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Abstract. The temperature distribution in the tissue sulejgdb a flash fire is dependent,
first of all on its thermophysical parameters. artzular, the blood perfusion coefficient is
dependent on the degree of tissue necrosis deddoipéissue injury integral. In the paper
a bioheat model basing on the Pennes equatiorhanérthenius scheme is presented.

1. Governing equations

Up to the present, the most common model descrit@ngperature distribution
in the tissue domain subjected to heating, as & hdses on the Pennes bioheat
equation in the form (1D problem) [1-3]:
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where) [W/(mK)] is the thermal conductivity; [J/(n K)] is the volumetric spe-
cific heat,Gg [(m® blood/s)/(n tissue)] is the blood perfusion rate & [W/m?]
is the metabolic heat source. The blood parameidd(nT K)] and Tg denote the
volumetric specific heat and the artery temperattespectively, whildl, x, t cor-
respond to the tissue temperature, spatial co-ateliand time.

One of the flaws of this model is that destructadrtissue during heating has
not any effect on parameters values. When tissu@deatures reach 60 to €5
proteins are denatured and tissue necrosis canfdeeted. Over 10, water in
tissue changes phase, increasing pressure in tigssuking in explosive vaporiza-
tion and shutting down the vasculature (thrombo&ghen temperature is above
150°C proteins are broken down, releasing hydrogemgaein and oxygen, leaving
layer of carbonization.

Tissue damage could be predicted by means of ameAius integral formula-
tion [1, 4]

8(x) :I Aexp[— RTA(it)} ot )



58 M. Jashski

whereA is the pre-exponential factor f§ AE is the activation energy for the reac-
tion [J/mole] andR is universal gas constant [J/(mi&y.
The accepted criterion for complete tissue neciliedik, 4]

8(x) =1 3)

Because necrosis results from damage of tissueulsspe, so the perfusion
coefficient Gg is dependent on the tissue injury integral (2). Toldlowing ap-
proximation of functiorGg can be assumed [4]
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whereGg, denotes the rate of perfusion in totally undaméaig=sdie.

The first equation in (4) shows that perfusion ratreases as tissue is heated
and vasodilation occurs, while the second refletied flow decrease as the vas-
culature begins to shut down (thrombosis).

Taking into account the equations (1) and (2) tloldmat transfer can be written
in the form

aT(xt) _, 9T (x)

O<x<L: c 5
ot o0x

+CyGg (O) To ~T (x,1)] +Que (5)

andGg(0) is described by formula (4).
Equation (5) is supplemented by following boundeoynditions

x=0: T(xt)=T,, or qxt)=q,,

x=L: q(x,0)=0 (©)

and the initial one
T(x,0)=T, (7)

2. Examples of computations

On the stage of numerical realization tifestheme of boundary element me-
thod for linear elements has been applied [5].dmgutations the following values
of tissue parameters have been assumed: = 0.75 W/(mK),

c = 310° J/(n? K), Ggo = 0.00125 (mblood/s)/(n tissue),Que = 245 W/ni and
L = 35 mm. Parameters appearing in Arrhenius integgaal A = 3.1:10% s,

AE = 6.2710° J/mole anR = 8.314 J/(mol&). Blood parameterss = 3.996210°

JI/(n? K) andTg = 37°C. Tissue domain has been divided into 100 elememdshe
time stepAt = 0.5 s.
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In example 1 the constant temperatureXer O has been assumég= 75C,
while for thex = L the no-flux condition could be accepted. Initisdtdbution of
temperature has been assumed as the constant &omp@g = 37°C.

In Figure 1 the temperature distribution in thesuis domain is presented. The
two next figures concern results connected witbuesdamage. Figure 2 shows the
distribution of perfusion coefficient for differetimes. The effect of tissue necro-
sis corresponds to left hand side of the peak whahee of perfusion coefficient
fall down to zero, and on the right side of thelpisavisible increase of perfusion
rate caused by vasodilation. In Figure 3 the pesfibf injury integrals are shown.
On the basis of those values and criterion fouggsecrosis (c.f. equation (3)) the
depth of necrosis after time 240 seconds was akdlas equal 8.4 mm.
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Fig. 1. Temperature distribution (exampleld = 75°C)
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Fig. 2. Perfusion rate distribution (examplell= 75°C)
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Fig. 3. Profiles of tissue injury integral (examplel, = 75°C)

In example 2 the Neumann condition for 0 has been assumed and the value
of heat flux is equal, = 3000 W/n. Initial condition and condition for the second
boundary were the same as in previous example.rddts are presented in the
Figures 4, 5 and 6. Similary to former simulatiboth the tissue necrosis and per-
fusion increase produced by vasodilation are vegll moticeable in the Figure 5.
On the basis of knowledge of Arrhenius integralfilge (Fig. 6) the depth of
complete tissue damage after 240 seconds was detdeth as equal 5.6 mm, but
on the contrary to example 1, the process of nectwsd begun after 76 seconds
(in example 1, immediately after calculations stae. after 0.5 second).
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Fig. 4. Temperature distribution (examplegg= 3000 W/n)
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Fig. 5. Perfusion rate distribution (exampleg2= 3000 W/n)
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Fig. 6. Profiles of tissue injury integral (examgley, = 3000 W/rd)

3. Final remarks

The model proposed seems to be closer to the osditions of heat transport
in the living tissue subjected to intensive extéimeating. Negative effects of heat-
ing have visible influence on tissue perfusion ratee Arrhenius integral formula-
tion is quite convenient means to modelling sugbetpf problems. It should be
pointed out that equation, similarly to (4), colde introduced also for metabolic
heat source.
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