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In the paper, the problem concerning the numerical modeling of thermal processes in the
domain of a biological tissue being in thermal contact with the environment is discussed.
The changing ambient temperature causes that the non-steady heat transfer process is con-
sidered. The cross-section of the forearm (2D problem) is treated as a non-homogeneous
domain in which the sub-domains of skin tissue, fat, muscle and bone are distinguished.
From the mathematical point of view, the boundary-initial problem described by the system
of energy equations (the Pennes equations), boundary conditions on the external surface of
the system, boundary conditions on the surfaces limiting the successive sub-domains and the
initial condition is analyzed. At the stage of numerical computations, the Control Volume
Method using the Voronoi polygons is applied. In the final part of the paper, examples of
computations are shown.
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1. Introduction

The thermal processes proceeding in the domain of a biological tissue are, as a rule, described
by the well known Pennes equations (e.g. Mochnacki and Majchrzak, 2003; Majchrzak, 2013).
The typical heat diffusion equation is supplemented by components determining the capacities
of internal heat sources connected with the blood perfusion and metabolism. The mathematical
form of perfusion heat source results from the assumption that the tissue is supplied by a large
number of blood capillaries uniformly distributed in the area under consideration. In the case
of tissue freezing modeling, the right hand side of the Pennes equation should be supplemented
by the third internal heat source controlling the evolution of latent heat (e.g. Majchrzak et al.,
2011). The Pennes equation constitutes a basis of the so-called tissue models (Mochnacki and
Majchrzak, 2003; Majchrzak, 2013; Majchrzak et al., 2011; Mochnacki and Piasecka-Belkhayat,
2013). Atkin et al. (1994) talk over different bio-heat transfer tissue models and conclude that
the Pennes equation is the best approach to the modeling of bio-heat transfer because of its
simplicity.

In literature, one can also find the so-called vascular models (Majchrzak, 2013; Zhu and
Weinbaum, 1995; Wang et al., 2007). The vascular models are applied because of the need to
include the thermally significant blood vessels of considerable size. In this paper, the presence of
blood vessels (arteries and veins) in the domain considered is taken into account, but the blood
temperature is optionally established on the basis of literature data (it is not calculated), and
the model presented belongs rather to the tissue ones.

There have recently been attempts to use descriptions of thermal processes in the biological
tissue on the basis of porous media theory. The domain considered is divided into two parts,
that this the vascular and extravascular region (cells and interstitial tissue). The blood vessels
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are treated as voids, while the remaining area as the matrix (solid body). The equations concer-
ning the vascular and extravascular regions contain the parameter ¢ (porosity) (Zhang, 2009;
Nakayama and Kuwahara, 2008; Khaled and Vafai, 2003). Assuming certain simplifications, the
above mentioned equations can be substituted by a single equation close to the dual phase lag
model (Khaled and Vafai, 2003).

In this paper, the cross section of the forearm (middle part) shown in Fig. 1 (Schuenke et
al., 2010) is considered. The domain is non-homogeneous and constitutes a composition of skin,
fat, muscle, bone and blood vessels.

£23: muscle tissue

£2,: bone tissue

£21: skin tissue

(2,: fat tissue

arteries

o)
veines

Fig. 1. Forearm cross section and a simplified 2D geometrical model

The mathematical model of thermal processes proceeding in the area considered subjected
to the time-dependent external heat source is presented in Section 2.

At the stage of numerical modeling, the Control Volume Method using the Voronoi tessella-
tion is used (Domanski et al., 2010). The Voronoi polygons are characterized by the geometric
properties of a well meeting the requirements for the shape of control volumes. The details of
the approach proposed are discussed in Section 3. In the final part of the paper, examples of
computations are presented.

2. Governing equations

Heat transfer processes proceeding in the tissue domain are described by the system of the
Pennes equations of the following form

O, (x, 1)

ce(T) ot

=V A(T)VTe(, )] + Qpere(T) + Qmet(T') e=1,...,4 (2.1)
where e = 1,...,4 identifies the tissue sub-domains (skin, fat, muscle and bone respectively),
ce is the volumetric specific heat, A. is the thermal conductivity, Qper and @Q,es are the capa-
cities of volumetric internal heat sources connected with the blood perfusion and metabolism,
[W/m?], T, x = {1, 22}, t denotes temperature, spatial co-ordinates and time, respectively.
The perfusion heat source is given by the formula

1
Qpere(T) = Cbie (T) [Tb - Te (.CC, t)] Tb = §(Tb artery + Tb Uein) (22)

where G is the blood perfusion [m3blood/(sm? tissue)], ¢, is the blood volumetric specific
heat and T} 4ppery and T pein are the arterial and vein blood temperatures. The metabolic heat
source @Qmet can be treated both as a constant value and a temperature-dependent function.
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On the contact surface between the tissue sub-domains, the IV type of boundary conditions
are assumed

0Ty (x,t) 0T (x,t)
T = TN

- on (k1) € {(1,2),(2,3),(3,4)} (2.3)

r el g: on

where 0/0n denotes the normal derivative.
On the outer surface of the skin (e = 1), the III type of boundary condition is taken into
account

AT (2, t)
Oz, t)

xefout: - on

= _aout[Tamb(t) — T1 (.%', t)] (2.4)
where g is the heat transfer coefficient, T, is the ambient temperature. The same type of
boundary conditions is given on the contact surfaces between the blood vessels and soft tissue
sub-domains, in particular

oTs(x,t
HANS Fartery : _)\3% = _aartery[Tbartery - T3(:Ca t)] (25)
and
0T (x,t
T € Lein : _)\e% = _avein[Tbvein - Te(SC,t)] € = {2’3} (26)

The initial conditions are also given
t=0: To(,t) = Tseady(x) e=1,...,4 (2.7)

where Tieqqy is the temperature distribution corresponding to the steady state conditions in
the domain considered for the given ambient temperature and the initial external heat transfer
coeflicient.

3. Numerical algorithm

For the purpose of heat transfer modeling in the domain considered, the tissue sub-domains
are divided into small cells (control volumes) known as the Voronoi polygons (also called the
Thiessen or Dirichlet cells in two dimensions) (Okabe et al., 2000). The polygon that contains
the point x; (central point) is denoted by AV}, see Fig. 2. All of the Voronoi regions are convex
polygons, and each polygon is defined by lines that bisect the sectors between the central point
and its neighbouring points. The bisecting lines and the connection lines are perpendicular to
each other (it is very convenient at the stage of CVM equations construction). When we use this
rule for every point in the area, the area will be completely covered by adjacent polygons. Many
algorithms to construct the Voronoi polygons can be found in literature, see e.g. the Delaunay
triangulation (Watson, 1981).

In Fig. 3, an example of the control volume mesh in the domain of the forearm cross-section
is shown. The domain is divided into 2966 control volumes. The positions of CV central points
close to the contact surface between the tissue sub-domains are analytically determined in order
to achieve a better approximation of the tissue shape.

The control volume method (CVM) constitutes an effective tool for numerical computation of
heat transfer processes. The domain analyzed is divided into N volumes. The CVM algorithm
allows one to find the transient temperature field at the set of nodes corresponding to the
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central points of the control volumes. The nodal temperatures can be found on the basis of
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Fig. 4. Control volume AV;

energy balances for the successive volumes.

Let us consider the control volume AV, with the central node x;. It is assumed here that
the thermal capacities and capacities of the internal heat sources are concentrated at the nodes
representing the elements, while the thermal resistances are concentrated on the sectors joining
the nodes. The energy balances corresponding to the heat exchange between the analyzed control
volume AV, and the adjoining control volumes results from the integration of energy equation
(2.1) with respect to time and volume CVj. Let us consider the interval of time At = t/*1 —¢f.
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Then
(1 (1
/ /ce( el t) a( v dt — / /v T)VT,(x,1)] dV dt
tf CV; tf CV;
. (3.1)
+ / /[Qpere(T) +Qmete(T)] dV dt
tf CV;
Using Gauss-Ostrogradsky’s theorem, one obtains
tf+1 (41
0T (x,t
/ /ce(T)# AV dt = / /n-[)\e(T)VTe(x,t)] dA dt
tf CV; tf A
i (3.2)
[ ] [@uer (D) + QuueT)] aV
tr CV;

where A; is the surface (perimeter) limiting the C'V;. The approximation of the left-hand side
of equation (3.2) can be taken in form

tf+1
OT,(x,t
/ / ce(T)% av dt = /(T — 1)) AV (3.3)
tf CV;
where clf is an integral mean of thermal capacity, and this value is approximated by the volume-

tric specific heat corresponding to the temperature Tif . In a similar way, one can approximate
the last component in equation (3.2), namely

tf+1

/ / (Qpere(T) + Qmete(T)) dV dt = [(Qper) (Qmet) ]AVAt (34)

tf CV;

The term determining the heat conduction between AV; and its neighbourhoods can be written
in form

tf+1 tf+1
/ / - \(T)VT(z,0)] dAdt — / <Z / TYVT (2, D)) dAi(j)> dt
th Ay =45
¢+ tf+1 n;
= / (Zn VT(x t)]z(j)A( ) / (Z Z(] z(])> dt (3'5)
tf tf =1
= Z Ay At

Z(])
where )\;; is the mean thermal conductivity between the nodes i and i(j), in particular

20 \i())
N =3 o (3.6)
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Such an assumption causes that in the denominators of conductional terms, the well known
thermal resistances appear. The energy balance written in convention of ‘explicit’ scheme takes
the form

f

fopf+l Z(J -5
(T av, = ZA g A+ |(Qper)] + (Quen)! | AV A (3.7)
ZJ

from which (introducing (Qpe,n) (Gb) cp(Ty — Tif )
f

f+1 f Tf f
T =1 + f M > A ,( Ay + 7 @ (T — T + (Quen!] (38)
or
At
I = 1) + SO Wig (T — 1) + 2L en(Ty = ) + (@] (3.9)
j=1 G
where
)\ AZ(])At
Wig) = 7A (3.10)
hi()AVi
The stability condition
i AL(Gy)!
1= W) - % >0 (3.11)
J=1 i

(for all ) allows one to determine the critical time step.

In the case of external C'V' (the boundary of C'V; between the nodes i and i(j) lies on the
surface Iout, Iartery and Iyein), the following approximation of conductional term in equation
(3.5) is used

T, - T;
;) - (MT)VT (X, )i Aigjy = %71141'(3') (3.12)
2N T a

where T, = {Tomp: Thartery> Thveint and & = {Qout, Qartery, Cwein }, respectively. Then, the coef-
ficient Wj(;) in formula (3.10) takes the form

Ay At

Wi(j) f( Z(J) + )AV

(3.13)

and simultaneously Ti{j) = T,. One can see that the denominator in formula (3.13) corresponds

to the thermal resistance between the central point of C'V; and its environment in the i(j) di-
rection.

4. Example of computations

The forearm domain stays in the thermal contact with the environment whose temperature is
equal to Ty, = 20°C, while the heat transfer coefficient is gy = 3.7 W/(m?K). The initial
temperature distribution is found using the Gauss method (simple iteration method). The ther-
mophysical parameters of the successive sub-domains are taken from Fiala et al. (1999), see
Table 1.
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Table 1. Thermal parameters of the tissues

| | A W/mK] [ p [ke/m’] [ ¢ [J/(kgK)] | Gy [1/s] | Qmer [W/m?] |

Bone 0.75 1357 1700 0.0000 - 103 0

Muscle 0.42 1085 3768 0.5380 - 103 684
Fat 0.16 850 2300 0.0036 - 103 o8
Skin 0.47 1085 3680 1.1000 - 1073 368
Blood 1069 3650

Additionally, the following blood temperatures are assumed: Ty qriery = 36°C, Tppein = 35°C,
while agptery = Owein = 5000 W/ (m2K). At the moment ¢ = 0 the ambient temperature increases
to 40°C (the heat transfer coefficient is the same). Such a situation may correspond to the input
from a room outside in a summer hot day. The numerical simulation concerns the process of
tissue heating.

In Fig. 5, the initial temperature distribution is shown. The next figures present temporary
solutions for times 15 min. and 300 min. (this result practically corresponds to the steady state
conditions).

0 10 20 30 40 50 60 70 80 90 100
[mm]

Fig. 5. The initial temperature distribution

0 10 20 30 40 50 60 70 80 90 100

mim

Fig. 6. Temporary solutions for 15min
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Fig. 7. Temporary solutions for 300 min

5. Final remarks

In the paper, a problem from the scope of bio-heat transfer modeling is discussed. The mathema-
tical model belongs to the group of tissue models basing on the Pennes equation. The numerical
solution is obtained using the developed by the authors version of the Control Volume Method
using the Voronoi tessellation. According to our opinion, the Voronoi polygons characterized
by geometric properties perfectly meet the conditions required by the 2D control volumes. The
mesh generation and the computations of the control volumes geometrical parameters are a dif-
ficult task, but the authors have developed procedures to carry out such investigations. In the
case discussed, the consideration of internal heat sources has been necessary.

The numerical simulation of forearm heating in conditions of natural convection is only an
example of possible application of the method proposed in the scope of bio-heat transfer. The
algorithm presented can be, among others, used for numerical modeling of thermal processes
proceeding in the domain of a living tissue subjected to the strong external thermal interactions
(e.g. modeling of frostbites or burns). The shape and location of tissue sub-domains can be
accurately reproduced (if the assumption of 2D approximation is acceptable). The application
of the method for numerical analysis of the vascular models seems also be possible.
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