














Furthermore, the greater tumor diameter provides a wider
region of heat far away from the antenna because of the
effect of natural convection through the pores of the
tumor on heat transfer. The natural convection due to
blood circulation is confirmed as illustrated in Figure 7.
Figure 7(a)–(c) show the blood velocity profile of the por-
ous liver tissue with the following conditions in the previ-
ous figures at tumor diameters of 1.4, 2.0, and 2.6 cm,
respectively. The blood flows are driven by the effect of
buoyancy force (natural convection) due to MW energy.
The blood flow with higher velocity act as a heat sink by
dissipating the heat to the surrounding tissue. The warmer
blood upward toward the top and contributes to the

convection cooling effect near the vicinity of the antenna
slot, while far from the antenna, the heat source is weaker
leads to lower temperatures and colder blood with lower
velocity. It is shown that the normal tissue receives wea-
kened MW energy with lower porosity and a lower per-
meability, causing the blood velocity within this normal
tissue to be very weak. Considering the effect of the tumor
diameter on the blood velocity, the smaller diameter yields
a slightly lower blood velocity compared to that of the
greater tumor diameter due to the weakness of the natural
convection.

Figure 8(a)–(c) show the effect of tumor diameter on
the SAR distribution, the temperature distribution, and

Figure 4. Simulated temperature profiles at various times based on P = 10 W, f = 2.45 GHz, and D = 2.0 cm for (a) bioheat model
and (b) porous media model.
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the blood velocity distribution along the path guidance
(z = 16 mm or insertion depth of 64 mm), respectively.
From Figure 8(a), it can be observed that the maximum
of SAR value slightly changes according to tumor dia-
meter. The SAR distributions gradually increase
through the path guidance and quickly decrease and
have the lowest value with r = 30 mm. Figure 8(b)
shows that the distributions of temperatures are same
pattern but are a little different in magnitude for each

diameter. The temperature rapidly increases along the
path guidance and to a highly temperature localized
near the slot of the antenna and then decreases continu-
ously along the distance and approaches 37�C due to
the penetration depth which relates to the SAR distri-
bution. It is interesting to observe that the hot spot zone
happens in the tumor meaning that the temperature in
the tumor is higher than the temperature in the normal
tissue. However, the tumor diameter has only a small

Figure 5. The SAR profile in the porous liver tissue at various tumor diameters for (a) D = 1.4 cm, (b) D = 2.0 cm, and
(c) D = 2.6 cm.

Figure 6. The temperature profile in the porous liver tissue at various tumor diameters for (a) D = 1.4 cm, (b) D = 2.0 cm, and
(c) D = 2.6 cm.
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effect on the temperature distribution within the porous
liver tissue, although it has a strong effect on the blood
velocity distribution, as shown in Figure 8(c). The con-
vective heat transfer characteristic has a strong effect
on the blood velocity distribution. The blood velocity
rapidly increases along the path guidance and reaches
its maximum value near the slot of the antenna. It then
the blood velocity slowly decreases and approaches zero
to the outer boundaries of the porous liver tissue
because it is not influenced by transmission of waves.

Tumor porosity effect

Figure 9(a) and (b) show the effect of tumor porosity
on the temperature distribution and the blood velocity

distribution along the path guidance. The physical data
are P = 10 W, f = 2.45 GHz, fn = 0.6, D = 2.0 cm,
and t = 300 s. It is found that the temperature distribu-
tions for all porosities have the same pattern but differ
slightly in magnitude. Greater tumor porosity provides
greater permeability that leads to a slightly higher tem-
perature. It is also found that the greater tumor poros-
ity corresponds to greater blood velocity because the
greater tumor porosity has a large temperature gradient
produced by the MW power, causing a strong impact
of natural convection that gives a buffer characteristic
to the porous liver tissue temperature during the MW
ablation system. The blood velocity rapidly increases
along the path guidance and reaches its maximum value
near the antenna slot and then gradually decreases and

Figure 7. The blood velocity profile in the porous liver tissue at various tumor diameters for (a) D = 1.4 cm, (b) D = 2.0 cm, and
(c) D = 2.6 cm.

Figure 8. The effect of tumor diameter on (a) the SAR distribution, (b) the temperature distribution, and (c) the blood velocity
distribution along the path guidance.
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closer to zero at the outer boundaries of the porous
liver tissue due to its not influenced by the transmission
of waves in case of tumor porosities of 0.6 and 0.7. This
is because the tumor is closer to the end tip and the slot
of the single-slot MW antenna, so the higher porosity
and higher permeability than normal tissue mean that it
will receive a strong incident wave and the blood velo-
city within the tumor is very strong. By contrast, the
normal tissue receives weakened MW energy and its
lower porosity and lower permeability mean that the
blood velocity within this normal tissue is very weak.
However, in the case of a tumor porosity of 0.7, at the
outer region between the tumor and the normal tissue,
there is a small swing in the blood velocity due to the
difference in the porosity of the tumor and the normal
tissue. On the other hand, in the case of tumor poros-
ities of 0.4 and 0.5, the blood velocity at r = 0.01 m is
increased and reaches its maximum value again and
then gradually decreases and approaches zero. Since
the tumor has a lower porosity and a lower permeabil-
ity than normal tissue, weakened MW energy will be
absorbed, meaning that the blood velocity is very weak.

In addition, in the case of the tumor porosities of 0.4
and 0.5, when the permeability of the tumor is low, the
convective heat transfer mechanism is almost com-
pletely inhibited, that is, conduction plays a major role
in heat transfer.

Input MW power effect

Figure 10(a)–(c) show the effect of the input MW
power on the SAR distribution, temperature distribu-
tion, and blood velocity distribution along the path gui-
dance based on fn = 0.6, ft = 0.7, D = 2.0 cm,
f = 2.45 GHz, and t = 300 s. Once again, the findings
revealed that the temperature distribution relates to the
SAR distribution. The maximum temperature at the
higher input MW power is clearly greater than that of
the lower input MW power following SAR. Greater
input MW power, leading to a higher strength of elec-
tric field, provides greater heat generation within the
porous liver tissue, thereby increasing the maximum
temperature during the MW ablation process. The
blood velocity distributions have similar trend with the

Figure 9. The effect of tumor porosity on (a) the temperature distribution and (b) the blood velocity distribution along the path
guidance.

Figure 10. The effect of input MW power on (a) the SAR distribution, (b) the temperature distribution, and (c) the blood velocity
distribution along the path guidance.
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temperature distributions which produce convective
heat transfer. Greater input MW power corresponds to
greater blood velocity within the porous liver tissue.
The explanation of the blood flow pattern is discussed
in the previous topic, where the key factor affecting the
velocity of blood in the porous liver tissue is the perme-
ability of the layers of the tumor and normal tissue.

Conclusion

Computer simulation is necessary to improve the MW
ablation procedure. A method that leads to accurately
lesion size control is needed for the clinical treatment
with MW ablation in order to guarantee destruction of
the cancer tissue and minimizing damage to surround-
ing healthy tissue. This research is carried out to
observe the effects of tumor diameter, tumor porosity
and input MW power on the SAR, temperature, and
blood velocity profiles in two-layer porous liver tissue
during MW ablation. The results obtained accurately
represent the phenomena occurring in the porous liver
tissue during the MW ablation. The SAR, temperature,
and blood velocity profiles have a slightly different for
various tumor diameters. The tumor porosity has only
a small effect on the temperature distribution, but a
clear effect on the blood velocity distribution. In addi-
tion, greater input MW power leads to a higher SAR
value, thereby increasing the temperature and resulting
in higher blood velocity within the porous liver tissue.
The temperature profiles of the bioheat and porous
media models are very similar at a particular time, but
differ slightly in magnitude because the blood flow in
the void of the porous media model has a small effect.
The present model is examined for advancing the trans-
port phenomena in biomedical applications.
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