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Abstract. The cylindrical domain of skin tissue subjecteditoexternal heat flux is consid-
ered (shape of domain is determined by form of tioncdescribing Neumann boundary
condition on external surface of the system). Ting fersion of numerical simulations
concerns the heterogeneous multi-layered skin gissomain (epidermis, dermis, sub-
cutaneous region). The thermophysical parametesiofessive layers are assumed to be
different, but constant. The second version of as@mons concerns the homogeneous
domain, but the mean values of the thermophysiaedmeters are temperature-dependent
(non-linear task). Knowledge of the spatial, tinegedndent temperature field allows one to
determine the so-called thermal dose and also ¢igeed of tissue destruction. The algo-
rithm presented can be useful in medical pracaceong others, at the stage of the hyper-
thermia therapy scheme.

Introduction

The domain of skin tissue can be treated as adggreous domain being the
composition of layers corresponding to the epidsyrdermis and sub-cutaneous
region - Figure 1.

Fig. 1. Skin tissue
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The thicknesses of layers and also their thermaphlyparameters are indivi-
dual personal traits, at the stage of numerical prdations presented here, the
mean values taken from [1] have been introduced.

The values of tissue thermophysical parametersheatmeated as temperature-
-dependent ones. Such an approach is closer te#ghenodel of the material con-
sidered. In literature, one can find informatiomcerning the changes of tissue
volumetric specific heat, thermal conductivity, waletric perfusion coefficient
and metabolic heat source [2, 3].

1. Governing equations
Thermal processes proceeding in the domain coresidean be described by

a system of partial differential equations (Penrespiations), in particular
[4-7]

(3}

To(x.t)

=div[A,(T) gradT, (x ] + Qu(T) + Que(T).  (O)

wheree = 1, 2, 3 corresponds to the successive skin $ageis the volumetric
specific heat) is the thermal conductivit®,, Qn are the capacities of volumetric
internal heat sources connected with the bloodugari and metabolisnT,, x, t
denote the temperature, geometrical co-ordinatek teme. The perfusion heat
source is given by formula

Que(T) =k (T)[T, - To(x1)], @)

whereky(T) = Gue(T) By, Gy is the blood perfusion [fblood/(s n tissue)],c, is the
blood volumetric specific heat arig arterial blood temperature. The model pre-
sented concerns the tissue domain supplied byga farmber of capillary vessels.
When the presence of bigger vessels (arteries ms)vehould be taken into
account, then the basic Pennes equation must lpesugnted by a additional
equations concerning vessel domains (e.g. [6]),tlist problem will not be dis-
cussed here.

Metabolic heat sourc®,, can be treated both as a constant value and tamper
ture-dependent function.

In this paper, an axially-symmetrical problem islgned. The choice of tissue
geometry results from the form of function desaripthe action of external heat
flux (2D Gauss-type function). Conventionally, the&sumed tissue domain is cha-
racterized by radiuR and highZ, at the same time the dimensions are determined
in the way that one can introduce the no-flux baugdconditions on the bottom
and lateral surfaces limiting the domain considefide: thicknesses of successive
layers are equal o, L,, LyandZ =L, + L, + La.
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The boundary conditions given on the contact serfaetween epidermis-
-dermis and dermis-sub-cutaneous region are assiimtae form of continuity
ones, namely

0T, (x.t) 0T,..(xt)
_Ae =_/]e+l
x@ ,: 0 z 0z 3

T.(xt) =T, (xt)

At the same time, indexesi e + 1 identify the sub-domains being in thermal con-
tact.

On the external surface £ 0), the boundary heat flux is given (the Neumann
boundary condition)

aTl(x,t)

™ =g, (xt), (4)

xOlg: —A;

in particular
r.2
X:{r,jl]ro: q& X,b :qoeX{_m} I’D[O,R], tstp, (5)

whereR/3 = g is the standard deviation of a normal distributidnheat sourcey,
is the factor corresponding to the maximum incideeat flux and, is the expo-
sure time. For t %, on the surface considered, the Robin conditiomishibe taken
into account

AT (xt)

X ,:— A an

a[T,(xt)-T,], (6)

wherea is the heat transfer coefficiefit, is the ambient temperature.
On the conventionally assumed lateral and bottorfase of the cylinder, no-
flux conditions can be taken into account

{r.30r,: —Aew:o, n=rdz. (7)

The initial condition is also given
t=0: Te(x,t) =Teo(x). (8)

The above presented system of energy equationdamadary-initial condi-
tions constitutes the mathematical model of thédiem discussed - Figure 2.
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It should be pointed out that for the epidermis dombothQ, and Q. are
equal to zero [7].

| _—epidermis
[—————dermis

q=0
—)p-

[ sub-cutaneous

Fig. 2. Axially-symmetrical tissue domain

From the numerical point of view the same matheraatinodel can be a base
for computer program construction in the case bbm@ogeneous tissue domain. It
is sufficient to assume the same values of theriygiphl parameters for succes-
sive sub-domains.

2. Modeling of tissue destruction (a burn degree)

Thermal damage of biological tissue can be treated certain chemical pro-
cess and a burn degree can be found using thefast Arrhenius equation (Hen-
riqgues burn integral [4, 5, 8, 9]). This integratermined the tissue damage on
the basis of the protein denaturation rate anddb& changes of tissue tempera-
ture, in particular

h AE
I(r,z,t):.([Pex{—Rg(T(r,Z,t)+273]ct, (9)

whereP [1/s] is the pre-exponential factd [J/mol] is the activation energy and
Ry [kJ/(kmol K)] is the gas constarRf= 8.3114472). The values BfandAE can
be found experimentally and they can be foundtaerdiure (e.g. [5, 7]). It is said

that a | step burn degree appears wherD.53, 1l step -1 =1 and Il step -
| > 10"
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Assuming the knowledge of the function describimg boundary heat flux, one
can find the so-called thermal dose, this means

TD= T qoexr{—L} O dr d¢ dt, (10)
NI P

in other words

21(1- exp- 9/2))
9

D=

t, 0o R? = 069t q, R?. (11)

3. Results of computations

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

The cylindrical domain of biological tissuR € 20 mm,Z = 12.1 mm) has been
considered. At the stage of a heterogeneous prostdution, the following thick-
nesses of layers have been taken into accdaynt 0.1 mm,L, = 2 mm, Lz =
= 10 mm. The mean values of the thermophysicalmeaters of successive layers:
M = 0.235 W/(mK), A, = 0.445 W/(mK), A3 = 0.185 W/(mK), ¢; =
=4.306810° J/(nTK), ¢, = 3.9610° J/(mK), c; = 2.67410° J/(nTK) and
G = 3.996210° J/(nPK), Ty = 37°C,Gy = 0, Gy, = Gy = 0.00125 (i blood/s/m
tissue),Qm = 0, Qmz = Qus = 245 W/nd (rest conditions). Initial conditior, o(X)
have been determined on the basis of the solufisteady state equation (1) with
boundary conditions (6) and (7), ambient tempeealiyr= 20°C, heat transfer
coefficienta = 10 W/(nfK). Parameters of burn integralE = 6.28510° J/mol,
P=3.110% 1/s.

The first example of computations has been solvetbuthe assumption that
the exposure time of the heat source eqtyasS s, while the maximum incident
heat fluxgy = 20 kWi/nf. In Figure 3, the courses of isotherms for theetwh 5 s
(the end of heat source exposure time) and alsdifoe t = 10 s are shown.
In Figure 4, the changes of temperature and busgial at points selected from
the tissue domairA (0, L), B (R/4,L,), C (R/2,L,), D (O,L;+ L), E (R/4, L+ Ly),

F (RI2, L+ L,) are presented. One can see that at ggiat?“degree burn occurs.
The results shown in Figure 5 concern the profietemperature and burn inte-
gral for the selected times at the symmetry axis @) of the domain considered. It
should be pointed out that the values of burn walegrow even after termination
of the external heat flux. If the tissue temperatdecreases (as a result of heat
dissipation to the environment or the process obdtlperfusion), then the previ-
ous growth of burn integral stops.
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Fig. 3. Courses of isotherms in skin tissue at 6510 s
(parameters of external heat sourges 20 kW/nf andt, =5 s)
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Fig. 4. Temperature histories (left side) and bategral histories (right side)
at selected points in tissue domai(0, L,), B (R/4,L,), C (Ri2,Ly), D (0, L+ Ly),
E (R4,L+ L), F (R2,L+Ly)
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Fig. 5. Profiles of temperature (left-side) andrbintegral (right-side)
at selected moments of time at symmetry axis ohdgr domaini(= 0)

The second example deals with determination ofréhetionship between the
values ofqgy andt, for which may occur a first-, second- or third-oksgy burn
(i.e. when the value of burn integral on the swefaetween the skin layer and the
dermis exceeds the specified value). At the stdgeumerical simulations, the
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valuesq, andt, from rangesy, 00 [10 kW/nt, 30 kwW/ni] andt, [ [0 s, 15 s] have
been taken into account. The computations for siveecases were terminated
when the temperature in the entire area of theidisgent below 50°C (then an
increase of burn integral is not very significaripr each simulation, a value of
burn integral at point (Q,;) was observed. This point is located in the symynet
axis of the cylinder between the epidermis andnieregions - and it is most
sensitive to the impact of the heat flux. In adufitithe thermal dose (11) for both
parameters), andt, has been calculated. In Figure 6 the results obthare pre-
sented in the form of isolines. It should be notleat the specified value of the
thermal dose absorbed by the tissue does not alggayse burns. For example, the
value of thermal dos&D = 20 J forg, = 10 kW/nf does not cause burns, but for
0o = 30 kW/nf a 2 degree burn appears.

v

g [kW/m’]

Fig. 6. Dependence of burn integral and therma¢ dtign lines - isolines of thermal
dose, thick lines - selected isolines of burn irabg

The last example has been solved as a non-linslrctancerning the homoge-
neous tissue domain. The temperature-dependent tmeanophysical parameters
of tissue have been introduced in the form [2, 12]:

3.8, T<098
o(T)= 3.8+ 2.339516T - 9B , 98T < 1C 12)
0.44- 4.019516T - 102 , 108T < 1(

0.44, T>102
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while the thermal conductivity is defined as folw

0.52, T<08
A(T)=4052-0.10T - 98, 9&T=< 1C (13)
0.092, T > 102,

The perfusion heat source (because of approacmainherical data, formula (2)
was somewhat changed)

Q,(T) =W, (T)[Te =T (xt) ], (14)

where cg = 3900J/(kgK) is the specific heat of blooWs [kg/(m®s)] is the volu-
metric perfusion coefficientz = 37°C is the blood temperature and

1.159, T< 42f
W, =<1.159 I+ 9.§T - 425 , 428T < 4t (15)
28.975, T2 45.
Additionally
Qe (T)=1091 1+ 0.4T - 3¥]. (16)

For example, ifT=45°C then the capacity of the metabolic heat soeaqéals
Qe = 1963.8V/m”.

Figure 7 shows the changes of temperature andibtegral at the points se-
lected from the tissue domain. The simulation waisedfor the same geometry of
the domain and the same parameters determininganedary conditions as pre-
viously. One can see that the tissue temperatues bhéating is several degrees
lower in comparison to the first example.
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Fig. 7. Temperature histories (left side) and hategral histories (right side)
at selected points in tissue domai(0, L,), B (R/4,L,), C (R’2,L,), D (O,L+L,),
E (R4, L+ Ly), F (R/2, L+ L,) for homogeneous tissue domain
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Conclusions

The study described in this paper investigatedthieemal processes occurring
in skin tissue. The tissue was subjected to tHeente of an external heat source
in the form of a 2D Gauss-type function. This seucan cause burns of the skin
tissue. At the stage of numerical simulation (tie &ially-symmetric task), the
control volume method was used. This method inlaively simple way allows
one to take into account the homogeneity and hg¢sraty of the layers of skin
tissue. The computer program worked out by the aastbf this paper gives the
possibility to estimate the impact of the extermaét flux intensity and the expo-
sure time to the possibility of burn formation, sitaneously it is possible to de-
termine the degree of skin burn.
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