to electromagnetic near-field exposure (Wessapan & Rattanadecho, 2016). In this 

study, the electromagnetic wave propagation model was developed based on Maxwell’s 

equations, and the heat transfer model was developed based on the bioheat model and 

porous media model. 

 Although some studies focused on the heat transfer phenomenon in the 

biological tissue based on porous media theory when exposed to the electromagnetic 

field, the biological tissue characteristic when using the MWA treatment process is 

different. Therefore, Therefore, there are few studies focused on the heat transfer 

phenomenon in the biological tissue when using the MWA treatment process. In 2013, 

the liver cancer with MWA treatment model based on the porous media approach was 

proposed by Rattanadecho & Keangin (Rattanadecho & Keangin, 2013). This work was 

the first study of heat transfer and blood flow in the two-layered porous liver during 

MWA process using single and double slot antenna. This study was not considered the 

fluid with constant velocity but considered the fluid flow with gradient temperature in 

the porous tissue domain. Later, Keangin and Rattanadecho investigated the transient 
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distribution of tissue and blood temperatures within porous liver during the MWA 

process using slot antenna based on the local thermal non-equilibrium model (Keangin 

& Rattanadecho, 2013). The mathematical model was considered coupled with the 

electromagnetic wave propagation model and heat transfer model, which underlying 

the local thermal non-equilibrium assumption. This system of equations was solved by 

using the axisymmetric FEM. In the simulation results, the tissue and blood temperature 

based on the local thermal non-equilibrium assumption were compared with the tissue 

temperature of the Pennes bioheat model, Klinger model, and porous model based on 

local thermal equilibrium assumption. 

 In 2018, Keangin and Rattanadecho investigated the influences of tumor 

diameter, tumor porosity, and input microwave power on the heat transfer and SAR 

distribution in the porous liver cancer model during MWA treatment process (Keangin 

& Rattanadecho, 2018). However, the performance of the predicted thermal models 

during the MWA process with systematically investigation was not found in the 

literatures. Therefore, the performancing comparative of the predicted heating models 

implemented of the liver cancer model during MWA treatment process that should be 

developed.
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Table 2.2 Summarizes studies of heat transfer in the biological tissue based on the porous media approach 

References 

Heat 

transfer 

model 

Electromagnetic 

wave model 
Application Parameter Numerical model 

Model 

validation 

Roetzel & Xuan, 1998 

Energy eq. 

(Two & 

Three eq.) 

N/A 

Derived the two equations predict the 

transient temperature profile of the arterial 

and venous blood flows and the tissue 

within a limb 

Vascular types 

 

Blood flow 

 

Thermal properties 

1D analytical solution N/A 

Khaled & Vafai, 2003 

Energy eq. 

based on 

LTNE 

 

Energy eq. 

Based on 

LTE 

N/A 

Reviewed The role of porous media in 

modeling flow and heat transfer in 

biological tissues 

N/A N/A N/A 

Khanafer and Vafai 

2006 
 N/A 

This study drug delivery to develop 

comprehensive models based on porous 

media theory utilizing fewer assumptions 

as compared to other approaches. 

Tortuosity and 

porosity 
3D Explicit analytical 

Concentration 

(experimental) 
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References 

Heat 

transfer 

model 

Electromagnetic 

wave model 
Application Parameter Numerical model 

Model 

validation 

Nakayama and 

Kuwahara, 2007 

Energy eq. 

(Two & 

Three eq.) 

N/A 

Derived mathematical model based on the 

volume averaging theory for bioheat 

transfer and blood flow 

N/A 2D analytical N/A 

Yuan, 2008 
Energy eq. 

(Two eq.) 
N/A 

Numerical analysis the temperature and 

thermal dose response of a biological 

tissue with blood vessel distribution 

undergoing hyperthermia therapy. 

Vessel diameters 

 

Blood velocity  

 

Tissue porosities 

3D FDM 

Temperature 

(software 

FlexPDE)  

Mahjoob & Vafai, 2009 
Energy eq. 

(Two eq.) 
N/A 

Analytical characterization of heat 

transport through the porous biological 

tissue regulation of isothermal surfaces 

Inclination angle 

 

Ratio of the 

effective fluid 

conductivity to 

that of the solid 

 

Upper wall shape 

factor 

2D analytical 

Temperature 

(simulation 

results) 
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References 

Heat 

transfer 

model 

Electromagnetic 

wave model 
Application Parameter Numerical model 

Model 

validation 

Wessapan and 

Rattanadecho, 2012 

Bioheat eq. 

 

Energy eq. 

based on LTE 

Electromagnetic 

wave eq. 

The simulation of the SAR distribution 

and temperature distribution in an 

anatomically human eye exposed to 

electromagnetic field based on porous 

media theory 

Power densities 2D FEM 
SAR (numerical 

results) 

Keangin et al., 2013 

Bioheat eq. 

based on 

LTNE 

N/A 

Numerical analysis of the porous 

biological tissue effects imposed 

electromagnetic field on different 

biological media. 

Different 

biological media 

 

Electromagnetic 

wave power 

 

Porosity 

 

Electromagnetic 

wave frequencies 

2D FEM 
Temperature 

(analytical) 

Wessapan & 

Rattanadecho, 2016 

Bioheat eq. 

 

Electromagnetic 

wave eq. 

Numerical analysis of the SAR, fluid flow 

and heat transfer in the tissue during 

Mathematical 

model 

 

2D FEM 
SAR (numerical 

results) 
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References 

Heat 

transfer 

model 

Electromagnetic 

wave model 
Application Parameter Numerical model 

Model 

validation 

Bioheat eq. 

based on LTE  

exposure to a near-field EMF in different 

exposure conditions has been performed. 

The exposure 

distances 

 

Various 

permeabilities 

Rattanadecho & 

Keangin, 2013 

Bioheat eq. 

based on LTE 

Electromagnetic 

wave eq. 

Numerical study of heat transfer and blood 

flow coupled with electromagnetic wave 

propagation in two layers porous liver 

tissue during MWA process using a single 

and double slot MCA. 

Single and double 

slots 
2D FEM 

Temperature 

(experimental) 

Keangin & 

Rattanadecho, 2013 

Bioheat eq. 

based on 

LTNE 

Electromagnetic 

wave eq. 

Numerical analysis of heat transport on 

local thermal non-equilibrium in porous 

liver during microwave ablation 

Mathematical 

model 

 

Blood velocity 

 

Microwave power 

2D FEM 
Temperature 

(experimental) 
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References 

Heat 

transfer 

model 

Electromagnetic 

wave model 
Application Parameter Numerical model 

Model 

validation 

Keangin & 

Rattanadecho, 2018 

Bioheat eq. 

based on 

LTNE 

Electromagnetic 

wave eq. 

Numerical simulation of microwave 

ablation using a single-slot microwave 

antenna on two layers of porous liver 

tissue.  

Porosity 

 

Microwave power 

 

Tumor diameter 

2D FEM 
Temperature 

(experimental) 
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CHAPTER 3 

THEORIES AND MATHERMATICAL MODEL 

 

3.1 The modeling of electromagnetic wave propagation 

 

A microwave is a form of electromagnetic waves within a frequency range 

of 300 MHz to 300 GHz, mentioned in Chapter 1. In MWA treatment, microwave 

energy is considered to be the core of the treatment process. The microwave energy was 

generated at the generator and transmitted to the tumor by using the microwave antenna. 

The microwave energy was absorbed and converted to volumetric heating in the tumor 

area. The goal of this treatment is to elevate the temperature of the tumor to 52 °C, 

where cancer cells are destroyed (Dong et al., 1998; Goldberg et al., 2000; Whelan et 

al. 2005; Prakash et al., 2008; Prakash et al., 2012; Wu et al., 2013). Therefore, this 

treatment efficiency depends on electromagnetic wave propagation understanding 

during the treatment process. In the first step, the microwave can basically be described 

by Maxwell's equations. 

 

∇ × 𝐸⃑ = −
𝜕𝐵⃑ 

𝜕𝑡
       (3-1) 

 

∇ × 𝐻⃑⃑ = 𝐽 +
𝜕𝐷⃑⃑ 

𝜕𝑡
      (3-2) 

 

∇ ∙ 𝐷⃑⃑ = 𝑞       (3-3) 

 

∇ ∙ 𝐵⃑ = 0       (3-3) 

 

where 𝐸⃑  is electric field intensity vector (V/m), 𝐻⃑⃑  is the magnetic field intensity vector 

(A/m), 𝐽  is the density of free currents (A/m2), 𝐵⃑  is the magnetic flux density vector 

(Wb/m2), 𝐷⃑⃑  is the electric flux density vector (C/m2), t is the time (s), and 𝑞 is the 

density of free charges, respectively which can be defined in Eq. (3-5) and (3-6) 

 

𝐵⃑ = 𝜇𝐻⃑⃑        (3-5) 
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𝐷⃑⃑ = 𝜀𝐸⃑        (3-6) 

 

where 𝜇 is magnetic permeability (H/m) and 𝜀 is the electrical permittivity (F/m).  

 The four Maxwell's equations are differential equations that are explaining 

the electromagnetic phenomena in the physical environment. Eq. (3-1) is the expression 

of Faraday's law. This equation expresses the electric field intensity in a region of time-

varying magnetic flux density. Eq. (3-2) is a generalization of Ampère's circuital law. 

This equation expresses the magnetic field contribution generated by the displacement 

of current density (shown in term of 
𝜕𝐷⃑⃑ 

𝜕𝑡
) and density of free currents (shown in term 𝐽 ), 

which comprises both the conduction current and convection current. Eq. (3-3) can be 

recognized as Gauss's law, in which the relation of electric flux and the electric charges 

in the enclosed surface. Eq. (3-4) is Gauss's law for magnetism that the divergence of 

the magnetic flux density through any closed surface is zero. In this research, MWA 

treatment involved electromagnetic wave propagation in the microwave antenna and 

the biological tissue. Maxwell's equations are basically fundamental for describing 

electromagnetic wave propagation during the treatment process. 

This research focused on liver cancer treatment with the MWA process by 

using the single slot of microwave coaxial antenna (MCA). The slot coaxial antennas 

are the common antennas in MWA application of the advantages, size (small 

dimensions), design simplicity, low cost to manufacture, and convenient adaptation to 

treatment (Rattanadecho & Keangin, 2013). The propagation of the electromagnetic 

wave in the antenna is by a transverse electromagnetic field (TEM) (Bertram et al., 

2006; Keangin et al., 2013; Wang et al., 2015) that given as: 

 

𝐸⃑ = 𝑒𝑟
𝐶

𝑟
𝑒𝑗(𝜔𝑡−𝑘𝑧)       (3-7) 

 

𝐻⃑⃑ = e⃗⃑𝜑
𝐶

𝑟𝑍
𝑒𝑗(𝜔𝑡−𝑘𝑧)       (3-8) 
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𝐶 = √
𝑍𝑃𝑖𝑛

𝜋⋅ln(
𝑅𝑜𝑢𝑡𝑒𝑟
𝑅𝑖𝑛𝑛𝑒𝑟

)
        (3-9) 

 

𝑃𝑖𝑛 = ∫ 𝑅𝑒 (
1

2
𝐸⃑ × 𝐻⃑⃑ ∗)

𝑟𝑜𝑢𝑡𝑒𝑟

𝑟𝑖𝑛𝑛𝑒𝑟
2𝜋𝑟𝑑𝑟 = 𝑒𝑧𝜋

𝐶2

𝑍
ln (

𝑟𝑜𝑢𝑡𝑒𝑟

𝑟𝑖𝑛𝑛𝑒𝑟
)   (3-10) 

 

where C the arbitrary constant, 𝜀𝑟 is the relative permittivity of the dielectric, 𝑍 =
𝑍0

√𝜀𝑟
 

is the wave impedance (), 𝑍0 = √
𝜇0

𝜀0
 is the intrinsic impedance (), 𝜀0 =

8.8542 × 10−12 (F/m) is permittivity of free space, 𝜇0 = 4𝜋 × 10−7is the permeability 

of free space (H/m). Pin is the microwave power input (W), router is the dielectric outer 

radius (m), rinner is the dielectric inner radius (m), f is the frequency (Hz), 𝜔 = 2𝜋𝑓 is 

the angular frequency (rad/s), k is the wave propagation constant (m-1), which relates to 

the wavelength (𝜆) in medium: 𝑘 =
2𝜋

𝜆
. 𝑒 is a unit vector of cylindrical coordinates, * 

is a conjugate complex number, Re is a real part of a complex number, and r,, and z 

are cylindrical coordinates centered on the axis of the coaxial cable. 

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

𝜀𝑟
−

𝑗𝜎𝑒𝑙

𝜔𝜀0
)
−1

𝛻 × 𝐻
→

𝜃) − 𝜇𝑟𝑘0
2𝐻⃑⃑ 𝜃 = 0    (3-11) 

 

where r is relative permeability (H/m), 𝜀𝑟 is the relative permittivity, 𝑗 = √−1, 𝜀0 =

8.8542 × 10−12  (F/m), 𝑘0  is the free space of wave number (m-1), 𝜔  is the is the 

angular frequency (rad/s), and 𝜎𝑒𝑙  is electric conductivity (S/m). 

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 a microwave antenna, 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 

microwave power absorption deposited per unit mass in tissue (W/kg) (Rattanadecho 

& Keangin, 2013). The SAR is given by: 
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𝑆𝐴𝑅 =
𝜎𝑒𝑙

2𝜌
∣ 𝐸⃑⃑ ∣       (3-12) 

 

where 𝜎𝑒𝑙  is electric conductivity (S/m) and  is the density of material (kg/m3). 

 

3.2 The modeling of heat transfer in the biological tissue using simplified 

approach 

 

This dissertation focused on the heat transfer in the biological tissue, 

specifically in the liver tissue. The thermal modeling in the biological tissue is presented 

as followed. 

 

3.2.1 Pennes bioheat model 

Pennes bioheat model (Pennes, 1948) is used to describe the 

temperature distribution in the biological tissue. In the original, it was designed for 

prediction temperature in human forearm, which has become well known as the Pennes 

bioheat equation or bioheat equation. This equation is developed based on heat 

diffusion. The equation that Pennes developed is expressed in its simplest form as 

 

(𝜌𝐶𝑝)𝑡
𝜕𝑇

𝜕𝑡
= ∇ ∙ (𝑘𝑡∇𝑇) + 𝜌𝑏𝐶𝑝,𝑏𝜔𝑏(𝑇𝑏 − 𝑇) + 𝑄𝑚𝑒𝑡   (3-13) 

 

where  is the tissue density (kg/m3), Cp is the specific heat capacity (J/kg ºC), T is the 

temperature of tissue (ºC), Tb is blood temperature (ºC), kt is the thermal conductivity 

of tissue (W/mºC), 𝜌𝑏  is the blood density (kg/m3), 𝜔𝑏 is the blood perfusion rate (1/s), 

Qmet is the metabolism heat source (W/m3). The subscription t and b represent the tissue 

and blood phases, respectively. 

 

3.2.2 Wulff continuum model 

The bioheat equation has been extensively applied to describe the 

heat transfer in the biological tissue due to the simplification. However, some 

researchers questioned to physical and physiological validity of the assumptions 
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underlying the Pennes bioheat equation. The discussion seems to have been initiated by 

Wulff (Wulff, 1974). In his assumption, the convection heat in the biological tissue due 

to the net blood flux in the biological tissue. Also, Wulff suggested the blood flow with 

the directional term of the from (𝜌𝐶𝑝)𝑏
𝑢⃑ ∙ ∇𝑇 rather than the scalar perfusion term 

suggested by Pennes (Pennes, 1948). Thus, the governing equation for heat transfer in 

biological tissue should be expressed by: 

 

(𝜌𝐶𝑝)𝑡
𝜕𝑇

𝜕𝑡
= ∇ ∙ (𝑘𝑡∇𝑇) + (𝜌𝐶𝑝)𝑏

𝑢⃑ ∙ ∇𝑇 + 𝑄𝑚𝑒𝑡    (3-14) 

 

where where  is the tissue density (kg/m3), Cp is the specific heat capacity (J/kg ºC), 

kt is the thermal conductivity of tissue (W/mºC), 𝑢⃑  is the average blood flux density 

(m/s), T is the temperature (ºC), and Qmet is the metabolism heat source (W/m3). 

 

3.2.3 Klinger continuum model 

Due to shortcomings of assumptions underlying the Pennes bioheat 

model (Pennes, 1948), Klinger pointed out the convective heat transfer in the biological 

tissue caused by the blood flow inside the vessels (Klinger, 1974). Klinger suggested 

the blood convective term that takes the form (𝜌𝐶𝑝)𝑏
𝑉⃑ (𝑟̅, 𝑡) ∙ ∇𝑇 within the vessel 

rather than the scalar perfusion term suggested by Pennes. This model was developed 

based on vascular anatomy and considered the spatial and temporal variations of the 

blood velocity during the heat transfer process. Thus, the bioheat equation based on 

Klinger assumption can be written as: 

 

(𝜌𝐶𝑝)𝑡
𝜕𝑇

𝜕𝑡
= ∇ ∙ (𝑘𝑡∇𝑇) + (𝜌𝐶𝑝)𝑏

𝑉⃑ (𝑟̅, 𝑡) ∙ ∇𝑇 + 𝑄𝑚𝑒𝑡  (3-15) 

 

where  is the tissue density (kg/m3), Cp is the specific heat capacity 

(J/kg ºC), kt is the thermal conductivity of tissue (W/mºC), 𝑉⃑ (𝑟̅, 𝑡) is the blood velocity 

in the vessel (m/s), T is the temperature (ºC), and Qmet is the metabolism heat source 

(W/m3). 
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3.2.4 The Continuum model of Chen and Holmes 

Due Chen and Holmes model (Chen & Holmes, 1980) was developed 

based on a continuum of the tissue-blood control volume similar to Wulff (Wulff, 1974) 

and Klinger (Klinger, 1974). Chen and Holmes defined a differential control volume 

(V) and distinguished the vascular space occupied by blood (Vb), and the space 

occupied by the solid tissue (Vs). Thus, the total space of control volume (V) can be 

defined as: 

 

𝛿𝑉 = 𝛿𝑉𝑠 + 𝛿𝑉𝑏       (3-16) 

 

Due to the simplified volume-averaging technique, the conservation 

of energy for both the solid tissue space and vascular spaces can be written as follows: 

 

(𝜌𝐶𝑝)𝑒𝑓𝑓

𝜕𝑇𝑡

𝜕𝑡
= 𝑞𝑘

′ + 𝑞𝑚
′ + 𝑞𝑝

′      (3-17) 

 

𝜌𝑒𝑓𝑓 = (1 − 𝜙𝑏)𝜌𝑠 + 𝜙𝑏𝜌𝑏      (3-18) 

 

𝐶𝑝𝑒𝑓𝑓
=

1

𝜌
((1 − 𝜙𝑏)𝜌𝑠𝐶𝑝,𝑠+ 𝜙𝑏𝜌𝑏𝐶𝑝,𝑏 )    (3-19) 

 

𝑇𝑡 =
1

𝜌𝐶𝑝
((1 − 𝜙𝑏)𝜌𝑠𝐶𝑝,𝑠 𝑇𝑠 + 𝜙𝑏𝜌𝑏𝐶𝑝,𝑏 𝑇𝑏)   (3-20) 

 

where 𝜙𝑏 =
𝛿𝑉𝑏

𝛿𝑉
≈

𝛿𝑉𝑏

𝛿𝑉𝑠
≪ 1 is the volume fraction, the   is the density (kg/m3), Cp is 

the specific heat capacity (J/kgºC), Tt is local mean tissue temperature (ºC), and 

subscripts s, b, eff are solid tissue phase, blood phase, and effective value. The quantity 

𝑞𝑘
′  denotes conductive heat gain per unit volume, 𝑞𝑚

′  is metabolic heating per unit 

volume, and 𝑞𝑝
′  is the perfusion energy generated per unit volume. The total conductive 

heat gain per unit volume (𝑞𝑘
′ ) is express by: 

 

𝑞𝑘
′ =

𝑄𝑘,𝑠+𝑄𝑘,𝑏

𝛿𝑉
= ∇ ∙ 𝑘𝑘∇𝑇𝑡     (3-21) 
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where keff is the effective thermal conductivity of the combined solid tissue and vascular 

spaces. For 𝜙𝑏 ≪ 1 , the effective thermal conductivity is approximately to the 

conductivity of the solid tissue. 

In assumption of Chen and Holmes (Chen & Holmes, 1980), the total 

perfusion term due mainly to blood flow in vessels crossing the surface (S). 

Consequently, the convective heat flow through S can be written as a sum of the 

contribution of each vessel crossing the surface: 

 

𝑞𝑝
′ =

1

𝛿𝑉
∫𝜌𝑏 𝐶𝑝,𝑏 𝑇𝑢 ∙ 𝑑𝑠 = 𝜌𝑏𝐶𝑝,𝑏 ∑𝑇𝑏𝑖

0𝑢𝑖 𝐴𝑖 sin 𝜃𝑖   (3-22) 

 

For 𝜙𝑏 ≪ 1 , local mean tissue temperature (Tt) is approximately to solid tissue 

temperature (Ts), u was a continuous blood velocity (m/s), Ai is the flow area of the 

individual vessels, i inclination with respect to crossing the surface, ui and 𝑇𝑏𝑖
0  are the 

mean velocity (m/s) and mean blood temperature (ºC), respectively. 

Furthermore, Chen and Holmes evaluated the thermal equilibration 

length of individual vessels with semi-quantitative. This model overcomes the 

limitations of the Wulff (Wulf, 1974) and Klinger (Klinger, 1974) model, which 

developed based on thermal equilibrium area. Under assumption the transient blood 

temperature is smaller than the spatial variations along a characteristic length of the 

individual vessel. Thus, the governing equation for the blood temperature is expressed 

by: 

 

𝐴𝑖(𝜌𝐶𝑝)𝑏
𝑢𝑖

𝑑𝑇𝑏𝑖

𝑑𝑥
= 𝑈𝑖𝑃𝑖(𝑇𝑠 − 𝑇𝑏𝑖)     (3-23) 

 

where Ui is the overall heat transfer coefficient and Pi is the circumference of the blood 

vessel. The length x is measured along the axis of the blood vessel, in the direction of 

flow. Eq. (3-23) can be written more concisely as: 

 

𝑙𝑒𝑞
𝑑𝑇𝑏𝑖

𝑑𝑥
= 𝑇𝑠 − 𝑇𝑏𝑖      (3-24) 
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where 𝑙𝑒𝑞  is the thermal equilibration length, imply the length over which the 

temperature difference will be reduced by a factor e, and defined as 

 

𝑙𝑒𝑞 =
𝐴𝑖(𝜌𝐶𝑝)

𝑏
𝑢𝑖

𝑈𝑖𝑃𝑖
      (3-25) 

 

This semi-quantitative model results indicate the thermal equilibrium 

of the blood in the living tissue occurs not in the capillaries but occurs in the vessel 

diameter range of 0.2-0.5 mm. This conclusion was supported the incorrect assumption 

underlying the Pennes bioheat model. Chen and Holmes model the blood vessel should 

be separated into two categories; the first, the large vessel was separated heat transfer 

analysis. Second, the small size vessel should be analyzed with continuum. 

Furthermore, the biological tissue's heat transfer with the small vessel can be divided 

into three cases. The first model presented the thermal equilibration of blood 

temperature. In this case, the blood temperature was assumed to be the sufficiently large 

vessel, which enclosed the small vessel in the control volume. Hence, the heat transfer 

due to the blood contribution within the tissue control volume looked quite similar to 

the Pennes perfusion heat source and described as: 

 

𝑞𝑝
′ = 𝜔∗(𝜌𝐶𝑝)𝑏

(𝑇𝑎
∗ − 𝑇)     (3-26) 

 

where 𝜔∗  is total perfusion rate in the control volume, and 𝑇𝑎
∗  is represented the 

temperature of blood in the largest vessel.  

The second model, the heat transfer in the control volume was already 

thermally equilibrated vessels. The blood temperature was equal to tissue temperature 

everywhere in control volume, and the blood contribution assumes the form: 

 

𝑞𝑝
′ = (𝜌𝐶𝑝)𝑏

𝑢⃑ ∙ ∇𝑇     (3-27) 

 

where 𝑢⃑  is the net volume flux of blood in the control volume.  

The third model is considered with nearly the equilibration of blood 

temperature along with the tissue temperature gradient. In this case, the heat transfer is 
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proportion of tissue temperature gradient based on the microvascular structure. In this 

case, the heat transfer is the proportion of tissue temperature gradient based on the 

microvascular structure. Chen and Holmes proposed the perfusion conductivity (𝑘𝑝𝛽𝑖) 

for heat transfer in this state and expressed by: 

 

𝑞𝑝
′ = −𝑘𝑝𝛽𝑖 ∙ ∇𝑇     (3-28) 

 

where 𝑘𝑝𝛽𝑖  is dependent on the individual vascular structure, which could be found as 

the extended term in the literature (Chen & Holmes, 1980)  

Thus, the bioheat was developed by Chen and Holmes model can be 

written as: 

 

(𝜌𝐶𝑝)𝑡
𝜕𝑇𝑡

𝜕𝑡
= ∇ ∙ (𝑘𝑒𝑓𝑓∇𝑇) + 𝜔∗(𝜌𝐶𝑝)𝑏

(𝑇𝑎
∗ − 𝑇) − (𝜌𝐶𝑝)𝑏

𝑢⃑ ∙ ∇𝑇 + 𝑘𝑝𝛽𝑖 ∙ ∇𝑇 + 𝑄𝑚𝑒𝑡 

(3-29) 

 

3.2.5 The Weinbaum, Jiji, and Lemons (WJL) Bioheat Model 

Although Chen and Holmes's model improved the bioheat model, it 

is not satisfactory to implement because it required more detailed vascular structure and 

blood perfusion. Furthermore, Chen and Holmes's model was not considered the effect 

of countercurrent vessels. Weinbaum et al. proposed the three equations model for heat 

transfer in the biological tissue, small artery, and small vein (Weinbaum et al., 1984). 

This model was developed under assume the small artery and vein are parallel and 

blood countercurrent flow. Under the assumption neglecting axial conduction, the 

energy conservation equations for a heat transfer in artery and vein are written as: 

 

𝜋(𝜌𝐶𝑝)𝑏
∙
𝑑(𝑛𝑟𝑏

2 𝑉⃑⃑ ∙𝑇𝑎)

𝑑𝑠
= −𝑛 ∙ 𝑞𝑎 − 2𝜋(𝜌𝐶𝑝)𝑏

𝑛𝑟𝑏𝑔 ∙ 𝑇𝑎  (3-30) 

 

𝜋(𝜌𝐶𝑝)𝑏
∙
𝑑(𝑛𝑟𝑏

2 𝑉⃑⃑ ∙𝑇𝑣)

𝑑𝑠
= −𝑛 ∙ 𝑞𝑣 − 2𝜋(𝜌𝐶𝑝)𝑏

𝑛𝑟𝑏𝑔 ∙ 𝑇𝑣  (3-31) 
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where 𝑞𝑎 is heat loss from the artery by conduction through its wall, 𝑞𝑣 is heat gain by 

conduction per unit length through the vein wall into the vein, n is number of vessel 

density, 𝑟𝑏 is the vessel radius, 𝑉⃑  is the mean velocity in either the artery or vein, g is 

defined as bleed-off, Ta and Tb are the bulk mean temperatures inside the blood vessel. 

Eq. (3-29) and (3-30) can be simplified by using the mass 

conservation equation whereby the bleed-off accounts for transient mass flux inside the 

vessels. Thus, the three governing equations of the control volume were written as: 

 

(𝜌𝐶𝑝)𝑏
π𝑟𝑏

2𝑉⃑ ∙
𝑑(𝑇𝑎)

𝑑𝑠
= − ∙ 𝑞𝑎      (3-32) 

 

(𝜌𝐶𝑝)𝑏
π𝑟𝑏

2𝑉⃑ ∙
𝑑(𝑇𝑣)

𝑑𝑠
= − ∙ 𝑞𝑣      (3-33) 

 

𝜌𝐶𝑝
𝜕𝑇

𝜕𝑡
= ∇k ∙ ∇T + ng(𝜌𝐶𝑝)𝑏

∙ (𝑇𝑎 − 𝑇𝑣) − n𝜋𝑟𝑏
2(𝜌𝐶𝑝)𝑏

𝑉⃑ ∙
𝑑(𝑇𝑎−𝑇𝑣)

𝑑𝑠
+ 𝑄𝑚  (3-34) 

 

WJL model (Weinbaum et al., 1984) is widely criticized as 

conflicting with numerous experimental findings that the temperature of blood exiting 

the capillaries is closer to that of the tissue than to that of the vein. Moreover, the WJL 

model required the most detail of the anatomy of the vascular structure. 

 

3.2.6 The Weinbaum and Jiji (WJ) Bioheat Model 

 

The WJL model was difficult to implement in practical situations. In 

these shortcomings, Weinbaum and Jiji proposed a simplified model for descript the 

heat transfer in the biological tissue (Weinbaum & Jiji, 1985). This model was 

developed underlying based on the simple assumption. The average temperature in the 

control volume equals an average temperature of the adjacent countercurrent pair of 

closely spaced and nearly equilibrated vessels, which can be expressed as: 

 

𝑇 ≅
(𝑇𝑎+𝑇𝑏)

2
       (3-35) 
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Moreover, Weinbaum and Jiji assumed the heat conduction through 

the arteries wall is conducted in through the vein wall, which can be defined as: 

 

𝑞𝑎 ≅ 𝑞𝑣 ≅ 𝜎Δ𝑘𝑡(𝑇𝑎 − 𝑇𝑏)     (3-36) 

 

where 𝜎Δ is geometric shape conduction between two countercurrent vessels. 

Eq. (3-35) and (3-36) was substituted in WJL model, the temperature 

of blood can be eliminated from the derivation. Thus, the energy equation was reduced 

to form simplified form: 

 

𝜕

𝜕𝑥
(𝑘𝑒𝑓𝑓

𝜕𝑇

𝜕𝑥
) + 𝑄𝑚 = 𝜌𝐶𝑝

𝜕𝑇

𝜕𝑡
     (3-37) 

 

where  

 

 𝑘𝑒𝑓𝑓 = 𝑘 [1 +
𝑛{𝜋𝑟𝑏

2(𝜌𝐶𝑝)
𝑏
𝑉⃑⃑ cos 𝛾}

2

𝜎Δ∙𝑘2 ]     (3-38) 

 

where  is angle between the direction of a blood vessel and the local tissue temperature 

gradient. 

However, the WJ model (Weinbaum & Jiji, 1985) was questioned to 

incorrectly assumption, especially the average temperature concept. 

 

3.2.7 The Heat transfer of large vessel flow 

In previous studies, the heat transfer in the large vessel should be 

suggested as a separate analysis. Thus, the heat transfer in a blood vessel was 

considered underlying the heat convection flow. The governing equations for heat 

transfer and flow analysis in the blood vessel can be written as: 

 

Energy equation 

 

𝜌𝑏𝐶𝑝,𝑏
𝜕𝑇𝑏

𝜕𝑡
+ 𝜌𝑏𝐶𝑝,𝑏𝑉

→

⋅ 𝛻𝑇𝑏 = 𝛻 ⋅ (k𝛻𝑇)𝑏 + 𝑄𝑒𝑥𝑡    (3-39) 
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Momentum equation 

 

𝜌𝑏
𝜕𝑉⃑⃑ 

𝜕𝑡
+ 𝜌𝑏 (𝑉

→

⋅ 𝛻) 𝑉
→

= −𝛻𝑃 + 𝜇𝑏𝛻
2𝑉
→

+ 𝐹    (3-40) 

 

Continuity equation 

 

𝜕𝜌𝑏

𝜕𝑡
+ 𝛻 ⋅ (𝜌𝑏𝑉

→

) = 0       (3-41) 

 

where 𝑄𝑒𝑥𝑡 is the source term (W/m3), 𝑉⃑  is the blood velocity in the vessel (m/s), and 

𝜇𝑏  is the blood viscosity (Pa.s), and F is the body force term (Pa). 

 

3.3 The modeling of heat transfer in the biological tissue using porous media 

approach 

 

Although the Pennes bioheat equation is considered a useful model for 

predicting the temperature distribution in the biological tissue due to its simplicity, it is 

questioned on the underlying assumptions' physical and physiological validity. In the 

previous section, the modified and extended bioheat models were developed to improve 

the bioheat's shortcoming. However, the modified and extended bioheat models 

required a more detailed vascular structure and less flexible to implement. In particular, 

the heat transfer in the biological tissue involved heat conduction combined with heat 

convection. The bioheat or modified bioheat models cannot capture heat convection 

and flow in the biological tissue during the heat transport process. In the essential of 

advanced medical technology, thermal ablation treatment requires effective modeling 

for describing thermal interaction between vascular system and tissues in the specific 

tissue or organs. Therefore, the advanced bioheat model incorporating thermal blood 

contribution, effective tissue conductivity, effective tissue capacitance, porosity 

variation, and a more precise representation of the heat exchange between the blood 

and the tissue critically should be developed. The biological tissue comprises cell and 

microvascular bed with the blood flow direction contains many vascular and can be 
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regarded as a porous media structure (Rattanadecho & Keangin, 2013). Therefore, the 

porous media theory is very well suited for developing a rigorous bioheat equation 

model. 

 

 

Fig. 3.1. Schematic view of biological tissue (Nakayama & Kuwahara, 2008) 

 

The biological tissue structure comprises the dispersed solid matrix (tissue 

cell) and connective with the voids, which allows for the flow of nutrients, minerals, 

etc., to reach all cells within the tissue. Mass transfer of these substances into biological 

and medical applications is achieved by diffusion within the tissue. Therefore, the 

porous theory has been applied in the biological tissue for predicting the heat transfer, 

especially heat convection during heat transfer process. Therefore, the porous theory 

has been applied in the biological tissue to predict heat transfer, especially heat 

convection in the biological tissue. Compared to the simplified bioheat model, the 

bioheat based on the porous media approach required few assumptions and flexible in 
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many applications (Khaled & Vafai, 2003; Khanafer and Vafai 2006; Nakayama and 

Kuwahara, 2007). 

In this dissertation, the bioheat model based on the porous media approach 

can be divided into two models: local thermal equilibrium (LTE), and local thermal 

non-equilibrium. 

 

3.3.1 Local thermal equilibrium (LTE) model 

 

The local thermal equilibrium (LTE) model is developed under the 

assumption of the solid phase temperature is equal to fluid phase temperature at the 

local position in the porous medium. This assumption occurs when heat exchange 

between the tissue and the blood is efficient where applied in the tissue with small 

vascular and slow blood velocity. This assumption that blood flowing in these small 

vascular would be completely equilibrated with the surrounding tissue. The governing 

equation for the analysis of heat transfer in the biological tissue based on the LTE 

assumption is given by: 

 

(𝜌𝐶𝑝)𝑒𝑓𝑓
𝜕𝑇

𝜕𝑡
+ (𝜌𝐶𝑝)𝑏𝑉⃑ ⋅ 𝛻𝑇 = ∇ ∙ (𝑘𝑒𝑓𝑓∇𝑇) + 𝑄𝑚𝑒𝑡 + 𝑄𝑒𝑥𝑡 (3-42) 

 

where 

 

(𝜌𝐶𝑝)𝑒𝑓𝑓 = (1 − 𝜙)(𝜌𝐶𝑝)𝑡 + 𝜙(𝜌𝐶𝑝)𝑏   (3-43) 

 

𝑘𝑒𝑓𝑓 = (1 − 𝜙)𝑘𝑡 + 𝜙𝑘𝑏      (3-44) 

 

where the subscript 𝑒𝑓𝑓, 𝑡 and 𝑏 represent the effective value, solid phase, and blood 

phase, respectively.  𝜙 is the porosity (volume fraction of the vascular space), 𝜌 is the 

tissue density (kg/m3), 𝐶𝑝 is the specific heat capacity (J/kg ºC), 𝑇 is the temperature 

of tissue (ºC), 𝑘 is the thermal conductivity (W/mºC), 𝜌𝑏  is the blood density (kg/m3), 

𝑄𝑚𝑒𝑡  is the metabolism heat source (W/m3), and 𝑄𝑒𝑥𝑡 is the external heat source term 

(W/m3). 
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In the left-hand side of Eq. (3-42), the second term the blood 

convection in the biological tissue. Note that the perfusion term in the Pennes bioheat 

equation (Pennes, 1948) was derived based on the assumption of uniform blood 

perfusion and was equal to 𝜌𝑏𝐶𝑝,𝑏𝜔𝑏(𝑇𝑏 − 𝑇). The first term on the left-hand side 

represents the transient heat in the biological tissue. The first, second, and third on the 

right-hand side represent the conduction term, metabolic heat generated term, and 

external heat source term, respectively. 

However, the LTE assumption model is not satisfied when applied in 

the high-speed flow through the porous media (Keangin et al., 2013). In this 

shortcoming, the bioheat model based on the local thermal non-equilibrium was 

introduced. 

 

3.3.2 Local thermal non-equilibrium (LTNE) model 

 

The local thermal non-equilibrium (LTNE) model is developed under 

the assumption of the solid phase temperature is not equal to fluid phase temperature at 

the local position in the porous medium. This model analysis the heat transfer separately 

considered between solid phase (tissue cells) and fluid phase (blood phase). Thus, this 

model can better capture the details of heat transfer phenomena, especially heat 

convection. The model based on the LTNE assumption is preferred to be used in many 

applications because there are few assumptions and few limitations (Khaled & Vafai, 

2003; Khanafer and Vafai 2006; Nakayama and Kuwahara, 2007). Therefore, the model 

based on LTNE is used to describe the heat transfer in the biological tissue. Therefore, 

the two governing equations were derived that represents the heat transfer in the solid 

matrix phase and blood phase can be written as: 

 

Solid matrix phase 

 

(1 − 𝜙)(𝜌𝐶𝑝)𝑡

𝜕𝑇𝑡

𝜕𝑡
= ∇ ∙ (𝑘𝑡,𝑒𝑓𝑓∇𝑇𝑡) − (𝜌𝐶𝑝)𝑏

𝜔𝑏(𝑇𝑡 − 𝑇𝑏) − ℎ𝑡𝑏𝑎𝑡𝑏(𝑇𝑡 − 𝑇𝑏) 

+(1 − 𝜙)𝑄𝑚𝑒𝑡 + (1 − 𝜙)𝑄𝑒𝑥𝑡  

 

(3-45) 
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Blood phase 

 

𝜙(𝜌𝐶𝑝)𝑏

𝜕𝑇𝑏

𝜕𝑡
+ 𝜙(𝜌𝐶𝑝)𝑏𝑉⃑ ⋅ 𝛻𝑇 = ∇ ∙ (𝑘𝑏,𝑒𝑓𝑓∇𝑇𝑏) + (𝜌𝐶𝑝)𝑏

𝜔𝑏(𝑇𝑡 − 𝑇𝑏) 

+ℎ𝑡𝑏𝑎𝑡𝑏(𝑇𝑡 − 𝑇𝑏) + 𝜙𝑄𝑚𝑒𝑡 + 𝜙𝑄𝑒𝑥𝑡  

 

(3-46) 

 

where 𝑇𝑡 is the local temperature of solid matrix phase (ºC), 𝑇𝑏 is the local temperature 

of blood phase (ºC), ℎ𝑡𝑏  is the blood to tissue interfacial heat transfer coefficient 

(W/m2ºC), 𝑎𝑡𝑏 is the volumetric transfer area between the blood and the tissue (m2/m3), 

𝑘𝑡,𝑒𝑓𝑓  is the effective thermal conductivity of the solid matrix phase (W/mºC), and 

𝑘𝑏,𝑒𝑓𝑓  is the effective thermal conductivity of the blood phase (W/mºC). The effective 

thermal conductivity can be written as (Alazmi & Vafai, 2000; Keangin & 

Rattanadecho, 2013):  

 

𝑘𝑡,𝑒𝑓𝑓 = (1 − 𝜙)𝑘𝑡     (3-47) 

 

𝑘𝑏,𝑒𝑓𝑓 = 𝜙𝑘𝑏       (3-48) 

 

where the subscript 𝑒𝑓𝑓, 𝑡 and 𝑏 represent the effective value, solid phase, and blood 

phase, respectively. 

The ℎ𝑡𝑏 depends on the nature of the porous matrix structure and the 

saturating fluid and the value of this coefficient has been the subject of intense 

experimental interest (Rattanadecho & Keangin, 2013). High values of ℎ𝑡𝑏  correspond 

to a rapid transfer of heat between the phases (LTE assumption) and small values of 

ℎ𝑡𝑏 gives rise to relatively strong LTNE effects (Malashetty et al., 2008). 

 

3.3.3 Flow convection in biological tissues 

In general, the porous media model was developed based on transport 

equations. Under the governing equations, the heat and mass transport phenomenon are 

predicted in the porous media domain. Thus, mass transport is analyzed in model based 

on porous media approach. 
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Henry Darcy introduced the Darcy model based on his experimental 

study (Darcy, 1856). This model is considered to be the simple flow transport model in 

porous media. The linear proportionality between the flow velocity and the applied 

pressure difference. Darcy model is expressed by: 

 

∇𝑃 =
𝜇

𝜅
𝑉⃑       (3-49) 

 

where 𝑃 is the pressure of fluid flow in the porous media, 𝜇 is dynamic viscosity of 

the pure fluid (Pa.s), 𝑉⃑  is the blood velocity in the vessel (m/s), 

The Darcy model ignores the boundary effects on the flow. This 

assumption is not applicable when considering the boundaries of the porous medium. 

Therefore, the Brinkman model is usually employed. 

 

∇𝑃 =
𝜇

𝜅
𝑉⃑ + 𝜇∇2𝑉⃑      (3-50) 

 

where 𝜇 =
𝜇

𝜙
𝜆∗ is the effective viscosity of the porous medium, 𝜙 is the porosity of 

porous media, and 𝜆∗ is tortuosity. 

The Brinkman model was introduced by Brinkman (Brinkman, 

1947), and the Brinkman model as shown in Eq. (3-50). The first term on the left-

hand side represents the gradient pressure. On the right-hand side, the first term 

represents the viscous term similar to the Darcy model. The second term on the right-

hand side represents analogous to the momentum diffusion term in the Navier–

Stokes’s equation. 

In the case of fluid inertia not negligible, the fluid's drag force exerted 

by the solid becomes significant. The generalized model for flow transport in porous 

media for various pertinent effects was proposed by Vafai and Tien, which developed 

based on the Brinkman–Forchheimer–Darcy equation (Vafai & Tien, 1982; Vafai, 

1984; Khaled & Vafai, 2003). This equation is given by: 

 

𝜌

𝜙
(
𝜕𝑉⃑⃑ 

𝜕𝑡
+ (𝑉⃑ ∙ ∇)𝑉⃑ ) = −∇𝑃 +

𝜇

𝜙
∇2𝑉⃑ −

𝜇

𝜅
𝑉⃑ −

𝜌𝐹𝜙

𝜅1/2 (𝑉⃑ ∙ 𝑉⃑ )𝐽  (3-51) 
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where F is the dimensionless inertia term coefficient and J is a unit vector oriented 

along the velocity vector 𝑉⃑ . 

In the next chapters, the mentioned theory is brought to apply in the model. 

The liver cancer treatment with the MWA model was considered the 3D model in 

chapter 4 and the 2D axisymmetric model in chapter 5. In chapter 4, the mathematical 

model is considered couple with electromagnetic wave propagation, heat transfer in the 

tumor and normal liver tissue (living tissue), and the blood flow in a single vessel. 

Chapter 5 proposed the performancing comparative of the predicted heating models 

implemented of the liver cancer model by MWA. The heating models implemented 

were the bioheat model, the porous model with constant velocity, and the Darcy-

Brinkman porous model. In this chapter, the mathematical models were developed with 

different governing equations for founding the performance of the different heating 

models. 
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CHAPTER 4 

3D NUMERICAL ANALYSIS OF FOCUSED MICROWAVE 

ABLATION FOR THE TREATMENT OF PATIENTS WITH 

LOCALIZED LIVER CANCER EMBEDDED WITH A VERTICAL 

AND HORIZONTAL BLOOD VESSEL 

 

4.1 Introduction 

 

Microwave Ablation (MWA) is the minimally invasive and effective 

treatment methods for liver cancer therapy (Keangin et al., 2011; Nabaei & Karimi, 

2018) This treatment is applied the microwave energy into the local cancer area or 

tumor area through the microwave antenna. The microwave would be absorbed and 

converted to the local heat generation in the tumor area (Keangin et al., 2011). The 

tumor temperature is increased in this treatment process. When tissue temperature rises 

above 52ºC, the cancer cell will immediately die during the MWA process (Dong et al., 

1998; Goldberg et al., 2000; Whelan et al. 2005; Prakash et al., 2008; Prakash et al., 

2012; Wu et al., 2013). This treatment aims to elevate the tumor temperature above 52 

ºC where the tumor is destroyed and without damage to the surrounding tissue (Keangin 

& Rattanadecho, 2013). Therefore, understanding the heat transport mechanism in the 

treatment area is an important factor for treatment achieved. 

MWA had remarkably developed, showing the many advantages of this 

treatment over the surgical (Lopresto et al., 2017). The clearly advantages of MWA 

treatment are minimal invasiveness and rapidly treatment (Hines-Peralta et al., 2006). 

Although MWA was an interested and effective treatment method, the experimental 

and studying in the humans liver could not ordinary studied. Because it was due to 

humanity and the risk of unethical. Some group researchers had been experimenting 

with animals (Strickland et al., 2002; Hines-Peralta et al., 2006; Yang et al., 2007; 

Marcelin et al., 2018). 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 
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period, the low economic cost, humanity, and could be set up with conditions near to 

those of a real human liver (Keangin & Rattanadecho, 2013). 

Several years ago, many researchers developed mathematical models for 

predicting the temperature distribution in living tissue. The most widely model was 

introduced by Pennes, which has become well known as the bioheat model (Pennes, 

2948). The bioheat model is developed based on heat diffusion between living tissue 

and blood vessels. Due to the Pennes bioheat simplification, many studies have 

established and developed the mathematical of the extending and modifying the Pennes 

bioheat (Wulff, 1974; Klinger, 1974, Chen & Holmes, 1980). Moreover, some group 

researchers investigated the effect of the heat transfer between arteries, veins, and 

surrounding tissue (Keller & Seiler, 1971; Weinbaum et al, 1984; Jiji et al., 1985). The 

previous bioheat mathematical modeling studies were the critical foundation for 

developing the heat transfer in the living tissue model during the MWA process. 

In 2007, Yang et al. proposed the modified bioheat for MWA treatment and 

comparative with their experimental (Yang et al, 2007). Yang et al. added the liver 

evaporation term in the bioheat equation, and their model was the suitable predicting 

model in the high-temperature zone. However, the modified bioheat model by Yang et 

al. was not accurately predicting model, which was proved by Keangin et al. (Keangin 

et al., 2011). Keangin et al. investigated the thermal expansion of liver cancer treatment 

with MWA by using numerical simulation. As a result, the deformation analysis model 

was highly accurate than the model without deformation analysis. Later, Wu et al. 

investigated the effect of multi-frequency on the liver cancer treatment model with 

MWA by using numerical simulation (Wu et al., 2016). Results showed the high 

frequencies of microwaves were significantly affected the heating pattern in the liver 

cancer model. Furthermore, the porous media theory was developed to be approached 

for heat transfer analysis in living tissue (Khaled & Vafai, 2003; Khanafer & Vafai 

2006; Nakayama & Kuwahara, 2007; Wessapan & Rattanadecho, 2012; Rattanadecho 

& Keangin, 2013; Keangin & Rattanadecho, 2013) The advantage, the porous media 

approach requires fewer assumptions than the bioheat approach. However, the many 

porous modeling or the bioheat modeling based on the two-dimensions (2D) 

axisymmetric or 2D problems. The shortcoming of the 2D and 2D axisymmetric could 

not be applied for the diversity of treatment cases. In the realistic treatment, we could 
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not avoid analyzing specific cases. Therefore, the three dimensions (3D) problem has 

developed. 

The thermal ablation studies developed mathematical modeling based on 

3D heat transfer problems in the living tissue in specific cases. Especially, cases of the 

heat transfer in the living tissue conjugated with the blood vessels flow. In 2015, Zorbas 

and Samaras investigated the effect of diameter and distancing of a single vessel on the 

cancer treatment model with radiofrequency ablation (RFA) (Zorbas & Samaras, 2015). 

Shao et al. investigated the effect of nanoparticle injection on the liver cancer nearly 

countercurrent vessels with RFA treatment technique (Shao et al, 2017). Although the 

studying cancer treatment model with RFA treatment showed promising results, the 

treatment with the RFA technique differed from the MWA technique. Therefore, the 

3D mathematical model of MWA was to be developed. 

The present study presented the 3D liver cancer treatment with the MWA 

technique model embedded with a single blood vessel near the treatment area, as shown 

in Fig. 4.1. The characteristic of a vessel location between the horizontal vessel and 

vertical vessel was investigated. The mathematical model is considered couple with 

electromagnetic wave propagation, heat transfer in the tumor and normal liver tissue 

(living tissue), and the heat transfer in a single vessel. The mathematical models were 

solved by the finite element method (FEM) based on the 3D transient problem. The 

characteristic of the vessel location was investigated on the SAR distribution, the 

temperature distribution, velocity profile, and the necrotic of damaged tissue in the 3D 

liver cancer treatment model. The simulation results in this study can be used as a 

guideline for partial treatment. 

 

Fig. 4.1 The liver cancer with the MWA treatment concept to the 3D mathematical 

model. 
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4.2 Problem statement 

 

This study developed the 3D numerical modeling of the liver cancer 

treatment with MWA by using the single slot of microwave coaxial antenna (MCA). 

The slot coaxial antennas are the common antennas in MWA application of the 

advantages, size (small dimensions), design simplicity, low cost to manufacture, and 

convenient adaptation to treatment (Rattanadecho & Keangin et al., 2013). The single-

slot MCA has a diameter of 1.79 mm; the antenna is required as small as possible for 

minimally invasive (Rattanadecho & Keangin, 2013; Keangin & Rattanadecho, 2013). 

A wide 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). This antenna operated at the microwave power of 10 

and frequency of 2.45 GHz. The dimension and properties of single-slot MCA are 

shown in Table 4.1. 

 

Table 4.1 Dimensions and dielectric properties of single slot MCA (Keangin et al., 2011) 

Material 
Dimensions  

(mm) 

Dielectric properties  

Relative 

permittivity, r 

Electric 

conductivity, 

el (S/m) 

Relative 

permeability, r 

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 

 

The 3D liver cancer treatment with the MWA technique model embedded 

with a single blood vessel consists of 4 domains; 1) the tumor domain was assumed 

spherical tumor domain and located on the center of the model, 2) normal tissue domain 

represented the liver domain the healthy liver tissue, where surrounded tumor domain, 

Ref. code: 25635810360015ZVI



 

 

60 

3) MCA domain, and 4) a single blood vessel domain was nearly the tumor domain. 

This study investigated two different models, as shown in Fig. 4.2. Fig. 4.2(a) shows 

the liver cancer model with a single vertical vessel, and Fig. 4.2(b) shows the liver 

cancer model with a single horizontal vessel. This study investigated the effect of 

characteristic vessel location on the SAR distribution, temperature distribution, and 

damaged tissue area in the liver cancer model. The system of the governing equations 

as well as the initial condition and boundary condition were solved numerically by 

using FEM. 
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Fig. 4.2 The physical domain and boundary conditions of the liver cancer embedded 

with a single blood vessel model; (a) the model with a vertical vessel, (b) the model 

with a horizontal vessel. 

 

4.3 The formulation and the mathematical model 

 

This study focused on the heat transfer difference in the liver cancer tissue, 

where nearby a single vessel. A single slot MCA was transmitted the microwave energy 

into the tumor domain. The microwave power of 10 W and frequency of 2.45 GHz were 

operated for all cases. The two liver cancer models embedded with a single blood vessel 

shown in Fig. 4.2: Fig. 4.2(a) the vertical vessel model, and Fig. 4.2(b) the horizontal 

vessel model. The heat transfer and the damaged region between the vertical and the 

horizontal vessel models were comparison and investigation. The mathematical model 

calculated coupled with the electromagnetic wave propagation, the heat transfer in the 

tumor and normal liver tissue (living tissue), and the heat transfer of blood flow in a 

single vessel. For calculation, this 3D transient problem was solved by using FEM. 

 

4.3.1 The Physical model 

In this study, the comparison between the liver cancer treatment with 

the vertical and horizontal vessel was investigated. The liver cancer model with a 

vertical vessel was assembled with the four major parts: 1) tumor, 2) normal tissue, 3) 

MCA, and 4) a single blood vessel. The liver tissue was considered to be the cube 

(80x80x80 mm3). The MCA was inserted on the top of the domain into the spherical 

tumor and parallel with the Y-axis. The center of the tumor and the slot were set to the 

insertion depth of 64 mm (Y-axis = 16 mm). The spherical tumor of 20 mm diameter 

was located on the center of the X and Z planes. A vertical blood vessel of 8 mm 

diameter was located parallel with the MCA and away from the MCA of 12 mm. The 

dimensions of the physical domain were based on literature (Rattanadecho & Keangin 

et al., 2013; Shao et al, 2017). 

The liver cancer model with a horizontal vessel was assembled with 

four parts, as same as the model with a vertical vessel. The dimension of liver cancer 

with a horizontal vessel model was equally set to the vertical model, except for the 
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vessel location. The center of a horizontal vessel was set at the same level as the center 

of tumor. A horizontal blood vessel was placed along the X-axis and away from the 

MCA of 12 mm, as same as the model with the vertical vessel. The physical properties 

of MCA, liver tissue, tumor, and blood are shown in Table 4.2 

 

4.3.2 The electromagnetic wave propagation analysis 

The electromagnetic wave propagation affected the performance of 

the MWA treatment. The governing equations and conditions of electromagnetic wave 

propagation are considered to all domains. To reduce the complexity of the problem, 

the following assumptions are made: 

1. The electromagnetic wave propagation is propagated in three dimensions (3D) 

analysis. 

2. The electromagnetic wave propagation in the MCA is characterized by 

transverse electromagnetic fields (TEM) (Bertram et al., 2006; Keangin et al., 

2011). 

3. The electromagnetic wave propagation in the living tissue is characterized by 

transverse magnetic fields (TM) (Bertram et al., 2006; Keangin et al., 2011). 

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

constant. 

 The propagation of the electromagnetic wave propagation in the 

antenna is by a transverse electromagnetic field (TEM) (Bertram et al., 2006; Keangin 

et al., 2011; Rattanadecho & Keangin, 2013), that given as: 

 

Electric field (𝐸⃑ )   𝐸⃑ = 𝑒𝑟
𝐶

𝑟
𝑒𝑗(𝜔𝑡−𝑘𝑧)   (4-1) 

 

Magnetic field (𝐻⃑⃑ )   𝐻⃑⃑ = e⃗⃑𝜑
𝐶

𝑟𝑍
𝑒𝑗(𝜔𝑡−𝑘𝑧)   (4-2) 

 

where C = √
ZPin

π⋅ln(router/rinner)
 is the arbitrary constant, Z is the wave impedance (Ω), 

Pin is the microwave power input (W), router is the dielectric outer radius (m), rinner is 

the dielectric inner radius (m), f is the frequency (Hz), ω = 2πf is the angular frequency 
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(rad/s), k is the wave propagation constant (m-1), which relates to the wavelength (λ) in 

medium: k =
2π

λ
. 

 The propagation of the electromagnetic wave in the living tissue 

is by a transverse magnetic field (TM) as described by the following equation: 

 

𝛻 × ((
1

𝜀𝑟
−

𝑗𝜎𝑒𝑙

𝜔𝜀0
)
−1

𝛻 × 𝐻⃑⃑ 𝜃) − 𝜇𝑟𝑘0
2𝐻⃑⃑ 𝜃 = 0  (4-3) 

 

where 𝐻⃑⃑ 𝜃 is magnetic field intensity (A/m), 𝜇𝑟  is relative permeability, 𝜀𝑟  is relative 

permittivity, 𝜀0 = 8.8542 × 10−12  F/m is permittivity of free space, σel  is electric 

conductivity (S/m), k0 is the free space wavenumber (m-1), and ω = 2πf is the angular 

frequency (rad/s). 

 The interaction of an electromagnetic wave with living tissue 

could be defined in terms of an SAR distribution. When the single-slot MCA transmits 

the electromagnetic wave, it passes through it and then propagates throughout the entire 

domain. The electromagnetic wave is absorbed and converted to the heat generation in 

liver tissue. In this study, SAR represents the microwave power absorption deposited 

per unit mass in tissue (W/kg) (Rattanadecho & Keangin, 2013). The SAR is given by:  

 

SAR =
σel

2ρ
∣ 𝐸⃑ ∣      (4-4) 

 

where σel is the electrical conductivity (S/m), ρ is the tissue density 

(kg/m3), and 𝐸⃑  is the electric field intensity (V/m). The SAR was converted to the heat 

generated in the living tissue, which is defined as: 

 

Qext =
σel|𝐸⃑ |

2

2
= ρ ⋅ SAR      (4-5) 

 

The boundary conditions of electromagnetic wave propagation are 

applied for all models. The electromagnetic wave boundary conditions of the model 

shown in Fig. 4.2, and the following conditions are made: 
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1. The outside of the computation domain is considered as a scattering boundary 

condition to eliminate the reflections: 

 

n̂ × √𝜀𝐸⃑ − √μ
el
𝐻⃑⃑ θ = 2√μ

el
𝐻⃑⃑ θ0    (4-6) 

 

2. The interfaces between different mediums are considered as a continuity 

boundary condition: 

 

n̂ × (𝐻⃑⃑ 1 − 𝐻⃑⃑ 2) = 0      (4-7) 

 

3. The boundary conditions of the inner and outer conductor of MCA as the perfect 

electric conductor (PEC) boundary conditions: 

 

n̂ × 𝐸⃑ = 0       (4-8) 

 

4. The port boundary condition is applied at the inlet of MCA with the microwave 

power set of 10 W. 

 

Table 4.2 The dielectric and thermal properties of the tissue (Keangin & Rattanadecho, 2013; 

Koksungnoen et al., 2018) 

 

properties Normal Tissue  Tumor Blood 

Relative permittivity, r 43 48.16 58.3 

Electric conductivity, el (S/m) 1.69 2.096 2.54 

Density,  (kg/m3) 1030 1040 1058 

Thermal conductivity, kth(W/mºC) 0.497 0.57 0.45 

Specific heat capacity Cp (J/kg ºC) 3,600 3,960 3,960 
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4.3.3 The heat transfer in the living tissue analysis 

The heat transfer of living tissue analysis is applied in the tumor and 

liver demains based on the bioheat equation. For the reduced the complexity of the 

problem, the heat transfer in the living tissue follows the assumptions are made: 

1. The heat transfer of the living tissue based on the bioheat approach is 

considered in three dimensions (3D) analysis.  

2. The heat transfer of living tissue analysis is considered only in the tumor and 

liver tissue domains. 

3. The chemical reaction and phase change in the living tissue are ignored. 

4. The heat transfer of the single-slot MCA is ignored. 

5. The liver tissue and tumor tissue are assumed the homogeneous and thermally 

isotropic. 

6. The thermal properties of the living tissue are uniform. 

 The heat transfer analysis of the living tissue can be described 

by the Pennes bioheat equation (Pennes, 1948), which can be written as follows: 

 

ρtCp,t
∂T

∂t
= ∇ ⋅ kth,t∇T + ρbCp,bωb(Tb − T) + Qmet + Qext   (4-9) 

 

where ρt is the density of living tissue (kg/m3), Cp,t  is the specific 

heat capacity of tissue (J/kg.ºC), T is temperature of living tissue (ºC), kth,t  is the 

thermal conductivity of tissue (W/m.ºC), ρb is the destiny of blood (kg/m3), Cp,b is the 

specific heat capacity of blood (J/kg.ºC), ωb is blood perfusion rate (s-1), Qmet is the 

the metabolism heat source (W/m3) and Qext is the external heat source term (W/m3). 

This theory can be recalled in the previous chapter. 

In the literature that concluded, the blood perfusion rate of tumors 

lower than that in normal liver tissue. The blood perfusion rate of the normal liver tissue 

and the tumor is 6.4 × 10−3s−1 and 2.12 × 10−3s−1, respectively (Jain, 1988; Shao et 

al., 2017). Furthermore, the blood perfusion rate varies and is sensitive to the degree of 

damage tissue. Therefore, for accuracy of calculation will be considered the blood 

perfusion rate to the function of degrees of damage tissue, that given as: 
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ωb(t) = ωb0    for Ω(t) ≤ 0   (4-10a) 

 

ωb(t) = ωb0[1 + 25Ω(t) − 260Ω(t)2] for 0 < Ω(t) ≤ 0.1  (4-10b) 

 

ωb(t) = ωb0exp[−Ω(t)]   for Ω(t) ≥ 0.1   (4-10c) 

 

where, ωb is the blood perfusion rate of living tissue. The ωb0 is the 

constant blood perfusion rate of living tissue, and Ω(t) is the degree of tissue injury. As 

show in Eq. (4-22). The thermal conductivity of the living tissue is also considered as 

temperature dependent parameter, approximate as piecewise function (Trujillo & 

Berjano, 2013). 

 

kth,t(T) = kref + 0.0013 × (T − Tref)     T ≤ 100∘C   (4-11a) 

 

kth,t(T) = k(100)             T > 100∘C   4-11b) 

 

In the specific heat (Cp) of the living tissue is considered piecewise 

function of temperature to liver cancer model. This function is giving constant value of 

Cp when the temperature below 63.5 ºC, but temperature upper 63.5 ºC, this function is 

giving linear increasing function for Cp (Dos Santos, 2009). 

 

Cp(T) = C0  T ≤ 63.5∘C   (4-12a) 

 

Cp(T) = C0 + C1 × (T − 63.5)  T > 63.5∘C   (4-12b) 

 

The boundary conditions of heat transfer are applied in the living 

domain. The heat transfer boundary conditions of the model shown in Fig. 4.2 and the 

following conditions are made: 

1. The interfaces between the living tissue and the MCA are considered as the 

thermally insulated boundary condition: 
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𝑛̂ ⋅ (k∇T) = 0      (4-13) 

 

2. The interfaces between the normal liver tissue and the tumor are considered as 

the thermal continuity boundary conditions: 

 

 𝑛̂ ⋅ (k1∇T1 − k2∇T2) = 0     (4-14a) 

 

T1 = T2     (4-14b) 

 

3. The surrounding of the normal liver tissue domain is assumed to be constant 

the core body temperature: 

 

T = 37∘C     (4-15) 

 

4.3.4 The heat Transfer and blood flow analysis of blood vessel 

The heat convection analysis is only applied in a single blood vessel. 

The governing equation and the boundary conditions are applied in the two models with 

the same condition. For the reduced the complexity of the problem, the heat transfer of 

the blood vessel embedded in living tissue follow the assumptions are made: 

1. The heat convection of the countercurrent blood vessels is considered in three 

dimensions (3D) analysis. 

2. The blood flow in the single vessel considered is the transient convection and 

steady flow.  

3. The blood is an incompressible and Newtonian fluid. 

4. Chemical reaction of the countercurrent blood vessels is ignored. 

5. The buoyancy effects of blood flow are neglected. 

6. Fluid properties of blood vessel are uniform and constant. 

The heat convection can describe the heat convection of blood flow 

based on the energy equation, the equation of continuity, and the momentum equation, 

which can be written as follows: 
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Energy equation 

 

ρbCp,b
∂Tb

∂t
= ∇ ⋅ kb∇Tb + Qmet − ρbCp,b𝑉⃑ ⋅ ∇Tb   (4-16) 

 

Momentum equation  

 

ρb(𝑉⃑ ⋅ ∇)𝑉⃑ = −∇P + μb∇
2𝑉⃑     (4-17) 

 

Continuity equation 

 

∇ ⋅ (ρb𝑉⃑ ) = 0      (4-18) 

 

where V
→

 is the velocity vector (m/s), ∇P is the pressure gradient vector (Pa) and μb is 

the blood viscosity (Pa.s). This theory can be recalled in the previous chapter, as shown 

in Eq. 3-39 to 3-41. 

The boundary conditions of heat convection are applied for a blood 

vessel and shown in Fig. 4.2, and the following conditions are made: 

 

1. The inlet of a single blood vessel is assumed to be uniform velocity (Lee et al., 

2012; Shao et al., 2017) and constant the core body temperature: 

 

𝑉⃑ = 20cm/s     (4-19a) 

 

T = 37∘C     (4-19b) 

 

2. The outlet of a single blood vessel is assumed to be outflow boundary condition: 

 

𝑛̂ ⋅ (−PI + μ(∇𝑉⃑ + (∇𝑉⃑ )τ)) = 0   (4-20a) 

 

𝑛̂ ⋅ (k∇T) = 0     (4-20b) 

Ref. code: 25635810360015ZVI



 

 

69 

 

3. The wall of a single blood vessel is considered as the thermal continuity 

boundary condition, and no-slip boundary conditions: 

 

𝑛̂ ⋅ (k1∇T1 − k2∇T2) = 0    (4-21a) 

 

T1 = T2     (4-21b) 

 

𝑉⃑ = 0      (4-21c) 

 

4.3.5 The thermal damaged tissue analysis 

The thermal damaged tissue analysis is applied in the normal tissue 

and tumor domains. For the reduced the complexity of the problem, the thermal 

damaged tissue analysis follows the assumptions are made: 

1. The thermal damaged of the living tissue is considered in three dimensions (3D) 

analysis. 

2. The tissue damaged analysis is caused by thermal treatment. 

Thermal damage is the thermal injury of living tissue, for which the 

injury model proposed by Henriques & Moritz is used, namely the Arrhenius damage 

model (Moritz & Henriques, 1947). The thermal damage tissue can be defined as 

denaturation of the proteins in living tissue, as follows: 

 

Ω(t) = A∫
0

t
exp (

−Ea

RT
)dt     (4-22) 

 

where Ω(t) is the cumulative tissue damage, A is the frequency factor (s-1), Ea is the 

activation energy (J/mol), and R is the universal gas constant (J/molK). The fraction 

of necrotic tissue (θd) can be expressed as: 

 

θd = 1 − exp(−Ω(t))     (4-23) 
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4.3.6 Initial condition 

The initial electromagnetic field of the model was a set of 0 V/m. The 

initial temperature was set of the core temperature, which of 37 ºC. The initial velocity 

was set of 0 m/s and 0 mm, respectively. The microwave frequency was operating of 

2.45 GHz and microwave power of 10 W for all cases. 

 

4.4 Calculation procedure 

 

In this study, the numerical procedure analyzes the liver cancer treatment 

with the MWA process embedded with a single blood vessel on the 3D transient 

problem. The computation model is coupled with the electromagnetic wave 

propagation, heat transfer in the living tissue, heat transfer in a single blood flow. The 

computation model is solved with FEM by using COMSOLTM Multiphysics, to 

demonstrate the effect of a vessel location on heat transfer phenomenon during the 

treatment process. The 3D model is discretized using triangular elements with Lagrange 

quadratic shape functions, and the elements are adaptive in sensitive areas. The initial 

time-steps and the maximum time-steps to solve the transient problem are 1x10-4 s and 

0.1 s, respectively. The mesh independence test for the liver cancer treatment model is 

shown in Fig. 4.3, which represented the temperature at a sensitive point. The density 

of elements, approximately 1,963,012 elements, meshes independently. Increasing the 

number of elements past this point did not lead to significantly different computational 

results. 
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Fig. 4.3 Grid independence test 

 

4.5 Results and discussion 

 

This work focused on different vessels located between the horizontal and 

vertical vessels on the SAR distribution, temperature distribution, blood flow, and 

damaged tissue in the liver cancer during the MWA treatment process. The coupled 

model of electromagnetic wave propagation, heat transfer in the biological tissue, and 

blood convection equations are solved numerically.  

 

4.5.1 Verification of the model 

In order to verify the model accuracy, the present numerical study 

was validated against the experimental results obtained by Yang et al. (Yang et al., 

2007) under the same testing conditions. In the validation model, the MWA process 

operated with the microwave power input of 75 W with a frequency of 2.45 GHz, and 

the initial temperature was set at 8°C. The MWA using single slot MCA had a radius 

of 1.25 mm. The MCA was inserted 20 mm deep into the living tissue and the heating 

time was 50 s. The verification results show the transient temperature of two points, 

which is 4.5 and 9.5 mm away from the MCA, as shown in Fig. 4.4. Verification results 
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were clearly in good agreement with the experimental results and gave confidence in 

the accuracy of the presented numerical models. 

 

 

Fig. 4.4 The validation results of the calculated tissue temperature to the tissue 

temperature obtained by Yang et al. (Yang et al., 2007) 

 

4.5.2 The electromagnetic wave propagation analysis 

The basic principle of MWA treatment process is to apply the 

microwave energy into the tumor area. The microwave energy was transmitted by using 

MCA. The microwave energy was absorbed and converted to the internal heat 

generation in the tumor. This treatment aimed to create damage in the tumor by using 

thermal energy from the microwave source. The SAR distribution is one of the most 

important factors affecting the effectiveness of the treatment (Rattanadecho & Keangin, 

2013). The liver cancer model with a single blood vessel is used single-slot MCA for 

treatment. The MCA operated on the microwave frequency of 2.45 GHz and microwave 

power of 10 W for all cases. The electromagnetic wave propagation between the model 

with the vertical and horizontal vessels was compared and represented on the SAR 

distribution on the cross-section plane, as shown in Fig. 4.5. The cross-section plane 

was set on the center of model that through the center of tumor and center of a single 

vessel. 
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Fig. 4.5 The SAR distribution at the cross-section plane with microwave power of 10 

W, and frequency of 2.45 GHz; (a) the model with a vertical vessel, (b) the model with 

a horizontal vessel. 

 

Fig 4.5 shows the SAR intensity distribution exhibit similar to the 

water of the droplet. The highest value of SAR appealed to the slot area and decreased 

with the distance away from the slot. In the area of the tumor, the SAR distribution is 

higher than the area of the normal tissue. Fig. 4.6 shows the SAR profile with the 

insertion depth line between model with vertical and horizontal vessel at the heating of 

10 min. The insertion depth line is parallel to the MCA and away from the MCA 

centerline of 2.5 mm. The maximum of SAR appeared in the slot area and decreased 

with distance away from the slot, which corresponded with the 2D SAR distribution. 

The value of SAR between the model with a vertical vessel and the horizontal vessel 

were similarly distributed. This is because the two models used an MCA and the 

dielectric properties of materials with the same treatment conditions. Furthermore, the 

location of a single vessel was far away from the SAR distribution intensive area. 

Therefore, the location characteristic of a single vessel has not affected the SAR 

distribution  between the models with the vertical and horizontal vessel. 
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Fig. 4.6 SAR profile at the insertion depth line between the model embedded with a 

vertical and horizontal vessel with microwave power of 10 W, and frequency of 2.45 

GHz. 

 

4.5.3 The heat transfer analysis 

The characteristic of temperature distribution in the liver cancer 

model during the MWA treatment process is related to the effective performance of this 

treatment. In this study, the volumetric heating effect on the living tissue is induced by 

microwave energy. The microwave energy is transmitted by the MCA into the tumor 

area. The microwave energy is absorbed and converted to volumetric heating in the 

living tissue domain. In order to study the heat transfer in the model, the coupled effects 

of the electromagnetic wave propagation, heat transfer in the living tissue, and heat 

transfer in a single blood vessel flow. Fig. 4.7 shows the 2D-plot temperature and blood 

velocity on the cross-section plane of the 3D liver cancer model during the MWA 

process at the heating time of 10 min, Fig. 4.7(a) shows 2D-plot temperature and blood 

velocity in the model with a vertical vessel, and Fig. 4.7(b) shows 2D-plot temperature 

and blood velocity in the model with a horizontal vessel. The temperature intensity 

occurred in the slot area and decreased with distance away from the slot. This result 

corresponded with the SAR distribution (as shown in Fig. 4.5) because SAR in the 
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living tissue owned the energy absorption. After that, the microwave energy absorption 

is converted to thermal energy, lead to increased temperature in the living tissue. 

 

Fig. 4.7 Temperature and velocity fields at the cross-section plane with microwave 

power of 10 W, frequency of 2.45 GHz, and heating time of 10 min; (a) the model with 

a vertical vessel, (b) the model with a horizontal vessel. 

 

 

Fig 4.8 The comparison of the transient temperature at the selected points between 

model with a vertical and horizontal vessel with microwave power of 10 W, frequency 

of 2.45 GHz 
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The intensity temperature distribution exhibit similar to the water of 

the droplet, corresponding to the SAR distribution. However, the temperature 

distribution around the area of blood vessel flow is different. The different points 

between the model with a vertical and horizontal vessel can be observed on the low-

temperature contour at the area close to a single blood vessel. In this area, the heat 

transfer phenomenon plays the role of blood convection by a single vessel. The 

maximum temperature on the cross-section plane of the model with a vertical and 

horizontal vessel is 109.63 ºC and 109.71 ºC, respectively. Although a vertical and 

horizontal blood vessel was equally uniform inlet velocity and vessel length, the 

temperature distributions differed. The characteristic of temperature distribution 

induced the heat transfer by a vertical blood vessel was higher than a horizontal blood 

vessel. 

 

 

Fig. 4.9 The transient temperature difference of the selected points between model with 

a horizontal and vertical vessel with microwave power of 10 W, and frequency of 2.45 

GHz 
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Fig. 4.8 shows the transient temperature of the model with a vertical 

and horizontal vessel on the selected points. The selected points were located around 

the tumor boundaries (as shown in Fig. 4.7-4.8). For all points, the temperature 

increases with the heating time. The temperature of point A was highest increased and 

following with the point B, F, E, D, and C, respectively. The temperature difference 

between the two models can be clearly observed at the point B. Fig. 4.9 shows the 

transient temperature difference of point A to F between the model with a horizontal 

vessel and a vertical vessel. The temperature difference of point B was the highest value 

and following by point A, D, C, E, and F, respectively. The transient temperature of 

point A was to the highest increasing, but the temperature difference between the two 

models was not the highest value. At point C that closest to a single vessel, the 

temperature difference was not the highest value. The highest temperature difference is 

shown on point B, in which the area is not the highest temperature increasing and not 

closest to a blood vessel. This result was affected by the temperature distribution, which 

induced the heat transfer by a vertical blood vessel was higher than the heat transfer by 

a horizontal blood vessel. 

The microwave energy was transmitted by a single slot MCA into the 

tumor and normal liver tissue. The microwave energy is absorbed and converted to heat 

by dielectric heating. The microwave energy absorbed was intensely distributed on the 

slot area and decreased with the distance away from the slot. The temperature 

distribution was similarly distributed to the SAR distribution. Because the energy 

absorbed by the microwave was converted to thermal energy, leading to increased 

temperature in this living tissue. A single vertical and horizontal vessel was embedded 

in the area closed to the treatment area. The heat transfer in this area was conjugated 

between heat conduction and heat convection. However, the vertical blood vessel was 

transferred heat energy than the horizontal vessel. The characteristic heat pattern in this 

model induced the surface area of the vertical blood vessel close to the hot spot area 

than the horizontal blood vessel. 

 

4.5.4 The damaged tissue analysis 

This treatment aimed to create the fully damaged only tumor area and 

without damage to the normal tissue area. In this study, the tissue damage was only 
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affected by thermal energy and considered only the living domain. The thermal damage 

model was investigated based on the Arrhenius damage model. The fraction of damaged 

tissue increases with the degree of thermal denaturation (percentage of denatured 

collagen), where θd= 0 indicates no damage in the liver tissue. In contrast, θd  = 1 

indicates a fully damaged liver tissue. Fig. 4.10 shows the fraction of the damaged tissue 

distribution and blood velocity vector on the cross-section plane of the 3D liver cancer 

model during the MWA process at the heating time of 10 min; Fig. 4.10(a) shows the 

fraction of the damaged tissue distribution and blood velocity vector in the model with 

a vertical vessel, and Fig. 4.10(b) shows the fraction of the damaged tissue distribution 

and blood velocity vector in the model with a horizontal vessel. The fully damaged 

tissue occurred in the tumor area and upper of the tumor. The shape of the damaged 

tissue was similar to the water of the droplet, which corresponded with SAR and 

temperature distribution. 

 

 

Fig. 4.10 The fraction of damaged tissue distribution and velocity arrow at the cross-

section plane with microwave power of 10 W, frequency of 2.45 GHz, and heating time 

of 10 min; (a) the model with a vertical vessel, (b) the model with a horizontal vessel. 
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Fig. 4.11 The comparison volumetric of damaged tissue between the model with a 

vertical and horizontal vessel, with microwave power of 10 W, frequency of 2.45 GHz 

 

Fig. 4.11 shows the transient volumetric of damaged tissue between 

the model with a vertical and horizontal vessel. The fraction values of damaged tissue 

were the value of fully damaged tissue (θd > 0.99) and the value of high damaged tissue 

(θd > 0.80). The volumetric of damaged tissue increased with the heating time. The 

volumetric damaged tissue faction above 0.80 was higher than the volumetric of fully 

damaged tissue faction. That because the volumetric damaged tissue faction above 0.80 

was including the volumetric of fully damaged tissue together. The volumetric of fully 

damaged between the model with vertical and horizontal was slightly different. That 

because the full of damaged tissue was occurring in the hot spot area, which was slightly 

affected by the characteristic of a blood vessel located. However, the volumetric 

damaged tissue faction above 0.80 shows a clear difference between the two models. 

This volumetric included the volume of living tissue wider than the boundaries tumor, 

which included the area close to a single blood vessel located. Therefore, the effect of 

a blood vessel located clearly occurred. Finally, the damaged tissue analysis on this 

living tissue depended on the temperature distribution, which was owed the microwave 

power absorbed. 
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4.6 Conclusion 

 

The 3D numerical analysis of the SAR, temperature, and damaged tissue in 

liver cancer model embedded with a single vessel during MWA treatment in different 

vessel located has been performed. The effect of a vertical blood vessel and a horizontal 

blood vessel on the heat transfer was systematically investigated. The SAR, 

temperature, and damaged tissue in the liver cancer model embedded with a single 

vessel during MWA treatment were obtained by numerical simulation of the 

electromagnetic wave propagation, heat transfer, blood flow, and damaged tissue 

equations. The electromagnetic wave propagation was expressed mathematically by 

Maxwell’s equations. The heat transfer model was developed based on the bioheat 

equation in the living tissue domain and energy conservation equation of the fluid 

(blood) flow. Furthermore, the blood flow analysis was expressed mathematically by 

the momentum and continuity equations. The damaged tissue model was developed 

based on the the Arrhenius damage model. 

As a result, the SAR distribution between the model with a vertical blood 

vessel and a horizontal blood vessel were similarly distributed. The blood vessel was 

located far away from the slot area, which SAR distributed intensively. However, the 

temperature distribution between the model with a vertical blood vessel and a horizontal 

blood vessel was clearly different in the area near a single blood vessel. The effect of a 

blood vessel located on the heat transfer was occurred on the transient temperature 

points at the boundary of tumor. The model with a horizontal blood vessel shows the 

transient temperature points increased than the model with a vertical blood vessel. That 

because of the heat pattern induced to heat transfer by a vertical vessel higher than a 

horizontal vessel. The result of damaged tissue corresponds with the temperature 

distribution.  

The microwave power absorbed in the liver cancer was owning to the 

energy absorption. Later, the energy absorption was converted to thermal energy, 

leading to increased living tissue temperature and damaged tissue volumetric. A blood 

vessel flows nearby the treatment area affected the heat transfer in the treatment area, 

which related to the effective performance of the treatment process. Therefore, this 

study presented the effect of the blood vessel location near the treatment area with the 
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symmetrical investigation. The simulation results in this study can be used as a 

guideline concerning the effect of blood vessel location, which nearby the treatment 

area during the MWA process. 
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CHAPTER 5 

 THE COMPARATIVE OF THE PERFORMANCE FOR 

PREDICTED THERMAL MODELS DURING MICROWAVE 

ABLATION PROCESS USING A SLOT ANTENNA 

 

5.1 Introduction 

 

Microwave ablation (MWA) is a new technology for focused cancer 

treatment. This treatment is an alternative treatment for liver cancer (Martin et al., 2010; 

Keangin et al., 2011; Correa-Gallego et al., 2014), which one of the cancers that have 

a low survival rate (Poston et al., 2011). The MWA has applied the microwave power 

to the target tissue (tumor) by microwave antenna. The microwave is absorbed and 

converted to the heat generation in the tumor. The tissue temperature rises to 52 ºC for 

a heating time of 1 min, or the instantaneous tissue temperature exceeds 54 ºC, the cell 

will be killed immediately (Dong et al., 1998; Goldberg et al., 2000; Whelan et al. 2005; 

Prakash et al., 2008; Prakash et al., 2012; Wu et al., 2013). The goal of this treat tissue 

by the microwave heating and without damaging it to the surrounding tissue. 

Furthermore, MWA has many advantages and powerful treatment techniques compared 

with conventional treatment for localized liver cancer treatment. However, MWA 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. 

MWA is a popular treatment technique for primary and metastatic liver 

tumors (Liu et al., 2010; Xu et al., 2010; Ren et al., 2011), and has advantages over the 

other thermal ablation (such as radiofrequency ablation (RFA)) (Carrafiello et al., 2008; 

Brace, 2009; Li et al., 2011;). It could not apply to human liver beings due to be 

unethical. Many researchers have been experimenting with animals (Strickland et al., 

2002; Hines-Peralta et al., 2006; Wu et al., 2013; Saccomandi et al., 2015; Lopresto et 

al., 2017; Marcelin et al., 2018;).  However, these experimental studies had limitations 
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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 

(Pennes, 1948).  

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 (Okajima et al., 2009; Phasukkit et al., 2009; Liangruksa et al., 2011). Although 

the Pennes bioheat model is widespread and has been applied in several studies, this 

model requires many assumptions and may limit their application (Keangin & 

Rattanadecho, 2013). 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.  

Wulff 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 heat convection in any direction (Klinger, 1974; 

Wulff, 1974). In 2007, Yang et al. developed a modified bioheat model for prediction 

temperature profiles during MWA in a high temperature state (Yang et al., 2007). After 

that, Keangin et al. developed the numerical model of liver cancer treatment with 

MWA, which included thermal deformation analysis during the treatment process 

(Keangin et al., 2011). In 2016, Wu et al. proposed the model of MWA in liver tissue 

with the multi-frequency (Wu et al., 2016).  

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 (Mahjoob & Vafai, 

2009). Therefore, the biological tissue could assume a porous structure (Roetzel & 

Xuan, 1998; Nakayama & Kuwahara, 2008). Thus, the porous media theory can be 
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applied in biological tissue (Rattanadecho & Keangin, 2013). 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 (Mahjoob & 

Vafai, 2009). The advantages of utilizing a porous media model in biological tissue has 

few assumptions as compared to different established bioheat transfer models (Mahjoob 

& Vafai, 2009).  

In 2013, the liver cancer with MWA treatment model based on the porous 

media approach was proposed by Rattanadecho & Keangin (Rattanadecho & Keangin, 

2013). This work was the first study of heat transfer and blood flow in the two-layered 

porous liver during MWA 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 (Keangin et al., 

2013). After that, Keangin and Rattanadecho developed the porous liver cancer model 

during MWA 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 microwave power during MWA treatment (Keangin & Rattanadecho, 

2013).   

Although the performancing comparative of the predicted thermal models 

during the MWA 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 MWA 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 
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implemented 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 by MWA with microwave 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. (Yang et al., 2007). In 

finally, this study presented suitable models for prediction temperature profiles during 

MWA treatment for various conditions. The fundamental understanding of models 

could be a guideline for effective treatment. 

 

5.2 Modeling and formulation 

 

The anatomic structure of the model consists of the liver tissue domain and 

the microwave 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 microwave 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 MWA based on 

the LTE porous model. Furthermore, this study investigated the performancing 

comparative of the heating models implemented of the liver cancer treatment with 

MWA on the heat transfer. 
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5.2.1 Problem description 

MWA is a type of thermal ablation. This technique is using the 

microwave frequency induced external heat in a specific area. The microwave 

frequency is transmitted by using a microwave antenna, in which the microwave coaxial 

antenna (MCA) is used extensively (Rattanadecho & Keangin, 2013). This study was 

developed the numerical model of liver cancer treatment with MWA by using a single-

slot MCA transmitting the microwave 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 (Keangin & Rattanadecho, 2013). 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 microwave antenna operated at the power of 10 W and 

frequency of 2.45 GHz, which is used for MWA treatment. The dimension and 

properties of single-slot MCA are shown in Table 5.1. The goal of this treatment treated 

liver by microwave heating and without damaged to the surrounding tissue. 

 

Table 5.1 Dimensions and dielectric properties of single slot MCA (Keangin et al., 2011) 

Material 
Dimensions  

(mm) 

Dielectric properties  

Relative 

permittivity, r 

Electric 

conductivity, 

el (S/m) 

Relative 

permeability, r 

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 

 

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 
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mm. All domains are considered as an axisymmetric model, which the geometry of 

porous liver cancer, as shown in Fig. 5.1(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 MWA 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 (Keangin 

et al., 2011; Keangin & Rattanadecho, 2013; Shao et al., 2017, Koksungnoen et al., 

2018), as shown in Table 5.2. 

 

Table 5.2 The dielectric and thermal properties of the tissue (Keangin & Rattanadecho, 2013; 

Koksungnoen et al., 2018) 

 

properties Normal Tissue  Tumor Blood 

Relative permittivity, r 43 48.16 58.3 

Electric conductivity, el (S/m) 1.69 2.096 2.54 

Density,  (kg/m3) 1030 1040 1058 

Thermal conductivity, kth(W/mºC) 0.497 0.57 0.45 

Specific heat capacity Cp (J/kg ºC) 3,600 3,960 3,960 

 

 

5.2.2 Equations of electromagnetic wave propagation analysis 

The electromagnetic wave propagation was considered in all 

domains. The governing equations and boundary conditions of electromagnetic wave 

propagation were applied for all models. 
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Fig. 5.1 The physical domain and boundary conditions of porous liver cancer model 

with MWA; (a) The physical domain, (b) The boundary conditions 
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5.2.2.1 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 assumptions are 

made. 

1. The electromagnetic wave propagation considered in the 2-D axisymmetric 

model on r-z coordinates. 

2. The electromagnetic wave propagation in the MCA is characterized by 

transverse electromagnetic fields (TEM) (Bertram et al., 2006)  

3. The electromagnetic wave propagation is characterized by transverse magnetic 

fields (TM). (Bertram et al., 2006)  

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

The propagation of the electromagnetic wave in the antenna is 

by a transverse electromagnetic field (TEM) (Keangin et al., 2011) that given as: 

 

Electric field (𝐸⃑ )   𝐸⃑ = 𝑒𝑟
𝐶

𝑟
𝑒𝑗(𝜔𝑡−𝑘𝑧)   (5-1) 

 

Magnetic field (𝐻⃑⃑ )   𝐻⃑⃑ = e⃗⃑𝜑
𝐶

𝑟𝑍
𝑒𝑗(𝜔𝑡−𝑘𝑧)   (5-2) 

 

where 𝐸⃑  is the electric field intensity (V/m), 𝐻⃑⃑  is the magnetic field in intensity (A/m), 

r,, and z are cylindrical coordinates centered on the axis of the coaxial cable. C =

√
ZPin

π⋅ln(router/rinner)
 is the arbitrary constant, Z is the wave impedance (Ω), Pin is the 

microwave power input (W), router is the dielectric outer radius (m), rinner is the dielectric 

inner radius (m), f is the frequency (Hz), ω = 2πf is the angular frequency (rad/s), k is 

the wave propagation constant (m-1), which relates to the wavelength (λ) in medium: 

k =
2π

λ
. 

 

Furthermore, the propagation of the electromagnetic wave in 

the biological tissue is by a transverse magnetic field (TM) as described by the 

following equation: 
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𝛻 × ((
1

𝜀𝑟
−

𝑗𝜎𝑒𝑙

𝜔𝜀0
)
−1

𝛻 × 𝐻⃑⃑ 𝜃) − 𝜇𝑟𝑘0
2𝐻⃑⃑ 𝜃 = 0   (5-3) 

 

where 𝐻⃑⃑ 𝜃 is magnetic field intensity (A/m), 𝜇𝑟  is relative permeability, 𝜀𝑟  is relative 

permittivity, 𝜀0 = 8.8542 × 10−12  F/m is permittivity of free space, σel  is electric 

conductivity (S/m), k0 is the free space wavenumber (m-1), and ω = 2πf is the angular 

frequency (rad/s). 

The interaction of an electromagnetic wave with biological 

tissue can be defined in terms of the 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 microwave 

power absorption deposited per unit mass in tissue (W/kg) (Rattanadecho & Keangin, 

2013). The SAR is given by: 

 

SAR =
σel

2ρ
∣ 𝐸⃑ ∣      (5-4) 

 

where σel is the electrical conductivity (S/m), ρ is the tissue density 

(kg/m3), and 𝐸⃑  is the electric field intensity (V/m).  

 

5.2.2.2 Boundary conditions of electromagnetic wave propagation 

analysis 

The boundary conditions of electromagnetic wave propagation 

were adapted for all cases. The EM boundary conditions of the porous liver show in 

Fig. 5.1(b), and the following conditions are made: 

 

1. The outside of the computation domain is considered as a scattering boundary 

condition to eliminate the reflections: 

 

n̂ × √ϵ𝐸⃑ − √μ
el
𝐻⃑⃑ θ = 2√μ

el
𝐻⃑⃑ θ0    (5-5) 
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2. The interfaces between different mediums are considered as a continuity 

boundary condition: 

 

n̂ × (𝐻⃑⃑ 1 − 𝐻⃑⃑ 2) = 0     (5-6) 

 

3. The boundary conditions of the inner and outer conductor of MCA as the 

perfect electric conductor (PEC) boundary conditions: 

 

n̂ × 𝐸⃑ = 0      (5-7) 

 

4. The port boundary condition is applied at the inlet of MCA with the 

microwave power level set to 10 W. 

5. The electrical symmetry boundary condition is applied at r =0: 

 

𝐸⃑ 𝑟 = 0      (5-8a) 

𝜕𝐸⃑ 𝑧

𝜕𝑟
= 0     (5-8b) 

 

5.2.3 Equations of heat transfer and blood flow analysis 

In this study, the liver cancer model during MWA treatment was 

compared and applied by three heating models: the bioheat model, the porous model 

with constant velocity, and the Darcy-Brinkman porous model.   

 

5.2.3.1 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: 

1. Heat transfer, as well as heat convection, are considered in the 2-D 

axisymmetric model on r-z coordinates. 
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2. 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. 

3. The LTE heat transfer between solid and blood phases is considered. 

4. The blood perfusion rate term is assumed to be constant for all cases. 

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

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

analysis. 

7. The chemical reactions and phase changes are ignored. 

8. The porosities and thermal properties of the porous liver are assumed to be 

constant and uniformed.  

9. 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:  

 

(𝜌𝐶𝑝)𝑒𝑓𝑓
𝜕𝑇

𝜕𝑡
+ 𝜌𝑏𝐶𝑝,𝑏𝑢 ⋅ 𝛻𝑇 = 𝑘𝑡ℎ,𝑒𝑓𝑓𝛻

2𝑇 + 𝜌𝑏𝐶𝑝,𝑏𝜔𝑏(𝑇𝑏 − 𝑇) + 𝑄𝑚𝑒𝑡 + 𝑄𝑒𝑥𝑡 (5-9a) 

 

(𝜌𝐶𝑝)𝑒𝑓𝑓 = (1 − 𝜙)(𝜌𝐶𝑝)𝑠 + 𝜙(𝜌𝐶𝑝)𝑏   (5-9b) 

 

𝑘𝑡ℎ,𝑒𝑓𝑓 = (1 − 𝜙)𝑘𝑡ℎ,𝑠 + 𝜙𝑘𝑡ℎ,𝑏    (5-9c) 

 

where, the subscription 𝑒𝑓𝑓 , 𝑠 , th and 𝑏  represent the effective value, solid phase, 

thermal and blood phase, respectively. 𝜙  is the porosity (volume fraction of the 

vascular space), 𝜌 is the tissue density (healthy liver tissue or tumor) (kg/m3) , 𝐶𝑝 is the 

specific heat capacity (J/kg ºC), 𝑇 is the temperature of tissue (ºC), 𝑘𝑡ℎ is the thermal 

conductivity (W/mºC), 𝜌𝑏  is the blood density (kg/m3), 𝜔𝑏 is the blood perfusion rate 
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(1/s), 𝑄𝑚𝑒𝑡  is the metabolism heat source (𝑄𝑚𝑒𝑡 = 33,800 W/m3) (Rabin & Shitzer, 

1998) and 𝑄𝑒𝑥𝑡 is the external heat source term (W/m3). The external heat source term 

is converted from SAR distribution, which is defined as: 

 

Qext =
σel|𝐸⃑ |

2

2
= ρ ⋅ SAR     (5-10) 

 

where, the parameters are corresponding with Eq. (5-4). 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 10-3 1/s, while the blood perfusion rate of tumor 

is 2.12 x 10-3 1/s (Shao et al., 2017; Jain & Ward-Hartley, 1984). 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 (Brinkman, 1949), 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 (Rattanadecho & Keangin, 

2013): 

 

Continuity equation 

 

𝜌𝛻 ⋅ (𝑉⃑ ) = 0      (5-11) 

 

Momentum equation 

 

𝜌𝑏
𝜕𝑉⃑⃑ 

𝜕𝑡
= ቆ−𝑃𝐼 +

𝜇

𝜙
(𝛻𝑉⃑ + (𝛻𝑉⃑ )𝜏)ቇ −

𝜇𝑉⃑⃑ 

𝜅
+ 𝐹   (5-12) 
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where 𝑉⃑  is the blood velocity vector (m/s), 𝑃 is the pressure in porous liver (Pa), 𝜇 =

0.003 Pa/s is the viscosity of blood (Nabaei & Karimi, 2018), 𝐹 = 𝑔𝛽(𝑇 − 𝑇𝑖) is the 

body force that applied the buoyancy term, 𝛽 = 1 × 10−4 1/K is the coefficient of 

thermal expansion, 𝑇𝑖 is the reference temperature (ºC), which is considered as the 

initial temperature of model, and 𝜅 is the permeability (m2), which can be expressed  by 

the following (Nield & Bejan,  2006; Vafai, 1984): 

 

𝜅 =
𝜙3𝑑𝑝

2

175(1−𝜙)2
      (5-13) 

 

where 𝑑𝑝 = 1 × 10−4
 m2 is the diameter of tissue cells. The inertial effect of blood 

flow was relatively low, which was neglected (Rattanadecho & Keangin, 2013).  

 In order to implement the porous model with constant velocity in the porous 

liver model, the governing equation is Eq. (5-9) but ignore the Eq. (5-11)-(5-12) 

(Keangin & Rattanadech, 2013). 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 

(Wessapan & Rattanadecho, 2018, Wongchadakul et al., 2018). The equation is given 

by: 

 

𝜌𝑠𝐶𝑝,𝑠
𝜕𝑇

𝜕𝑡
= 𝑘𝑡ℎ,𝑠𝛻

2𝑇 + 𝜌𝑏𝐶𝑝,𝑏𝜔𝑏(𝑇𝑏 − 𝑇) + 𝑄𝑚𝑒𝑡 + 𝑄𝑒𝑥𝑡   (5-14) 

This theory can be recalled in the chapter 3. 

5.2.3.2 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. 5.1(b), and to following conditions are made: 
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1. The top, right, and bottom sides of the liver domain is assumed to be constant 

the core body temperature for the bioheat and porous models, as shown in Eq. 

(5-15a). Furthermore, the top, right, and bottom sides of the porous models are 

assumed to be open boundary conditions, as shown in Eq. (5-15b). 

 

𝑇 = 37∘C     (15a) 

 

𝑛
෡

⋅ ቆ−𝑃𝐼 +
𝜇

𝜙
(𝛻𝑉⃑ + (𝛻𝑉⃑ )𝜏)ቇ = −𝐹0 ⋅ 𝑛̂   (15b) 

 

2. 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 Eq. (5-16a) - (5-16d). 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 Eq. (5-16a) - (5-16b). 

 

𝑛
෡

⋅ (𝑘1𝛻𝑇1 − 𝑘2𝛻𝑇2) = 0    (5-16a) 

 

𝑇1 = 𝑇2     (5-16b) 

 

𝑉⃑ 1 = 𝑉⃑ 2     (5-16c) 

 

𝑃1 = 𝑃2     (5-16d) 
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3. 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. 

 

𝑛
෡

⋅ (𝑘𝛻𝑇) = 0      (5-17a) 

 

𝑛
෡

⋅ 𝑉⃑ = 0      (5-17b) 

 

𝑛
෡

⋅ ቆ−𝑃𝐼 +
𝜇

𝜙
(𝛻𝑉⃑ + (𝛻𝑉⃑ )𝜏)ቇ = 0    (5-17c) 

 

4. The thermal symmetry boundary conditions are applied r=0 for all models and 

including the symmetry of flow boundary conditions for only the porous 

models. 

 

𝑛̂ ⋅ (𝑘𝛻𝑇) = 0     (5-18a) 

 

𝑛
෡

⋅ 𝑉⃑ = 0     (5-18b) 

 

𝑛
෡

⋅ ቆ−𝑃𝐼 +
𝜇

𝜙
(𝛻𝑉⃑ + (𝛻𝑉⃑ )𝜏)ቇ = 0   (5-18c) 
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5.2.4 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 ºC, while 

the initial velocity is set of 0 m/s. 

 

5.3 Calculation procedure 

 

This study developed the numerical of liver cancer model with MWA based 

on the LTE porous media model. The numerical models are solved by the FEM to 

analyze a 2D axisymmetric transient problem. The electromagnetic 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 MWA: 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 discretized 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 1x10-4 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, approximately 41,720 elements, was mesh independent. 

Increasing the number of elements past this point did not lead to significantly different 

computational results, as shown in Fig. 5.2. All simulations are computed with 2D 

symmetry FEM analysis by using COMSOLTM Multiphysics. 
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Fig. 5.2 Grid independence test 

 

5.4 Results and Discussion 

 

5.4.1 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. (Yang et al., 2007) for the MWA of the bovine liver under the same testing 

conditions. In the validation model, the microwave 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 (Yang et al., 2007) are shown in Fig. 5.3, 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 

5.3. The simulation results are clearly in good agreement with the experimental results. 

This gives confidence in the accuracy of the presented numerical models. 

 

Table 5.3 Comparisons of RMSE of the liver tissue temperature between the presented 

model and Yang et al. (Yang et al., 2007; Keangin et al., 2011) 
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Position  

(mm) 

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

Presented study 

(Brinkman) 

Yang et al.  

(simulation model) 

4.5  3.95 11.03 (Keangin et al., 2011) 

9.5  3.50 5.57 (Keangin et al., 2011) 

 

 

Fig. 5.3 The validation results of the calculated tissue temperature to the tissue 

temperature obtained by Yang et al. (Yang et al., 2007). 
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Fig. 5.4 The temperature distribution and velocity vector of the difference liver cancer 

models with MWA for a heating time of 1, 3, and 5 min, the microwave power of 10 

W, and microwave frequency of 2.45 GHz. 
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5.4.2 The comparative of the performance of thermal models 

In this section, the MWA technique is used to treat in the liver cancer 

with microwave 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 

electromagnetic 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 electromagnetic wave propagation 

analysis based on the same governing equations and conditions. Thus, the 

electromagnetic wave propagation with the bioheat model, the porous model with 

constant velocity, and the Darcy-Brinkman porous model was identical. Fig. 5.4 shows 

the 2D-plot temperature and blood velocity vector of the bioheat model, the porous 

model with constant velocity, 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. 5.4 shows the maximum temperature of the three 

heating models, and they were different. The maximum temperature of the bioheat 

model was 73.12 ºC, 93.28 ºC, and 100.56 ºC for the heating time of 1 min, 3 min, and 

5 min, respectively (shown in Figs. 5.4(a), 5.4(d), and 5.4(g)). The maximum 

temperature of the porous model with constant velocity was 78.84 ºC, 99.33 ºC, and 

106.56 ºC (shown in Figs. 5.4(b), 5.4(e), and 5.4(h)). The maximum temperature of the 

Darcy-Brinkman porous model was 77.02 ºC, 99.12 ºC, and 107.18 ºC (shown in Figs. 

5.4(c), 5.4(f), and 5.4(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 temperature 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 
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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. 

 

 

Fig. 5.5 The SAR distribution of the difference liver cancer models at the insertion 

depth line with microwave power of 10 W, and frequency of 2.45 GHz. 

 

In this study, the microwave propagation in the liver tissue (i.e., 

healthy tissue and tumor) is considered axisymmetric propagation and the 

characterization with TM mode. When the microwave penetration in the tissue, the 

microwave 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 
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the first mechanism for this treatment. Therefore, electromagnetic wave propagation 

has to investigate. Fig. 5.5 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. 5.6 is 

a similar trend with the SAR distribution, but the temperature between each models is 

different, especially in the hot spot zone. 

 

 

Fig. 5.6 The temperature distribution of the difference liver cancer models at the 

insertion depth line with microwave power of 10 W, and frequency of 2.45 GHz. 

 

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. 5.6. Fig. 5.6 

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 
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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. 5.4. 

 

 

Fig. 5.7 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 microwave power of 

10 W, and frequency of 2.45 GHz. 

 

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. 5.7. 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. 5.7 

shows the temperature distribution of the liver cancer model at the monitoring points 

with a heating time of 1, 3, 5 min. The temperature of the left-hand side was higher than 
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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 Fig. 5.4-5.6.  

 

 

Fig. 5.8 The percentage of the damaged area in the difference liver cancer models 

with the microwave power of 10 W and the microwave frequency of 2.45 GHz. 

 

Fig. 5.8 shows the percentage of the damaged area of the models. The 

damaged area of the liver cancer model with the MWA was calculated by integrating 

the area, in which the temperature of the area increases over 52 ºC. 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 
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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). 

 

 

Fig. 5.9 The RMSE of the comparative temperatures with the different thermal 

models implemented in the liver cancer model with MWA for the microwave power 

of 10 W and the microwave frequency of 2.45 GHz 

 

The Root Mean Square Error (RMSE) of the temperature difference 

between the bioheat model, the porous model with constant velocity, and the Darcy-
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Brinkman porous model shows in Fig. 5.9 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 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 temperature 

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. 

 

5.5 Conclusion 

 

This work presents the numerical study of the heat transfer as well as the 

heat convection coupled with the electromagnetic wave propagation in the porous liver 

cancer model. The performancing comparative of the predicted thermal models during 

the MWA process using a slot antenna with microwave power of 10 W and frequency 
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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. (Yang et al., 2007), as shown in Fig. 5.2. 

Key findings that occurred from this study: 

1. The heating models have affected on temperature prediction in liver cancer 

model with MWA. 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. 

2. 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. 

3. 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. 

4. 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 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 MWA 

technique, especially in the high temperature areas and the highest microwave 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 
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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 microwave energy. 
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CHAPTER 6 

OVERALL CONCLUSIONS AND RECOMMENDATIONS FOR 

FUTURE WORK 

 

Nowadays, cancer is a threat to humans. According to facts, cancer is the 

human cause of death more than any crime and any pandemics. Besides, approximately 

70% of human deaths from cancer occur in low- and middle-income countries, and 

Thailand is one of those countries. In dealing with cancer, It is urgent and cannot wait. 

Preventing cancer risk and including early detection of cancer is necessary for the 

healthcare system. However, cancer treatment is the most important factor for dealing 

with cancer. Surgery, surgery, chemotherapy, and radiation are conventional 

treatments, which the first options for cancer treatment. These treatments are limited 

and side effects on specific patients. Therefore, alternative treatment is introduced, and 

nowadays, the microwave ablation (MWA) treatment is one of the treatments that is 

extensively gaining attention. 

Microwave ablation (MWA) is a minimally invasive cancer treatment 

method that induces thermal injury into the tumor by using microwave energy. The 

microwave energy is created at the generator and transmitted by the microwave antenna 

to the local cancer area or tumor. The microwave would be absorbed and converted to 

the local heat generation in this area that causes of local temperature is increased. When 

the tissue temperature exceeded the lethal temperature, the cancer cell will be 

destroyed. The benefits of MWA are rapid treatment, effective treatment in a specific 

area, a short recovery period, less postoperative pain, and fewer complications. 

Although MWA has an effective treatment method and many advantages compared 

with conventional treatment for localized liver cancer, MWA has dangerous when used 

incorrect conditions during treatment, such as the heat spread over the boundaries of 

the tumor area. Therefore, the studies of correct conditions and pre-treatment simulation 

are necessary. 

Although MWA was an interesting and effective treatment method, the 

experimental and study in the humans liver could not be studied because it was due to 

humanity and the risk of unethical. Some group researchers have been experimenting 
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with animals, but not enough. The phenomenon of heat and electromagnetic wave 

dissipation in animal organs cannot imply to realistic human organs. 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. The MWA studies are 

focused on the heat transfer and SAR distribution in the biological tissue, The MWA 

studies focus on the heat transfer and SAR distribution phenomenon in the biological 

tissue during treatment because it indicates treatment effectiveness. Although there are 

some studies investigated the heat transfer and SAR distribution phenomenon in the 

biological tissue during MWA treatment process,  

Although MWA was an interesting and effective treatment method, the 

experimental and study in the humans liver could not be studied because it was due to 

humanity and the risk of unethical. Some group researchers have been experimenting 

with animals, but not enough. The phenomenon of heat and electromagnetic wave 

dissipation in animal organs cannot imply to realistic human organs. The numerical 

modeling was developed for this shortcoming. The MWA studies focused on the heat 

transfer and SAR distribution phenomenon in the biological tissue during treatment 

because it indicated treatment effectiveness. Although some studies investigated the 

heat transfer and SAR distribution phenomenon in the biological tissue during the 

MWA treatment process with systematic investigations, these studies were considered 

based on the two-dimensional (2D) assumptions that do not cover specific situations. 

The treatment area near the large vessel is one of the various situations that cannot apply 

the 2D assumption. Furthermore, comparative studies of the predicted heating models 

implemented to liver cancer during the MWA process with the systematic investigation 

were not demonstrated. 

This dissertation presented the numerical analysis of specific absorption 

rate and heat transfer in liver cancer during the MWA treatment process using the 

coaxial slot antenna. This dissertation focused on the treatment area near the large blood 

vessel, which area has to consider with the three-dimensional (3D) assumption. 

Besides, the effect of the locality of the large blood vessel on specific absorption rate 

and heat transfer is investigated systematically. Moreover, the comparison of the 

predicted heating models implemented to liver cancer during MWA was investigated 

on the heat transfer and specific absorption rate distribution. For the numerical 
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simulation accuracy, the simulation results were validated with the experimental results 

of the literature. Furthermore, the damaged tissue by thermal injury was presented in 

this study. 

Moreover, the detailed study in this dissertation can separate into two major 

categories as follows: 

1. 3D numerical analysis of focused microwave ablation for the treatment of 

patients with localized liver cancer embedded with a vertical and horizontal 

blood vessel (Chapter 4) 

2.  The comparative of the performance for predicted thermal models during the 

microwave ablation process using a slot antenna (Chapter 5) 

The overall conclusions of electromagnetic wave propagation and heat 

transfer in liver cancer during the MWA treatment process can be summarized as 

follows: 

1) SAR distribution in liver cancer during the MWA treatment process is 

not annoyed by a large blood vessel near the treatment area. The intensity of SAR 

dissipates in the area around the slot and decreases with distance away from the slot. 

The SAR of the model with the vertical vessel and the horizontal vessel is similarly 

distributed. Thus, the large blood vessel near the treatment area cannot affect SAR 

distribution in liver cancer during the MWA treatment process, especially SAR 

distribution in the tumor area. 

2) Temperature distribution in liver cancer during the MWA treatment 

process is affected by a large blood vessel near the treatment area. The maximum 

temperature is found at the area close to the slot. The hot spot zone appears at the slot 

area, and the temperature decreased with distance away from the slot. The SAR 

intensity and high temperature were similar to the water of the droplet. However, the 

temperature of liver cancer near a large blood vessel during the MWA process is not 

symmetrical distribution. This result indicates the shortcomings of the 2D assumption 

for describing the heat transfer in liver cancer near a large vessel during the MWA 

treatment process. Furthermore, the temperature distribution in the model with the 

horizontal vessel is higher than the model with the vertical vessel because of SAR and 

temperature distributions when treatment with slot coaxial antenna. 
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3) The damaged tissue distribution in liver cancer during the MWA 

treatment process is affected by a large blood vessel near the treatment area and 

correspondence with the temperature distribution. The lethally damaged tissue fraction 

appears at the slot area, damaged tissue decrease with distance away from the slot. The 

damaged tissue distribution is asymmetrically distributed, corresponding with the 

temperature distribution in the same case. To determine the amount of damaged tissue, 

we found that the damaged tissue of the model with a horizontal vessel was higher than 

the model with a vertical vessel. However, the damaged tissue in this study is affected 

by only thermal injury consideration. 

4) The comparative heat transfer in liver cancer during the MWA treatment 

process with three heating models is investigated. The heating models have affected to 

temperature prediction in liver cancer during the MWA treatment process, especially 

in the area of high temperature. In this area, The Darcy-Brinkman porous model has a 

flexible use 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. However, 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. 

5)  The liver cancer based on the Darcy-Brinkman porous model during the 

MWA process demonstrates that the difference in heat transfer mechanism in liver 

cancer varies with treatment duration. In the early state of the MWA process, heat 

transfer was influenced by heat conduction. After that, the heat convection of the Darcy-

Brinkman porous model has become stronger. The heat transfer after the initial state is 

combined between heat conduction and heat convection. Thus, the heat transfer 

phenomenon in liver cancer during MWA treatment should be considered by the 

heating model to take into account blood direction such as a bioheat model based on 

the porous media approach. 

This dissertation suggested the Darcy-Brinkman porous media model for 

predicting the temperature distribution in liver cancer during the MWA process. This 

model has a flexible use than the porous model with constant velocity and the bioheat 

model. Furthermore, the treatment area nearby the large blood vessel flow should avoid 

the vertical blood vessel than the horizontal blood because the vertical blood vessel 

Ref. code: 25635810360015ZVI



 

 

114 

affected the temperature distribution in the treatment area than the horizontal blood 

vessel.  

Finally, this dissertation study presented the numerical study of the SAR, 

heat transfer, and damaged tissue distribution in liver cancer during the MWA treatment 

process with a coaxial slot antenna. It is shown that the mathematical model of liver 

cancer with MWA treatment is presented, and the model can use to successfully explain 

the transport phenomena within liver cancer in specific conditions. Furthermore, the 

obtained values represent the accurate phenomena to determine the liver tissue's 

temperature distribution due to microwave energy from the MWA treatment and the 

effect of the large blood vessel near the treatment area. The presence of SAR and heat 

transfer phenomena during MWA treatment in a specific area may benefit and 

guidelines for practice treatment with MWA. 

This study concluded the effect of blood locality on the heat transfer in liver 

cancer during MWA treatment based on 3D assumption. However, during MWA 

treatment near the large vessel, liver cancer was not considered the distancing of blood 

vessel location. Furthermore, the dielectric properties are not indicated as a function of 

frequency and temperature, which may affect the simulation results' accuracy. Thus, 

many ideas for additional study in cancer treatment with MWA in the biological tissue 

and medical applications of electromagnetic energy are suggested in future work. 
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APPENDIX A 

ADDITIONAL SIMULATION RESULTS FOR OF FOCUSED 

MiCROWAVE ABLATION FOR THE TREATMENT OF 

PATIENTS WITH LOCALIZED LIVER CANCER EMBEDDED 

WITH A VERTICAL AND HORIZONTAL BLOOD VESSEL 

 

The SAR distribution on the cross-section planes between model with vertical 

vessel and horizontal vessel, (a) the model with vertical vessel, (b) the model with 

horizontal vessel. 

 

The SAR distribution on the XY plane of the model with vertical vessel, (a) the 

plane at Z of 10 mm, (b) the plane at Z of 0 mm, (c) the plane at Z of -10 mm.  
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The SAR distribution on the XY plane of the model with horizontal vessel, (a) 

the plane at Z of 10 mm, (b) the plane at Z of 0 mm, (c) the plane at Z of -10 mm.  

 

The SAR distribution on the XZ plane of the model with vertical vessel, (a) the 

plane at Z of 10 mm, (b) the plane at Z of 0 mm, (c) the plane at Z of -10 mm.  

 

 

The SAR distribution on the XZ plane of the model with horizontal vessel, (a) 

the plane at Z of 10 mm, (b) the plane at Z of 0 mm, (c) the plane at Z of -10 mm.  
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The temperature distribution on the cross-section planes between model with 

vertical vessel and horizontal vessel, (a) the model with vertical vessel, (b) the model 

with horizontal vessel. 

 

 

The temperature distribution on the XY plane of the model with vertical vessel, 

(a) the plane at Z of 10 mm, (b) the plane at Z of 0 mm, (c) the plane at Z of -10 mm.  
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The temperature distribution on the XY plane of the model with horizontal 

vessel, (a) the plane at Z of 10 mm, (b) the plane at Z of 0 mm, (c) the plane at Z of -10 

mm. 

 

The temperature distribution on the XZ plane of the model with vertical vessel, 

(a) the plane at Z of 10 mm, (b) the plane at Z of 0 mm, (c) the plane at Z of -10 mm.  
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The temperature distribution on the XZ plane of the model with horizontal 

vessel, (a) the plane at Z of 10 mm, (b) the plane at Z of 0 mm, (c) the plane at Z of -10 

mm.  

 

 

The fraction of necrotic tissue distribution on the cross-section planes between 

model with vertical vessel and horizontal vessel, (a) the model with vertical vessel, (b) 

the model with horizontal vessel. 
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The fraction of necrotic tissue distribution on the XY plane of the model with 

vertical vessel, (a) the plane at Z of 10 mm, (b) the plane at Z of 0 mm, (c) the plane at 

Z of -10 mm.  

 

The fraction of necrotic tissue distribution on the XY plane of the model with 

horizontal vessel, (a) the plane at Z of 10 mm, (b) the plane at Z of 0 mm, (c) the plane 

at Z of -10 mm.  
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The fraction of necrotic tissue distribution on the XZ plane of the model with 

vertical vessel, (a) the plane at Z of 10 mm, (b) the plane at Z of 0 mm, (c) the plane at 

Z of -10 mm.  
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The fraction of necrotic tissue distribution on the XZ plane of the model with 

horizontal vessel, (a) the plane at Z of 10 mm, (b) the plane at Z of 0 mm, (c) the plane 

at Z of -10 mm.  
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