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a b s t r a c t

Microwave ablation (MWA) is a process that uses the heat from microwave energy to kill cancer cells
without damaging the surrounding tissue. The effectiveness of this technique is related to the tempera-
ture achieved during the process, as well as the input microwave power and heating time of treatment.
The modeling of heat transport within biological tissues are key issues and have been used extensively in
medical thermal therapeutic applications, for instance MWA treatment for predicting the temperature
distribution during process. In this work, the interstitial MWA in porous liver by single slot microwave
coaxial antenna (MCA) is carried out. A mathematical model of MWA of the porous media approach is
proposed, which uses transient energy equation coupled with electromagnetic wave propagation equa-
tion to describe the temperature distribution within porous liver under local thermal non-equilibrium
(LTNE) assumption. The LTNE assumption is taken into account by solving the two energy equations
for tissue and blood phases. The thermal model considers the tissue with its blood vessel distribution
as a porous medium and employs both the interfacial convective heat transfer and blood perfusion rate
terms in the transient energy equations for both tissue and blood phases. The coupled nonlinear set of
these equations is solved using the axisymmetric finite element method (FEM). The influences of blood
velocities, porosities, input microwave powers and positions within the porous liver (distance from a
MCA) on the tissue and blood temperature distributions have been investigated. Furthermore, the tissue
and blood temperatures of LTNE model are compared with the tissue temperature of Pennes model and
Klinger model. Through an accuracy comparison, the temperature results of the one-energy equation
under local thermal equilibrium (LTE) model and Pennes model are compared with the experimental
results from previous work in order to show the validity of the numerical results. The results show that
the LTE assumption is found to be suitable for predicting the temperature distribution when the blood
velocities to be 0.4 cm/s and 2 cm/s in all porosities, whilst, in case of blood velocities to be 3 cm/s
and 3.4 cm/s the LTNE assumption for heat transfer analysis needs to be utilized. In addition, the LTE
model is suitable for predicting a distribution of temperature when the high porosity for this model. This
investigation provides the essential aspects for a fundamental understanding of heat transport within
biological tissues while experiencing an applied electromagnetic field such as applications in the thermal
ablation.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Microwave ablation (MWA) techniques have become a exten-
sive choice for the treatment of cancer, including liver, where the
majority of the patients are not candidates for surgical resection
due to restrictions, such as multifocal disease, tumor size, and posi-
tion of tumor to key vessels. MWA can improve outcomes with few
side effects [1] and also particularly useful when the tumor is lo-
cated in an area that cannot be removed for functional purposes.
The main advantages of MWA technology, when compared with
existing thermal ablation technologies, include consistently higher
intratumoral temperatures, larger tumor ablation volumes and fas-
ter ablation times [2]. In MWA treatments, the un-wanted tissue
will be overheated to a therapeutic value, typically 50 �C to damage
or kill the cancer cells and affect metastases [3]. The effectiveness of
MWA process is related to the temperature achieved during the
process. In order to kill cancer cells without damage to normal tis-
sues, the ability to predict the temperature of the tumor and sur-
rounding tissue is important in MWA. However, before real
experimental cancer therapy, there should be basis numerical sim-
ulation. Therefore, the modeling of MWA in tissue is needed.
The numerical simulation has important roles on the MWA
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Nomenclature

a volumetric transfer area between the blood and the tis-
sue (m2/m3)

Cp specific heat capacity (J/(kg �C))
E
*

electric field (V/m)
f microwave frequency (Hz)
H
*

magnetic field (A/m)
h heat transfer coefficient (W/m2 �C)
k propagation constant (m�1)
K thermal conductivity (W/(m �C))
P input microwave power (W)
Q heat source (W/m3)
r dielectric radius (m)
t time (s)
T temperature (�C)
u blood velocity (cm/s)
Z wave impedance in the dielectric of the coaxial cable

(X)

Greek letters
l magnetic permeability (H/m)
e permittivity (F/m)
r electric conductivity (S/m)

k wave length (m)
- angular frequency (rad/s)
x blood perfusion rate (1/s)
q density (kg/m3)
/ porosity (–)

Subscripts
b blood
eff effective
ext external
inner inner
met metabolic
outer outer
r relative
r,z, and u components of cylindrical coordinates
s solid
t tissue
tb tissue to blood
0 free space, initial condition
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performance prediction in order to demonstrate the relationship
between the microwave power deposited in the tissue and the
resulting tissue status post treatment is highly complex, particu-
larly in organs with high blood perfusion such as the liver. Further-
more, numerical simulation under various conditions can be
studied for effective use in identifying the fundamental parameters
as well as provide guidance for more realistic consideration in
experiments.

In the past, the studies of MWA dealt with homogeneous mate-
rial and focused on heat conduction (using Pennes’s bioheat equa-
tion) within a medium. These models usually need many
assumptions which may limit their applications in reality. Pennes’s
bioheat equation, introduced by Pennes [4] based on the heat dif-
fusion equation, involves thermal conduction in tissue and vascu-
lar system, blood perfusion (through capillary tubes within the
tissues) and also metabolic heat generation. The Pennes’s bioheat
models has been extensively used in many works for analysis of
heat transfer in biological tissues, particularly in thermal ablation
models [5–7]. Due to simplifications and shortcomings of this
model, the Pennes’s bioheat equation assumes the temperature
of the blood within the capillaries equal to the body’s core temper-
ature. This means that all of the heat loss/gain occurs in the capil-
lary bed and there are no losses or gains in the thermal energy of
the blood in the higher order systemic components (large and
intermediate sized vessels or veins) [8]. Therefore, other studies
have investigated new models that substitute, modify the Pennes
model model or coupled Pennes model with other models. For
example, Klinger [9] developed a mathematical procedure which
us to gain an exact analytical solution of the bioheat equation with
convection terms. Yang et al. [10] proposed a new method to study
high temperature tissue ablation using a modified bioheat equa-
tion to include tissue internal water evaporation during heating.
The simulation result of modified bioheat equation is found in
agreement well to the experimental result. After that Keangin
et al. [11] carried out on the numerical simulation of liver cancer
treated using the complete mathematical model considered the
coupled model of bioheat model with electromagnetic wave prop-
agation and mechanical deformation model in liver tissue during
MWA process in the couple way.
In realistic, the biological tissue including cell and microvascu-
lar bed with the blood flow direction contains many vessels,
assuming that the tissue is like a sponge, through which blood
flows and can be regarded as a porous structure [12,13]. Thus,
the study of heat transport in biological tissue should used por-
ous media theory. The advantages of utilizing porous media the-
ory in modeling of heat transfer is a fewer assumptions as
compared to different established bioheat transfer models.
Description of heat transport through porous media has been of
interest for many decades. Two different models are used for
analyzing heat transfer in a porous medium; local thermal equi-
librium (LTE) and local thermal non-equilibrium (LTNE). Most of
the prior works are based on invoking the LTE model based on
the assumption that the tissue phase temperature is equal to
fluid phase temperature everywhere in the porous medium. This
assumption occurs when heat exchange between the tissue and
the blood is efficient, it is a valid assumption in a capillary bed
having many micro vessels (of small diameter) and a large area
of heat transfer [14]. Explanation of the established LTE models
can be found in the literature [15–18]. Alazmi and Vafai [15]
investigated the effect of Darcy number, inertia parameter, Rey-
nolds number, porosity, particle diameter, and the fluid-to-solid
conductivity ratio on the velocity and temperature distributions
within the porous media transport models. Later, Kou et al.
[17] presented the effects of directional blood flow and heating
schemes on the distributions of temperature and thermal dose
during thermal therapy. A modified bioheat transfer equation
based on the porous medium concept on LTE assumption by
using a Green’s function method was proposed to obtain the
temperature distribution and thermal dose. The results showed
that the domain of the thermal lesion might extend to the down-
stream normal tissue when the porosity and the averaged blood
velocity are large. Recently, analyzed of heat transfer and blood
flow on LTE assumption in two-layered porous liver tissue during
MWA using single and double slot antenna was presented by
Rattanadecho and Keangin [18]. The results show that the maxi-
mum specific absorption rate (SAR), temperature and blood
velocity appears in the porous liver when using a single slot
MCA is higher than when using a double slot antenna.
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Fig. 1. Model geometry of a single slot MCA.

48 P. Keangin, P. Rattanadecho / International Journal of Heat and Mass Transfer 67 (2013) 46–60
However, the LTE assumption is not valid for a number of phys-
ical situations such as when the fluid flows at a high speed through
the porous medium [19]. Moreover, this assumption is not consid-
ered the temperature difference between the tissue and blood
phases within the porous media. Which the temperature difference
significantly influence on the heat transfer, especially during ther-
mal ablation treatment. The criterion of LTE assumption during
thermal ablation treatment may be different from that in the nor-
mal situation where metabolic heat source or external heat source
occurs. In such cases, the LTNE assumption for heat transfer anal-
ysis needs to be utilized. This assumption based on heat transfer
is convectively transferred between the two phases, making the
two equations coupled. In recent years, the LTNE model in a porous
medium has received more attention as demonstrated, such as Fan
and Wang [20] developed a general bioheat transport model at
macroscale for biological tissues based on porous media model.
The model shows that both blood and tissue macroscale tempera-
tures satisfy the derived the dual-phase-lag (DPL) energy equa-
tions. In the same year, Afrin et al. [21] presented a model of
thermal lagging in living biological tissue based on LTNE heat
transfer model between tissue, arterial and venous bloods. It was
found that the phase lag times for heat flux and temperature gra-
dient are the identical for the case that the tissue and blood have
the same properties. Moreover, the LTNE model was used exten-
sively in biomaterials during hyperthermia therapy [1,14,22–24].
Mahjoob and Vafai [22] analyzed characterization of heat transport
through biological media incorporating hyperthermia treatment,
utilizing the LTNE model of porous media theory, exact solutions
for the tissue and blood temperature profiles were established.
An equivalent heat transfer coefficient between tissue and blood
in a porous model for simulating a biological tissue in a hyperther-
mia therapy based on the LTNE model was investigated by Yuan
[23]. The results indicate that the equivalent heat transfer coeffi-
cient was not a strong function of the perfusion rate, blood velocity
and heating conditions, but was inversely related to the blood ves-
sel diameter. Next, Belmiloudi [24] analyzed the temperature dis-
tribution in biofluid heat transfer of porous non homogeneous
tissues during thermal therapy based on LTNE model.

However, a few studies concentrated the heat transport of por-
ous medium subjected to electromagnetic fields as in thermal abla-
tion under LTNE model. Therefore, to approach reality, modeling of
heat transport in porous tissue during thermal ablation is must be
cooperating with the modeling of electromagnetic in order to com-
pletely these analysis. In addition, there are various effects related
to the tissue and blood temperature, such as blood velocities,
porosities and input microwave powers in a porous medium that
still not well understood and several pertinent issues remain unre-
solved. The complete mathematical model is useful for the devel-
opment of biomedical technologies especially.

In this study, investigates the transient distribution of tissue
and blood temperatures within porous liver during MWA process
using a single slot microwave coaxial antenna (MCA) based on
LTNE model. Two equations of tissue and blood phases are used
in the current study, to determine the implication of this new mod-
el for practical implementation. Mathematical model of MWA pro-
cess of the porous media approach is proposed, which uses
transient energy equation coupled with electromagnetic wave
propagation equation. The coupled nonlinear set of governing
equations as well as initial and boundary conditions are solved
using the axisymmetric finite element method (FEM) via COM-
SOLTM Multiphysics. The effect of blood velocities, porosities, input
microwave powers and positions within the porous liver (distance
from a MCA) in affecting the tissue and blood temperature distri-
butions are analyzed. In order to verify the accuracy of the pre-
sented mathematical model of MWA, the resulting data of
temperature from LTE model and Pennes model are validated
against the experimental results, obtained by Yang et al. [10]. Fur-
thermore, the tissue and blood temperatures of LTNE model are
compared with the tissue temperature of Pennes model and Klin-
ger model. The analysis from this study serves as essential funda-
ment for the development of mathematic models of heat transfer
for temperature prediction during MWA therapies that can be
modified to present a more accurate temperature distribution
within other biological tissues and can be used as a guideline for
the practical treatment.
2. Problem Description

MWA is a process that uses the heat from microwave energy to
kill cancer cells. The energy from the microwave frequency waves
emitted by the microwave antenna creates heat in the local cancer-
ous tissue cancer without the damaging surrounding tissue. This
study uses a single slot MCA, to transfer microwave power into
the porous liver for the treatment of liver cancer. The single slot
MCA has a diameter of 1.79 mm, the thin antenna is required in
the interstitial treatments because it is a minimally invasive and
capable of delivering a large amount of electromagnetic power. A
ring-shaped slot, 1 mm wide is cut off the outer conductor
5.5 mm in length from the short circuited tip because the effective
heating around the tip of the antenna is very important to the
interstitial heating and because the electric field becomes stronger
near the slot [25]. The single slot MCA is composed of an inner con-
ductor, a dielectric and an outer conductor. The single slot MCA is
enclosed in a catheter (made of polytetrafluorethylene; PTFE), for
hygienic and guidance purposes. Fig. 1 shows the model geometry
of a single slot MCA. The single slot MCA operates at the frequency
of 2.45 GHz, a widely used frequency in MWA, and the various in-
put microwave powers. The goal of MWA is to elevate the temper-
ature of un-wanted tissue (tumor) to 50 �C where cancer cells are
destroyed [3]. Dimensions of a single slot MCA are given in Table 1.
While the dielectric properties of a single slot MCA are given in
Table 2.

In realistic, the structure of a tumor has been found to be differ-
ent from that of normal tissue [26]. The structure of the tumors is
very complicated. Therefore, the structures of tumor and normal
tissue have been assumed to be the same in order to simplify the
physical model to that of a uniform porous medium. In this study,
the porous liver is considered as a cylindrical geometry. It has a
30 mm radius and 80 mm in height and a single slot MCA is in-
serted into the porous liver with 70.5 mm depth [11]. The vertical
axis is oriented along the longitudinal axis of the single slot MCA,
and the horizontal axis is oriented along the radial direction. The
coaxial slot antenna exhibits rotational symmetry around the



Table 1
Dimensions of a single slot MCA.

Materials Dimensions (mm)

Inner conductor 0.135 (radial)
Dielectric 0.335 (radial)
Outer conductor 0.460 (radial)
Catheter 0.895 (radial)
Slot 1.000 (wide)

Table 2
The dielectric properties of a single slot MCA.

Properties Relative
permittivity er

Electric conductivity r
(S/m)

Relative
permeability lr

Dielectric 2.03 0 1
Catheter 2.1 0 1
Slot 1 0 1
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longitudinal axis, therefore an axially symmetric model is consid-
ered in this study, which minimized the computation time while
maintaining good resolution and represents the full three-dimen-
sional result. Fig. 2 shows the axially symmetrical model geometry
for analysis in this study. Three positions of the slot center are con-
sidered at p1 (2.5 mm, 16 mm), p2 (4.5 mm, 16 mm) and p3
(8.5 mm, 16 mm) to determine the tissue and blood temperatures.

In an anatomical view, biological tissues usually consist of three
compartments, namely, blood vessels, cells and interstitial space
[13,22]. The interstitial space can be further divided into the extra-
cellular matrix and the interstitial fluid. However, for sake of sim-
plicity, the biological tissues are divided into two distinctive
regions, namely, the vascular region (blood vessels) and the ex-
tra-vascular region (cells and the interstitial space) and treat the
whole anatomical structure as a blood saturated tissue represented
by a porous medium [22], through which the blood infiltrates. The
vascular region is regarded as a blood phase and extra-vascular re-
gion is regarded as a tissue (solid matrix) phase, as illustrated in
Fig. 2. In this work, the tissue and blood local heat exchange, while
the porous liver subjected to electromagnetic fields as in MWA
process, is addressed and the tissue and blood temperature distri-
butions are established analytically. Fundamental formulations of
the governing equations based on LTNE model between the tissue
Catheter
Outer conductor 
Inner conductor 
Dielectric

Slot

80

30 mm

Porous liver

p1  p2  p3 

z

r

0.895 mm 
0.460 mm 
0.335 mm 
0.135 mm 

Fig. 2. Axially symmetrical model geometry. Three positions of the slot center are con
determine the tissue and blood temperatures.
(solid matrix) phase and blood phases within porous media have
been presented in the literature [14,22,27].

The dielectric properties and thermal properties of the tissue
and blood phases are assumed to be isotropic and constant are
listed in Table 3 according to the study by Wessapan et al. [28]
where the microwave frequency of 2.45 GHz is considered. More-
over, the heat transfer coefficient and blood velocity are assumed
to be constant throughout the calculated domain.

Yuan [14] investigated the temperature and thermal dose re-
sponse of biological tissue during hyperthermia therapy by using
a range of porosities from 0.005 to 0.05. The range of porosities
are corresponds to the capillaries, arterioles, terminal arteries, ter-
minal branches, and tertiary branches. While, the range of porosi-
ties from 0.05 to 0.3 were selected for analyzed the heat transport
through biological media incorporating hyperthermia therapy in
work of Mahjoob and Vafai [22]. Therefore, a range of porosities
from 0.025 to 0.1 are selected for investigating the tissue and blood
temperature distributions within porous liver during MWA in this
study. The relationship between blood velocity, porosity and volu-
metric transfer area between the blood and the tissue are given in
Table 4 [14,29]. The blood velocity and volumetric transfer area are
constant and are relevant to the different generations of the vascu-
lature which taken from the literature [1,29].
3. The formulation of the mathematical model

In this section, an analysis of electromagnetic wave propagation
and heat transfer within the porous liver during MWA process will
be illustrated. The system of governing equations as well as initial
and boundary conditions are solved numerically using the FEM via
COMSOLTM Multiphysics. The relevant boundary conditions are de-
scribed in Fig. 3.
3.1. Equations for electromagnetic wave propagation analysis

This study investigates the transient temperature distribution
within porous liver during MWA process. The microwave energy
applied to the tumor causes water molecules to vibrate and rotate,
resulting in heat to a temperature high enough to cause cell death.
The electromagnetic wave propagation equation is solved for
Tissue (solid phase) 

Blood (Blood phase)  mm 

sidered at p1 (2.5 mm, 16 mm), p2 (4.5 mm, 16 mm) and p3 (8.5 mm, 16 mm) to



Table 3
The thermal properties and dielectric properties of tissue and blood phases from Wessapan et al. [28].

Properties Thermal conductivity K (W/m �C) Density q (kg/m3) Specific heat capacity Cp (J/kg �C) Relative permittivity er Electric conductivity r (S/m)

Tissue phase (t) 0.497 1030 3600 43.00 1.69
Blood phase (b) 0.45 1058 3960 58.30 2.54

Table 4
The relationship between blood velocity, porosity and volumetric transfer area
between the blood and the tissue [14,29].

Porosity (–) Volumetric transfer area between the blood and the tissue
(m2/ m3)

u = 0.4 cm/s u = 2 cm/s u = 3 cm/s u = 3.4 cm/s

/ = 0.025 667 400 200 143
/ = 0.05 1333 800 400 286
/ = 0.1 6667 4000 2000 1429
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microwave energy which is applied to porous liver during process.
From the Fig. 2, this study is based on the following assumptions:

1. Electromagnetic wave propagation is modeled in 2D axially
symmetrical cylindrical coordinates (r-z).

2. An electromagnetic wave, propagating in a MCA, is character-
ized by transverse electromagnetic fields (TEM) [30,31].

3. In the porous liver, an electromagnetic wave is characterized by
transverse magnetic fields (TM) [30,31].

4. The model assumes that the wall of a MCA is a perfect electric
conductor (PEC).

5. The outer surface of the porous liver is truncated by a scattering
boundary condition.

6. The model assumes that dielectric properties of the porous liver
are uniform and constant.

The axisymetric finite element (FE) model used in this study is
adapted from a single slot MCA general model [10,32]. In this mod-
el, the electric and magnetic fields associated with the time-vary-
ing TEM wave are expressed in 2D axially symmetrical
cylindrical coordinates:

Electric fieldðE
*

Þ E
*

¼ er
C
r

ejð-t�kzÞ ð1Þ
Fig. 3. Boundary condition for analysis of electrom
Magnetic fieldðH
*

Þ ¼ e/
C
rZ

ejð-t�kzÞ ð2Þ

where C ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ZP
p: lnðrouter=rinnerÞ

q
is the arbitrary constant, Z is the wave

impedance(X), P is the input microwave power (W), rinner is the
dielectric inner radius (m), router is the dielectric outer radius (m),
- = 2pf is the angular frequency (rad/s), f is the frequency (Hz), k
is the propagation constant (m�1) which relates to the wave length
(k) in the medium (m); k ¼ 2p

k .
In the porous liver, the electric field also has a finite axial com-

ponent, whereas the magnetic field is purely in the azimuth direc-
tion. The electric field is in the radial direction only inside the
coaxial cable and in both radial and the axial direction inside the
tissue. This allows for a single slot MCA to be modeled using an axi-
symmetric TM wave formulation. The wave equation then be-
comes scalar in H

*

/:

r� er �
jr
xe0

� ��1

r� H
*

/

 !
� lrk

2
0H
*

/ ¼ 0 ð3Þ

where e0 = 8.8542 � 10�12 F/m is the permittivity of free space, er is
the relative permittivity, r is the electric conductivity (S/m), lr is
the relative permeability and k0 is the free space wave number
(m�1).
3.1.1. Boundary condition for electromagnetic wave propagation
analysis

Microwave energy is emitted from the MCA slot, which con-
nected to the microwave generator, and propagates through the
MCA into the porous liver from the MCA slot. Therefore, boundary
condition for analyzing electromagnetic wave propagation, as
shown in Fig. 3, is considered as follows:
agnetic wave propagation and heat transfer.



P. Keangin, P. Rattanadecho / International Journal of Heat and Mass Transfer 67 (2013) 46–60 51
At the inlet of the MCA, TM wave propagation with various in-
put microwave powers is considered. An axial symmetry boundary
is applied at r = 0:

E
*

r ¼ 0 ð4Þ

@E
*

z

@r
¼ 0 ð5Þ

The first order scattering boundary conditions for H
*

/ were used
along the outer sides of the porous liver boundaries to prevent
reflection artifacts [11]:

n̂�
ffiffiffi
e
p

E
*

� ffiffiffiffi
l
p

H
*

/ ¼ �2
ffiffiffiffi
l
p

H
*

/0 ð6Þ

where H
*

/0 ¼ C=Zr is the excitation magnetic field.
For simplicity and to eliminate numerical error, the inner and

outer conductors of the MCA are modeled as the PEC boundary
conditions:

n̂� E
*

¼ 0 ð7Þ
3.2. Equations for heat transfer analysis

In analysis of heat transfer, the tissue and blood temperatures
within the porous liver during MWA process are obtained by solv-
ing the two energy equations under LTNE assumption where the
microwave power absorbed is included. The temperature distribu-
tion corresponds to the microwave power absorbed. This is because
when microwave propagates in the porous liver, microwave energy
is absorbed by the porous liver and converted into internal heat
generation which causes the porous liver temperature to rise. To
simplify the problem, the following assumptions are made:

1. Corresponding to electromagnetic wave propagation analysis,
blood flow and heat transfer analysis in the liver is assumed
in 2D axially symmetrical cylindrical coordinates (r–z).

2. The porous liver is considered homogenous, thermally isotropic
and is saturated with a fluid (blood).

3. The blood flow is an incompressible and Newtonian [13,20].
4. There is no phase change occurs within the porous liver, no

energy exchange through the outer surface of the porous liver,
and no chemical reactions occur within the porous liver.

5. The porosities and thermal properties of the porous liver are
assumed to be constant.

The transient temperature distribution within the porous liver
is obtained by solving the energy equations of tissue and blood
phases where the microwave power absorbed and an internal heat
sources (namely metabolic heat source) are included. However, the
metabolic heat source includes only in tissue phase energy equa-
tion [13,22,27]. The governing equations describing the heat trans-
fer phenomenon for tissue and blood phases incorporating with
LTNE conditions can be represented as [27]:

Tissue phase:

ð1� /ÞðqCpÞt
@Tt

@t
¼r � ðKt;effrTtÞ � htbatbðTt � TbÞ �xbCb

� ðTt � TbÞ þ ð1� /ÞQmet þ ð1� /ÞQext;t ð8Þ

Blood phase:

/ðqCpÞb
@Tb

@t
þ u � rTb

� �
¼r � ðKb;effrTbÞ þ htbatbðTt � TbÞ

þxbCbðTt � TbÞ þ /Q ext;b ð9Þ

where

Kt;eff ¼ ð1� /ÞKt ð10Þ
Kb;eff ¼ /Kb ð11Þ

where subscripts eff, t and b represent the effective value, tissue
and blood phase, respectively, T is the temperature averaged (�C), q
is the density (kg/m3), Cp is the specific heat capacity (J/kg �C), K is
the thermal conductivity (W/m �C), / is the porosity which is the
ratio of the blood volume to the total volume (�) [13], u is the
blood phase average velocity (cm/s), x is the blood perfusion rate
(1/s), htb is the blood to tissue interfacial heat transfer coefficient
(W/m2 �C) and atb is thevolumetric transfer area between the blood
and the tissue (m2/m3). The htb depends on the nature of the porous
matrix and the saturating fluid and the value of this coefficient has
been the subject of intense experimental interest. Large 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 [33]. In this study, the blood to tissue interfa-
cial heat transfer coefficient is selected to be 170 W/m2 �C for all
cases [14].

From the Eq. (8), the first, second, third, fourth and fifth terms
on the right-hand side of equation denote heat conduction term,
interstitial convection heat transfer term, blood perfusion term,
metabolic heat source and external heat source (heat generation
by the electric field), respectively. On the other hand, the first
and second terms on the left-hand side of Eq. (9) denotes the tran-
sient term and convection term due to blood flow, respectively.
While, bulk blood flow term appears on the left side of the blood
phase energy equation (Eq. (9)), as part of the total temporal
derivative.

As seen from two energy equations for tissue and blood phases
are coupled by the interstitial convective heat transfer term and
blood perfusion term. The interstitial convective heat transfer
term and blood perfusion term are different processes and should
not be confused [13]. The blood perfusion term is the process of
nutritive delivery of arterial blood to a capillary bed in the biolog-
ical tissue [27]. The temperature of the blood is decreased from Tb

to Tt in the perfusion process and the energy change in this pro-
cess. The blood perfusion term is added in both tissue and blood
phases, accounting for the heat transfer associated with the tran-
scapillary fluid exchange via arterial-venous anastomoses that
was included in Nakayama and Kuwahara [13] and Zhang [27].
In this study, the blood perfusion rate is selected to be
0.0036 1/s for all cases [34]. On the other hand, the interstitial
convective heat transfer term is the process of the temperature
changes as result of convective heat transfer between the blood
and the peripheral tissues. The effects of vascular geometry and
size can also be accounted for by blood to tissue interfacial heat
transfer coefficient (htb) and the volumetric transfer area between
the blood and the tissue (atb).

The metabolic heat source (Qmet) is 33,800 W/m3 [35,36], while
the external heat source (Qext) is equal to the resistive heat gener-
ated by electric field and can be defined as [37]:

Qext ¼
rj E

*

j2

2
ð12Þ

When LTE assumption is maintained, the temperature of the tis-
sue is equal to that of the blood temperature (Tt = Tb = T). Therefore,
the above Eqs. (8) and (9) can be combined into a one equation as
follows:

ðð1� /ÞðqCpÞt þ /ðqCpÞbÞ
@T
@t
þ /ðqCpÞbðu � rTÞ

¼ r � ðð1� /ÞKt þ /KbÞrT þ ð1� /ÞQ met þ Q ext ð13Þ

The Pennes’s bioheat equation which the metabolic heat source
and the external heat source are applied to the tissue can be writ-
ten as [28,31]:
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ðqCpÞt
@Tt

@t
¼ r � ðKtrTtÞ þ ðqCpÞbxbðTb � TtÞ þ Q met þ Q ext ð14Þ

where Tb is the blood temperature and is assumed to be uniform
throughout the tissue, normally taken as body temperature 37 �C
[18]. Eq. (14) is one of the earliest heat transfer equations that de-
scribes the temperature distribution in biological tissue. The blood
perfusion effect is assumed to be homogeneous and isotropic, i.e.,
the effect of directional blood flow cannot be described by the Pen-
nes’s bioheat equation.

The Klinger model with the assumption of quasi-steady state
[1]:

qCp
� �

t

@Tt

@t
þ /ðqCpÞbðu:rTÞ ¼ r � ðKtrTtÞ þ Q met þ Q ext ð15Þ

The main difference between Eq. (14) and Eq. (15) is found in their
convection term due to blood flow, this term in Eq. (15) accounts for
the directional effect of blood flow on the tissue temperature distri-
bution, whilst, that of Eq. (14) acts as a blood perfusion term.

3.2.1. Boundary condition for heat transfer analysis
The heat transfer analysis under LTNE assumption is considered

only in the porous liver, which does not include the MCA. As shown
in Fig. 3, the boundaries of porous liver corresponds to the assump-
tion are considered as follows:

An axial symmetry boundary is applied at r = 0 for the heat
transfer analysis:

n̂ � ðKeff ;trTtÞ ¼ 0 ð16Þ

n̂ � ðKeff ;brTb � ðqCpÞbuTbÞ ¼ 0 ð17Þ

At the outer surface between the MCA and the porous liver is
considered as adiabatic boundary condition. While, the tissue
and the blood temperatures at surroundings of the porous liver
will be the same at fixed temperature at 37 �C

Tt ¼ Tb ¼ 37 �C ð18Þ

The initial temperature of the porous liver is assumed to be
uniform:

Tðt0Þ ¼ 37 �C ð19Þ
4. Numerical simulations

In this study, the FEM is used to analyze the transient problems.
The computational scheme is to assemble axisymmetric FEM mod-
el with suitable time and spatial step size. The coupled model of
electromagnetic wave propagation and heat transfer analysis are
solved by the FEM, to demonstrate the phenomenon that occurs
within the porous liver during MWA. Analysis of heat transfer
can be modeled by solving a conjugate problem containing a tissue
and blood phases. Both initial tissue and blood temperatures are
set to be body temperature 37 �C at the beginning of the ablation.
The computational scheme starts with computing an external heat
source term by running an electromagnetic wave propagation cal-
culation and subsequently solves the time dependent temperature
in the porous liver. All the steps are repeated until the required
heating time is reached.

The description of heat transfer pattern, Eqs. (8)–(11), (13)–(19)
requires specification of tissue temperature (Tt) and blood temper-
ature (Tb). These equations are coupled to the electromagnetic
wave propagation equations Eqs. (1)–(7) and energy equation by
Eq. (12). The time-steps used to solve the system of equations
describing electromagnetic wave propagation and heat transport
are Dt = 2 � 10�12 s and Dt = 0.01 s, respectively.
The axisymmetric FEM model is discretized using triangular
elements with the Lagrange quadratic shape functions. In order
to obtain a good approximation, a fine mesh has been generated
in the vicinity of the tip of the antenna, where the temperature is
more concentrated. The set of partial differential equations along
with their related boundary conditions are coupled and are solved
numerically by the FEM via COMSOLTM multiphysics. FEM models
can provide users with quick, accurate solutions to multiple sys-
tems of differential equations and as such, are well suited to heat
transfer problems like ablation [30]. The system of governing equa-
tions as well as initial and boundary conditions are solved with the
Unsymmetric Multifrontal Method (UMFPACK) solver to approxi-
mate tissue and blood temperatures variation across each element.
The predicted tissue temperature of the Pennes model and the
Klinger model, with the same model parameters and the same ini-
tial and boundary conditions as the LTNE model, are also simulated
in three blood velocity cases to provide a direct comparison. The
convergence test is carried out to identify the suitable numbers
of element required. The convergence curve resulting from the
convergence test is shown in Fig. 4. This figure shows the relation-
ship between temperature and number of elements from simula-
tions at a critically sensitive point, of the slot center (insertion
depth of 64 mm). This convergence test leads to a grid with
approximately 20,471 elements. It is reasonable to confirm that,
at this number of element, the accuracy of the simulation results
is independent from the number of elements through the calcula-
tion process. Cases with higher numbers of elements are not tested
due to a lack of computational memory and performance.
5. Results and discussion

In this analysis, the influences of blood velocities (u = 0.4, 2, 3
and 3.4 cm/s), porosities (/ = 0.025, 0.05 and 0.1), input microwave
power (P = 5, 10, 15, 20 W) and positions within the porous liver
(distance from MCA) (p1 (2.5 mm, 16 mm), p2 (4.5 mm, 16 mm)
and p3 (8.5 mm, 16 mm)) on distributions of tissue and blood tem-
peratures within the porous liver are systematically investigated. A
parametric study has been carried out to assess the effect of each of
these factors separately and analyze their contributions in deter-
mining the tissue and blood temperature distributions.
5.1. Validation of the model

It must be noted in advance that it is very difficult to make di-
rect comparison of the model in this study and the experimental
results because it is not possible to directly measure the tempera-
ture increase in the liver tissue, especially in the case where elec-
tromagnetic field is effected during MWA ablation is taken into
account. In order to verify the accuracy of the presented mathe-
matical model, the simulation results of tissue temperature of
the porous liver based on LTE model and tissue temperature of bio-
heat model are then validated against the experimental results
with the same geometric model and the same testing condition ob-
tained by Yang et al. [10]. The geometry of the validation case as
shown in Fig. 5. In the validation case, the input microwave power
of 75 W with frequency of 2.45 GHz and the initial liver tissue tem-
perature of 8 �C are used. The single slot MCA with a radius of
1.25 mm is inserted into liver tissues 20 mm in depth. The axially
symmetrical model is used to analyze the MWA process with the
heating time of 50 s. The validation results of the selected test case
are illustrated in Fig. 6 for temperature distribution in the liver tis-
sue, with respect to the heating time of 50 s with the positions of
4.5 mm and 9.5 mm away from the MCA. From the figures, it can
be observed that the simulated results of the tissue temperature
of the porous liver based on LTE model corresponds well to the
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experimental results with similar trends in temperature distribu-
tion over the same approximate time range at both positions, espe-
cially at the end stage. This is due to the fact that the porous media
model is based on convective heat mode coupled with conduction
heat mode. While the bioheat model is manly governed by conduc-
tion heat mode. Considering the fact that the convective heat is
influence increases at the end stage, it is obvious that the porous
media model yields better results. Table 5 shows the comparisons
of the root mean square error (RMSE) of the liver tissue tempera-
ture between the tissue temperature from LTE model and tissue
temperature from bioheat model in present study with experimen-
tal data obtained from Yang et al. [10]. From the table, it is ob-
served that the bioheat model gives greater error than the
simulated temperature obtained from porous media model. How-
ever, at the position of 9.5 mm away from the MCA, the tempera-
ture distribution match the experimental results better than the
temperature distribution at the position of 4.5 mm. Therefore,
the selected developed model based on porous media approach
is reasonable and can be used effectively for this problem. This is
important to obtain the approaching realistic tissues modeling
during MWA.

Although the simulation result of temperature based on LTE
model agree well with the experimental data obtained from Yang
et al. [10], the LTE model is not considered the temperature
difference between the tissue and blood phases within the biolog-
ical tissue that significant in to heat transfer, especially during
thermal ablation treatment. Therefore, the analysis of heat trans-
Microwave coaxial antenna 

Liver tissue 
Air

Plastics cutting board 

Plastics template 

Fig. 5. Geometry of the validation model obtained from the Yang et al. [10].
port in biological tissue during thermal ablation should consider
the LTNE model. These simulated results will contribute to a great-
er clarity concerning attributes more closely to actual behavior of
thermal ablation.
5.2. Comparison of tissue and blood temperature of LTNE model and
tissue temperature of Pennes model and Klinger model

The prediction of tissue and blood temperature distributions
within the porous liver is crucial for an effective MWA therapy.
The tissue and blood temperature distributions obtained from
the numerical simulation correlations effectively address this need.

Fig. 7 depicts the simulation results of temperature distribution
the center of the slot exit (z = 16 mm) versus models at three posi-
tions based on P = 10 W, f = 2.45 GHz, / = 0.05, u = 2 cm/s and
t = 300 s. Fig. 7(a) and (b) shows the tissue and blood temperature
distributions of the LTNE model, respectively. While, Fig. 7(c) and
(d) shows the tissue temperature distribution of the Pennes model
and Klinger model, respectively. It can seen that the tissue and
blood temperature distributions of the LTNE model and the tissue
temperature distribution of the Pennes model have similar trends
with a slight difference in magnitude. The distribution of temper-
ature in three cases are increases with an increases in heating time.
Therefore, the predicted tissue temperature distribution pattern of
the Pennes model (Fig 7(c)) is shown to be almost identical to that
of the that tissue and blood temperature distributions of the LTNE
model, whilst, the parallel simulated temperature distribution pat-
tern of the Klinger model (Fig. 7(d)) is, in contrast, very different.
This demonstrates that the Pennes model is much closer in equiv-
alence to the tissue and blood temperature distributions of LTNE
model in case of blood velocity to be 2 cm/s. Consider the different
of tissue and blood temperature distributions from LTNE model, it
is found that the pattern of temperature distribution are very sim-
ilar trends. It can be concluded that the LTE model is suitable for a
predicted the distribution of temperature when the blood velocity
to be 2 cm/s for this condition.

Fig. 8 illustrates the simulation results of temperature distribu-
tion the center of the slot exit (z = 16 mm) versus models at three
positions based on P = 10 W, f = 2.45 GHz, / = 0.05, u = 3.4 cm/s and
t = 300 s. Fig. 8(a) and (b) shows the tissue and blood temperature
distributions of the LTNE model, respectively. While, Fig. 8(c) and
(d) shows the tissue temperature distribution of the Pennes model
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Table 5
Comparisons of RMSE of the liver tissue temperature between the present study and
Yang et al. [10].

Position (mm) Comparisons of RMSE with experimental data obtained from
Yang et al. [10] (�C)

Bioheat model Porous media model
(present study) (present study)

4.5 mm 11.10 3.87
9.5 mm 4.52 2.73
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and Klinger model, respectively. It can observed that the tissue
temperature distribution (Fig. 8(a)) and the blood temperature dis-
tribution (Fig. 8(b)) are significantly different, especially at position
of p1. Due to this position is close to the MCA that hot spot zone
occurs. This demonstrates that the LTE model is not suitable for a
predicted the distribution of temperature, suggesting the impor-
tance of utilizing the LTNE model when the blood velocity to be
3.4 cm/s for this condition. Referring to Table 4, at blood velocity
to be 3.4 cm/s is lower the volumetric transfer area between the
blood and the tissue as a result of lower heat exchange between
two phases in all porosities, therefore, it can conclude that a low
heat exchange lead to a large difference between the tissue and
blood temperatures. A similar conclusion has been achieved by
Peng et al. [1] and Mahjoob and Vafai [22] when studying the heat
transport through biological media. Although the tissue tempera-
ture distribution of the Pennes model Fig. 8(c) has similar trends
with a tissues temperature distribution of the LTNE model
(Fig. 8(a)), a difference in magnitude. While, the simulated temper-
ature of Klinger model (Fig. 8(d)) is also in contrast from the other
models corresponds to the results in Fig. 7.
5.3. Comparison of tissue and blood temperature profiles of LTNE
model and tissue temperature profile of LTE model

The comparison of tissue and blood temperature profiles of
LTNE model and tissue temperature profile of LTE model within
the porous liver for heating times of 60 s, 180 s, and 300 s based
on P = 10 W, f = 2.45 GHz, / = 0.05 and u = 3.4 cm/s, are shown in
Fig. 9. In all cases, the temperature profile forms a nearly
ellipsoidal shape around the slot and the highest value occurs in
the vicinity of the slot MCA and decreases with the distance from
the MCA. Moreover, the temperature profile in three cases are in-
creases with an increases in heating time. It is interesting to ob-
serve that the temperature of tissue and blood from LTNE models
and the temperature of tissue from LTE models that far from the
MCA are found to be close to the initial temperatures 37 �C. By
comparison between tissue and blood temperature profile from
LTNE models, it is clear that the difference of temperature profile
pattern with a slight difference in magnitude at all heating times.
The comparison between the maximum temperatures in three
cases, it can be seen that the maximum tissue temperature of LTNE
model has a higher maximum temperatures value within the por-
ous liver than that of the maximum blood temperature of LTNE
model and maximum tissue temperature of LTE model, respec-
tively at all duration times. The maximum temperature differences
for the temperature of tissue and blood from LTNE models are
0.514% and the maximum temperature differences for the temper-
ature of tissue from LTNE and LTE models are 4.167%, respectively
at the end of process. Although the patterns of temperature profile
of tissue from LTNE is similar to the temperature profile of tissue
from LTE models, the maximum temperature values are quite dif-
ferent. Therefore, the LTNE assumption for heat transfer analysis
needs to be utilized for this condition.

5.4. Effect of porosity

During thermal ablation treatments, the porosities is likely to
change as a part of the natural body temperature regulation system
[22]. The natural cooling system in the body, the blood regulates
the body temperature during thermal ablation by arterial blood
with the cold body core temperature, while modifying the porosity
of the biological structure. The natural body thermal regulation
system increases or decreases the porosity of the biological struc-
ture when exposed to a higher or lower temperature, respectively.
A change in the porosity also translates in a change in the and
blood and effective thermal conductivities as shown in Eqs. (10)
and (11). Therefore, the investigation of the effect of porosities
on the temperature distribution may have large practical signifi-
cance. In this section discusses the effect of porosities on the tissue
and blood temperature distributions.

Fig. 10 shows the tissue and blood temperature distributions of
the LTNE model versus time for different blood velocities at the
position p1 (r = 2.5 mm, z = 16 mm) based on P = 10 W,
f = 2.45 GHz, / = 0.1 and t = 300 s. In this figure, the difference be-
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Fig. 7. The temperature distribution at the center of the slot exit (z = 16 mm) versus models (a) and (b) tissue and blood temperature distributions of the LTNE model; (c)
tissue temperature distribution of the Pennes model and (d) tissue temperature distribution of the Klinger model, respectively at three positions; (P = 10 W, f = 2.45 GHz, /
= 0.05, u = 2 cm/s and t = 300 s).
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tween tissue and blood temperature distributions hardly varies for
the same blood velocities when the porosity to be 0.1. The distribu-
tion of tissue and blood temperatures of all blood velocities are in-
creases with an increases in heating time. Therefore, it can be
concluded that the LTE assumption is suitable for a predicted the
distribution of temperature when the porosity to be 0.1 for this
condition. Consider the effect of blood velocity on the tissue and
blood temperature distributions, it is found that the lower blood
velocity provides a higher tissue and blood temperature distribu-
tions within the porous liver. This is because the lower blood veloc-
ity have a higher internal heat exchange, as given in Table 4 results
in a higher tissue and blood temperatures.

The effect of lower porosity (/ = 0.05) on tissue and blood tem-
perature distributions of the LTNE model versus time for different
blood velocities are illustrates in Fig. 11. From the Fig. 11, it is can
seen that the tissue and blood temperature distributions in Fig. 11
are similar trends to the tissue and blood temperature distribu-
tions in Fig. 10. The distribution of temperature of two phases in-
creases with an increases in heating time. The tissue and blood
temperature distributions have similar trends in case blood veloc-
ity to be 0.4 cm/s and 2 cm/s. On the other hand, the tissue temper-
ature distribution is different from blood temperature distribution
in case blood velocity to be 3 cm/s and 3.4 cm/s. Which the tissue
temperature distribution is different from blood temperature dis-
tribution in case blood velocity to be 3.4 cm/s more than that in
case blood velocity to be 3 cm/s when the porosity to be 0.05 is
used. This implies that the LTE assumption is suitable for in case
blood velocity to be 0.4 cm/s and 2 cm/s at the porosity to be
0.05. In Eq. (9), the second term on the left of the equation repre-
sents the convection heat transferred out by the blood flow, and it
depends on the porosity, blood properties, blood velocity, and tem-
perature gradient. When the blood velocity in the tissue is low, the
porous medium easily approaches the LTE assumption of equal
temperatures of the tissue and blood because of an increase in
the internal heat exchange between the tissue and blood. Besides,
the comparison of tissue and blood temperatures within porous li-
ver, it is can observed the blood temperature must be lower than
the tissue temperature due to the different microwave power ab-
sorbed of tissue and blood during the MWA process. That the
microwave power absorbed of blood is less than that of tissue dur-
ing thermal therapy [38].

Fig. 12 depicts the tissue and blood temperature distributions
of the LTNE model versus time for different blood velocities with
/ = 0.025. In Fig. 12, it is clear that the LTE assumption is suit-
able for blood velocity to be 0.4 cm/s and 2 cm/s when the
porosity to be 0.025 due to the tissue temperature match with
the blood temperature. While, the difference between the tem-
perature of two phases can see clearly in case blood velocity
to be 3 cm/s and 3.4 cm/s. Moreover, the difference between
the temperature of two phases with blood velocity to be 3 cm/
s and 3.4 cm/s when the porosity to be 0.025 in Fig. 12 is higher
than the difference between the temperature of two phases in
same two blood velocities when the porosity to be 0.05 in
Fig. 11.

Referring to the simulation result in Figs. 10–12, the tissue tem-
perature match the result of blood temperature with blood velocity
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Fig. 8. The temperature distribution at the center of the slot exit (z = 16 mm) versus models (a) and (b) tissue and blood temperature distributions of the LTNE model; (c)
tissue temperature distribution of the Pennes model and (d) tissue temperature distribution of the Klinger model, respectively at three positions; (P = 10 W, f = 2.45 GHz, /
= 0.05, u = 3.4 cm/s and t = 300 s).
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to be 0.4 cm/s and 2 cm/s in every conditions. This show that the
LTE assumption is valid for all porosities used in this study when
blood velocity to be 0.4 cm/s and 2 cm/s. On the other hand, when
blood velocity to be 3 cm/s and 3.4 cm/s the LTNE assumption for
heat transfer analysis needs to be utilized. Because the difference
of temperature in two phase varies significantly.

Furthermore, referring to the literature [1,14,29], the vascula-
ture with a large blood velocity (blood velocities are 3 cm/s and
3.4 cm/s) will has a larger vessel diameters than that the small
blood velocity (blood velocities are 0.4 cm/s and 2 cm/s). Therefore,
from the result in the Figs. 10–12, can provides an alternative way
to estimate the analysis of heat transport of the whole vasculature
during thermal ablation. For the analysis of heat transport in bio-
logical media including multiple vessel types, the temperature of
a large vessel diameters should be calculated directly from the
LTNE assumption, while the heat transport of small vessel diame-
ters or the microvasculature may be neglected because they are
completely thermally equilibrated with the surrounding tissue.

Because of the difference in tissue and blood temperatures is
the most obvious with blood velocity is 3.4 cm/s, Fig. 13 explains
the comparison of the tissue and blood temperature distributions
of the LTNE model versus time for different porosities at the posi-
tion p1 (r = 2.5 mm, z = 16 mm) at blood velocity is 3.4 cm/s. When
the porosities is large (/ = 0.1), there is little difference between
the tissue and blood temperatures, in which case the model predic-
tion could be approximated by that of LTE model. Because higher
porosity implies having more blood to carry the heat away from
the tissue, consequently the tissues temperature to be close to
the blood temperature. The temperature uniformity can be
achieved within a biological structure with a larger porosity result-
ing in a more effective thermal treatment [22]. On the other hand,
the larger difference between the tissue and blood temperatures
when an decrease in the porosities (/ = 0.05 and 0.025) completely
breaks down the LTE assumption between the tissue temperature
and the blood temperature are better approximated by the
assumption of LTNE. Due to a higher porosity leads to a lower
microwave power absorbed, hence the time-varying tissue and
blood temperature distributions of higher porosity are lower than
those of lower porosity the heating duration time and blood veloc-
ity maintain the same input.

5.5. Effect of input microwave power

In this section, discusses the effect of input microwave power
on tissue and blood temperatures of LTNE model. The input micro-
wave powers of 5 W, 15 W and 20 W are selected for study and
demonstration. These input microwave powers are selected during
MWA in order to estimate the appropriate power setting of MWA
applied treatment for liver cancer. While, the effect of input micro-
wave power is 10 W on tissue and blood temperatures of LTNE
model can be seen in the section of 5.4. In addition, the porosity
of 0.025 and blood velocity of 3.4 cm/s are selected in this section
due to in this condition it is clear that the difference of tissue and
blood temperatures. With regard to the tissue and blood
temperatures at the three positions are shown in Fig. 2. Fig. 14
shows the tissue and blood temperature distributions of the LTNE
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Fig. 10. The tissue and blood temperature distributions of the LTNE model versus time for different blood velocities at the position p1 (r = 2.5 mm, z = 16 mm); (P = 10 W,
f = 2.45 GHz, / = 0.1 and t = 300 s).
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Fig. 11. The tissue and blood temperature distributions of the LTNE model versus time for different blood velocities at the position p1 (r = 2.5 mm, z = 16 mm); (P = 10 W,
f = 2.45 GHz, / = 0.05 and t = 300 s).
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Fig. 13. The tissue and blood temperature distributions of the LTNE model versus
time for different porosities at the position p1 (r = 2.5 mm, z = 16 mm); (P = 10 W,
f = 2.45 GHz, u = 3.4 cm/s and t = 300 s).

58 P. Keangin, P. Rattanadecho / International Journal of Heat and Mass Transfer 67 (2013) 46–60
model within porous liver base on P = 5 W, f = 2.45 GHz, / = 0.025,
u = 3.4 cm/s and t = 300 s. From this figure, it is seen that the distri-
bution of tissue and blood temperatures for three positions are in-
creases with an increases in heating time. It is clear that the
difference of tissue and blood temperature distributions results
at the position of p1 due to position is close to the MCA that hot
spot zone occurs. However, the pattern of tissue and blood temper-
ature distributions are similar trends at the position of p2 and p3.
Similarly, the temperature at the position of p1has a higher than
that of the temperature at the position of p2 and p3, respectively.

In Fig. 15 illustrates the simulated results of tissue and blood
temperature distributions of the LTNE model within porous liver
at the versus positions when input microwave power is 15 W.
The condition is used in this figure based on a same condition as
Fig. 14. It is found that the simulation results of Fig. 15 are similar
trends to the simulation results in Fig. 14, the distribution of tissue
and blood temperatures for three positions are increases with an
increases in heating time. Furthermore, the temperature at the po-
sition of p1has a higher than that of the temperature at the posi-
tion of p2 and p3, respectively that are the similar results in
Fig. 14. It is clear that the difference of tissue and blood tempera-
tures at the position of p1, a slight difference at the position of p2,
whilst, a hardly difference at the position of p3. Greater input
microwave power leading to higher difference of temperature for
each positions.

The tissue and blood temperature distributions within porous
liver at the versus positions when input microwave power is 20
W based on a same condition as Fig. 14 and Fig. 15 is shown in
Fig. 12. The tissue and blood temperature distributions of the LTNE model versus time
f = 2.45 GHz, / = 0.025 and t = 300 s).
Fig. 16. From the figure, it is seen that the tissue and blood temper-
ature distributions for three positions are increases with an
increases in heating time. The temperature at the position of
p1has a higher than that of the temperature at the position of p2
and p3, respectively that are the similar results in Fig. 14 and 15.
It this figure, the difference of temperature of two phases can be
clearly seen at the position of p1 and p2.
for different blood velocities at the position p1 (r = 2.5 mm, z = 16 mm); (P = 10 W,
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Fig. 15. The tissue and blood temperature distributions of the LTNE model at the versus positions; (P = 15 W, f = 2.45 GHz, / = 0.025, u = 3.4 cm/s and t = 300 s).
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Fig. 16. The tissue and blood temperature distributions of the LTNE model at the versus positions; (P = 20 W, f = 2.45 GHz, / = 0.025, u = 3.4 cm/s and t = 300 s).
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Referring to the simulation result in Fig. 14–16, the tissue and
blood temperatures in Fig. 16 is higher than that the tissue and
blood temperatures in Fig. 14 and Fig. 15 for the same condition
and same position. Because of the greater input microwave power
leading to higher strength of electric field provides greater heat
generation within the porous liver, thereby increasing the tissue
and blood temperatures during the MWA process. Furthermore,
the greater input microwave power leading to greater difference
temperature between the different position. Consider the criterion
for use the LTE assumption of the effect of input microwave power,
it is difficult to estimate. Because the factors affecting the tissue
and blood temperatures include the position. However, it con-
cludes that the input microwave power significantly influence on
the tissue and blood temperature distributions within porous liver
during MWA process. Nevertheless, in a treatment is often used the
heating time for a short time with a higher input microwave power
is the trend in thermal therapy [14]. Because of treatment for a
longer heating time at low input microwave power will induce a
feeling of discomfort and pain for the patient.

Consequently, the above results indicate that the tissue and
blood temperatures variation within the porous liver depend on
the heating duration, the porosity, the blood velocity, input micro-
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wave power and positions within the porous liver during thermal
therapy. Although this study analyzes the heat transport within
porous media that used only four blood velocities which may not
be able to conclude the whole behavior of biological tissue when
subjected to electromagnetic fields during thermal ablation. The
obtained results can be used as a guideline for the practical
treatment.

6. Conclusions

In this study, investigates the transient distribution of tissue
and blood temperatures within porous liver during MWA process
based on LTNE model undergoing MWA process by MCA. The ther-
mal model considers the tissue with its blood vessel distribution as
a porous medium and employs both the convection term due to
heat exchange in two phases and blood perfusion term in the tran-
sient energy equations for both tissue and blood phases. The tissue
and blood temperatures of LTNE model are compared with the tis-
sue temperature of Pennes model and Klinger model. According to
the results, the tissue temperature distribution of the Pennes mod-
el and the tissue and blood temperature distributions of the LTNE
model for blood velocities to be 2 cm/s and 3.4 cm/s when porosity
to be 0.05 have similar trends with a difference in magnitude. On
the other hand, the temperature distribution pattern of the Klinger
model is, very different with the tissue and blood temperatures of
LTNE model for all blood velocities. Moreover, the LTE assumption
is found to be suitable for predicting the temperature during MWA
process when the blood velocities to be 0.4 cm/s and 2 cm/s in all
porosities. Conversely, in case blood velocities to be 3 cm/s and
3.4 cm/s the LTNE assumption for heat transfer analysis needs to
be utilized. Consistent with the influence of porosity on the differ-
ent of tissue and blood temperatures, the results show that the
lower porosity leading to higher different of tissue and blood tem-
peratures. Therefore, the LTE model is suitable for predicting a dis-
tribution of temperature when the high porosity. However, when
consider the criterion for use the LTE assumption of the effect of in-
put microwave power, it is difficult to estimate. Because the factors
affecting the tissue and blood temperatures include the position.
Nevertheless, it concludes that the input microwave power signif-
icantly influence on the tissue and blood temperature distributions
within porous liver during MWA process.

In next step of this research, will to develop a three-dimen-
sional modeling for approaching realistic liver tissue will be per-
formed. A study will also develop a more realistic model for
simulations and study the temperature dependency of and thermal
properties of liver tissue.
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