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The thicknesses of layers and also their thermophysical parameters are indivi-
dual personal traits, at the stage of numerical computations presented here, the
mean values taken from | 1] have been introduced.

The values of tissue thermophysical parameters can be treated as temperature-
-dependent ones. Such an approach s closer to the real model of the material con-
sidered. In literature, one can find information concerning the changes of tissue
volumetric specilic heat, thermal conductivity, volumetric perfusion cocfficient
and metabolic heat source |2, 3].

1. Governing equations

Thermal processes proceeding in the domain considered can be described by
a system of partial dillerential equations (Pennes cquations), in particular
[4-7]
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where ¢ = 1, 2, 3 corresponds o the successive skin layers, ¢ is the volumetric
specific heat, A is the thermal conductivity, @, Q,, are the capacities of volumetric
internal heat sources connected with the blood perfusion and metabolism, T, v, 7
denote the temperature, geometrical co-ordinates and time. The perfusion heat
source is given by formula

Q0,.(1)=k (1)1, -7, (x.1)], )

where kA1) = Gu{T)-¢p. G, is the blood perfusion |m’ blood/(s m tissue)], ¢, is the
blood volumetric specific heat and 7, arterial blood temperature. The model pre-
sented concerns the tissue domain supplied by a large number of capillary vessels.
When the presence of bigger vessels (arteries or veins) should be taken into
account, then the basic Pennes cquation must be supplemented by a additional
equations concerning vessel domains (e.g. |6]), but this problem will not be dis-
cussed here.

Metabolic heat source @, can be treated both as a constant value and tempera-
ture-dependent function.

In this paper, an axially-symmetrical problem is analyzed. The choice of tissue
geomelry results {rom the {orm of function describing the action of external heat
flux (2D Gauss-type function). Conventionally, the assumed tissue domain is cha-
racterized by radius R and high Z, at the same time the dimensions are determined
in the way that one can introduce the no-flux boundary conditions on the battom
and lateral surfaces limiting the domain considered. The thicknesses of successive
layers arc cqual to Ly, Ly, Lyand Z=L, + L, + L;.
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The boundary conditions given on the contact surface between epidermis-
-dermis and dermis-sub-cutancous region arc assumed in the form of continuity
ones, namely
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At the same time, indexes ¢ 1 ¢ + | identify the sub-domains being in thermal con-
tact.

On the external surface (z =0), the boundary heat [Tux is given (the Neumann
boundary condition)

vely: —l,an—('t’l)=q,,(,\',!), 4
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in particular

2
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where R/3 = ¢ is the standard deviation ol a normal distribution of heat source, g
15 the {actor corresponding (0 the maximum incident heat [Tux and 1, is the expo-
sure time. For t > 1, on the surface considered, the Robin condition should be taken
into account

a1, (1)

xel,: —
n /11 ()H

=a[T(x1)-T,]. (6)

where « is the heat transfer coefficient, 7, is the ambient temperature.
On the conventionally assumed lateral and bottom surface of the cylinder, no-
flux conditions can be taken into account

{rzfer: -4, al"—(x’{)=(l, n=ruz. (7
dn
The initial condition is also given
1=0: T.(x,0)=T,(x). (8)

The above presented system of energy equations and boundary-initial condi-
tions constitutes the mathematical model of the problem discussed - Figure 2.
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Assuming the knowledge of the function describing the boundary heat flux, one
can tind the so-called thermal dose, this mecans

D= 4o pr[ } rdrded:, (10)
N

in other words

2n(l-exp(=9/2))
9

D= t,qy R =0.697,q,R". (1

3. Results of computations

The problem discussed has been solved using numerical methods, in particular
the Control Volume Method has been applied. The details concerning the CVM
algorithm can be found in [10, 11, 13].

The cylindrical domain of biological tissue (R =20 mm, Z = 12.1 mm) has been
considered. At the stage of a heterogeneous problem solution, the following thick-
nesses of layers have been taken into account: Ly = 0.1 mum, L = 2 mm, L: =
= 10 mm. The mean values of the thermophysical parameters of successive layers:
A= 0235 W/A(mK), k = 0445 W/(mK), x; = 0.185 W/(mK), ¢ =
=4.3068-10° J/(m’K), ¢ = 3.96:10" J(m'K), ¢y = 2.674-10° J/(m'K) and
¢ = 3.9962-10° IA'K), 1), = 37°C. Gy, = 0. Gj2 = G,y = 0.00125 (m” blood/s/m”
tissuc), Qur = 0. Qo = Ouz = 245 W/m” (rest conditions). Initial conditions 7, o(x)
have been determined on the basis of the solution of steady state equation (1) with
boundary conditions (6) and (7), ambient temperature 1, = 20°C, heat transfer
coefficient a = 10 W/(m’K). Parameters of burn integral: AE = 6.285-10" J/mol,
P=3.110" Us.

The first example of computations has been solved under the assumption that
the exposure time of the heat source equals ¢, = 5 s, while the maximum incident
heat flux g, = 20 kW/m". In Figure 3, the courses of isotherms for the time of 5 s
(the end of heat source exposure time) and also for time ¢ = 10 s are shown.
In Figure 4, the changes of temperature and burn integral at points selected from
the tissue domain: A (0, L), B(R/4, L), C (R{2. L). D (0, L+ L,), E(R/4, L+ L,).
F (Rf2, L+ L) arc presented. One can sce that at point A, a 2™ degree burn oceurs.
The results shown in Figure 5 concern the profiles of temperature and burn inte-
gral for the sclected times at the symmetry axis (r = 0) of the domain considered. [t
should be pointed out that the values of burn integral grow cven afler termination
of the external heat flux. If the tissue temperature decreases (as a result of heat
dissipation Lo the environment or the process of blood perfusion). then the previ-
ous growth of burn integral stops.
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Conclusions

The study described in this paper investigated the thermal processes occurring
in skin tissue. The tissue was subjected to the influenee of an external heat source
in the form of a 2D Gauss-type function. This source can cause burns of the skin
tissue. At the stage ol numerical simulation (the 2D axially-symmetric task), the
control volume method was used. This method in a relatively simple way allows
one to take into account the homogeneity and heterogeneity of the layers of skin
tissuc. The computer program worked out by the authors of this paper gives the
possibility to estimate the impact of the external heat flux intensity and the expo-
sure time to the possibility of burn formation, simultaneously it is possible to de-
termine the degree of skin burn.
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