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On the steady state temperature profiles of biological tissues during microwave heating.
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Abstract

The Maxwell equations are solved together with the Pennes Bio-heat
equation analytically. The procedure of solution is provoked by the solution to the
Maxwell equation. Theresult revealed the effect of the model parameters such as:
thethermal conductivity, blood perfusion coefficient, and the thickness of the tissues
and the location of the effect of the electric field. Our result agrees with the results
obtained by El-dabe et al (2003) the results are significant to medical experts and
engineers.
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1.0 I ntroduction

Research works have continued to grow wide anddbiroéhe use of heat to destroy or control the

growth of cancer in biological tissues. In therkteire various forms of heating and heat depositi@hods have
been advanced and practiced. Such heating modaditeemagnetic heating, microwave heating, ultnagdeating
and so on.

Heating with the aid of microwave has been fouseful for smelting, sintering, drying and in fachas it
has a lot of application in joining mathematicatlanedical field in areas such as clinical cancerapy. (See Hill
and Pincombe (1992). El-dabe et al (2003)).

Some of the works done are the investigation of d¢fffects of thermal properties and geometrical

dimension in skin burn injuries by Jiang et al.q20 Ng and Chua (2002) proposed a comparism efama two-
dimensional programmes for predicting the statekiri burn. Liu (2000) discussed the preliminaryveyron the
mechanism of the wave-like behaviour of heat tnsf living tissues. He introduced a new concdpholti-mode
energy coupling, a phenomenon logical thermal waegle by Bio-heat transfer. Merchant and Liu (200d)the
other hand considered the steady state of microlwaaéng of a finite one dimensional slab. Theyipto use the
temperature dependence of the electrical condticteund thermal absorptivity. These are taken toobehe
Arrhenius law, while both the electrical permitiviand permeability were assumed constant. In antestedy Liu
and Marchant (2002) went further to study the mi@ee heating of three dimensional block with tremse
magnetic wave-guide in a long rectangular wave géidebile (1997) has investigated the temperaigesim tumor
and surrounding normal tissues. Conditions for gmegitial treatment were given for physically readie
situations. Possibility of hot spot and approachitwler the occurrence were given. Very recenthelik (2004)
discussed the effect of variable thermal condustioh temperature rise in biological tissues arel'fossibility of
multiple solution is revealed. In a very interegtipaper El-dabe et al (2003), studied the effecafrowave
heating in the thermal state of biological tissuEley solved their one-dimensional multi-layer nlodsing a
numerical method to analyses the transient temperatofile.

The aim of the present work is to investigate trabfem of El-dabe et al. (2003) analytically. Wensiler
in the first instance a steady state situation. fféiesient situation is the subject of another work
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with the initial and boundary conditioni(x,0)=le; T(O,t)=0, T(L,t)=TC

The introduction is presented in the first sectidrile the mathematical formulation is in sectiarot The
method of solution is displayed in section thrd® tesult and discussion is in section four andctireclusion is
highlighted in section six.

Nomenclature

Density of tissue

Specific heat of tissue

time

Specific heat of blood
electric field

space coordinate
magnetic field

tissue temperature
artery temperature
blood temperature

core temperature

wall temperature
distance from skin surface to body core
positive integer number

density of the blood

blood perfusion rate

thermal conductivity of tissue
body heating coefficient

magnetic permeability

electric permittivity

electrical conductivity

is the magnetic field in the free space uponigsie
is the magnetic field in the free space uponidsie
is the electric field in the free space upon theue

C
Prandtl numberp = HCp
k
. T 2
kinematics viscosityV =—
P

viscosity of the tissue

M athematical formulation

The heat source arising from the microwave irraoliats proportional to the square of the modulushef
electric field intensity (Hill and Pincombe, 1992\Ve therefore solve the Maxwell equation togethith the Bio-

heat equation. These equations are:

a—H+£a—E+a'E:0
ox ot

a_E+Iua_H—O
ox ot
oT o (, oT
ac,—=—| k—
ot ox\ o0x

J-ape(r-T)-Qlr)e’

(2.1)

(2.2)

(2.3)
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E(x,O):%x; E(ot)=0, E(L,t)=E,, H(x,O):%x; H(0,7)=0, H(Lt)=H, (2.4)

El-dabe et al (2003) solved the above mathematical modeénzatty for m=1, assuming that the body-heating
coefficient has he form Q(T)=Tm,m21 (2.5)

as it has been advanced through experimental wbMawchant and Liu (2001) that the physical projesrtof
material have power law dependence on temperature.
In this paper we solve the mathematical model id)(2nalytically for the steady case when m = 1e Th

solution of the case whem=1will be for another paper. Using the following dinsionless variables:

:tl :i :l :&' :& y E:E'ﬁ:i A :VDE0

T ? T,J’Cl C, P, E, H, " LH,

PO Py 7. P LY (2.6)
H, LE, v,C,

The dimensionless equation corresponding to equé®d)-(2.4) after dropping the bar;
a_H+,116_E+AZE:o (2.7)
on or
0_E+,]36_H:0 (2.8)
on or
060 1 96 2
—=— - d-1)+AQ|E 2.9
or= p o “Pa(@-1)+AQlE (29)

subject to the following dimensionless initial amlindary conditions

e(f,.o)%f,,e(o,r):o; a1 r)=; E(70)=7", E(07)=0; E(Lr)=1
H(7,0=n; H(07)=0, H(L7)=1 (2.10)

3.0 M ethod of solution.

The equations for the steady state are:

oH
WMZ E=0 (3.1)
O0E _
%—0 (3.2)
2
Qg,;z —a(6-1)+A|E[T"=0 (3.3)
With the boundary conditionsé?(o):o ;9(1)=Ql
E(0)=0 ;E(1)=1 (3.4)
H (0)=0 7 H (1)=1. The solution to (3.1) and (3.2) using (3 4)are:
_ _\_|on=<a
E=H(y a)-{lﬂza (3.5)
_ A\ 0;n7<a
H=nH (7 a)—{mZa (3.6)
The energy equation in (3.3) now becomes:
2
Qg—;—a(0—1)+/l|H(/7—a)|20=O (3.7)
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6(0)=0, 8(1)=0Q,=0 (3.8)
Wheref):(F’,)'1 Q=TT a=wpc,. H (/7—a) is the Heaviside function. We seek for solutioretiation (3.7)

and (3.8) by splitting the tissue volume into tvegions (Region | and Il) in view of the behaviorE‘(fl]) in (3.5).
The relevant equation for Region | and Il are:

0%,
Q, 6,7121_”(911_1) =0 (3.9)
6.0)=0, 6,(a) = © (3.10)
for Region | and Q?;—,ff—a(elz—l)w] 6,=0 (3.11)
6,(a)= © ;6,()= (3.12)

for Region Il . The solution to equation (3.9) gBdLO) is:

8,(17) =1-costny;+ zr}g{(e—l)moshna}, 0<n<a

1

and the solution to (3.11) and (3.12) is
6,(7)= Acoshmyy + Bsuhmy; +

where , - [a° m. = [(a = 2)
! Q' Q
1

( © suhm,-Q, suhm, a) —({%}suhmza-

(3.13)

a ; asvsl (3.14)

a-A

o suhmza) (3.15)

Am———
suh(l-a)m,

1

suhm,a

B=

{e)—AcoshmZ a—(a‘_’/])} (3.16)

4.0 Results and discussion

The analytical solution to a one-dimensional ralaljier model for predicting the temperature prafile
living tissues under going microwave heating ircdssed.

The results are displayed in the graphs and irg&ations in relation to tissues are given.

In figure 1, the temperature distribution for dint tissue thickness is shown, the temperatwhlqs
increases with increases in tissue thickness ifitsteregion from the surface to the point beftire electric field
acts, in this region (i.e. a > 0.75) the tempemtlecreases as the tissue thickness increases.

Figure 2 illustrates the effect of variation obdd perfusion on temperature distribution. The teratre
increases with increase in blood perfusion | regina (1) but decrease with increase in blood pierfusggion two

2)
Figure 3 shows the relation between the temperatistribution and the different thermal condudyivof
tissue. The temperature decreases with increaghs thermal conductivity either in region 1 or 2

Journal of the Nigerian Association of Mathematic&hysics Volume 1(November 2006223 - 228
Biological tissues during microwave heating F. A. Adebileand B. N. Akintewe  J of NAMP



Fig 1a: Temperature distribution plotted against the space coordinste
for different skin tissue thicknesses | L; where a=75, E0O=2, ch=3770,
cp=3590, wi=0.001 25, k=0.24, g=1050 and gh=1080
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In figure 4, the temperature distribution of thestie varies directly with the electric field in fiee space, &
Figure 5 reflect the variation of temperaturerdisttion in tissue location as the location of éliecfield (a)
affect changes. As a increases towards the coftentygerature distribution decreases.

Figg 1k: Tempersture distribution plotted against the Space coordinate
for different skin tissue thicknesses, L, where a=0.1 E0=2, ch=3770,
cp=3580, wh=0.00125, k=0.24, g=1050 and gk=1080
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Fig 2 Temperature distribution plotted against the Space
coordinste for different walues of blood perfusion, wh;
where &=0.75, E0=2, L=0.0008, ch=3770, cp=3530, k=0.24,
g=10350 and gh=1060
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Fiy 3: Tempersture distribution against the space coordinate for
different values of thermal conductivity, k; where L=0.01, a=75,
E0=2, wh=0.00125, ch=3770, cp=3390, g=1050, and gh=1060
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Fig 4: Temperature distribution plotted against the space coordinate for
different values of EQ, where L=0.01  h=0, ch=3770, cp=3590,
web=0 001 25, k=024, g=1050 and gh=1060
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Fig 5 Tempersture distribution plotted against the space coordinate for
different walues of skin depth, a where L=0.01 ch=3770, cp=3530,
web=0.00125, k=0.24, g=1050 and gk=1080
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