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Abstract. In the paper the problem concerning the numerical modeling of thermal processes
in domain of biological tissue secured by a layer of protective clothing being in the thermal
contact with the environment is discussed. The cross-section of the forearm (2D problem) is
treated as the non-homogeneous domain in which the sub-domains of skin tissue, fat, muscle,
bone and blood vessels are distinguished. Between skin tissue and protective clothing the air
gap is taken into account. This sub-domain is treated as a solid body which thermal conduc-
tivity is defined in the special way. The process of external heating is determined by the Neu-
mann boundary condition and the sensitivity analysis with respect to the perturbations of the
boundary heat flux is discussed. Both the basic boundary-initial problem and the sensitivity
one are solved by means of the control volume method using the Voronoi polygons.
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1 INTRODUCTION

The problem of skin tissue heating including the layer of protective clothing is described
by the system of partial differential equations (energy equations), the boundary condition giv-
en on the external surface of the system, the boundary conditions between skin tissue and pro-
tective clothing, the boundary conditions on the surfaces limiting the successive sub-domains
of forearm and the initial conditions. In the version presented in this paper the air gap between
fabric and skin tissue is treated as a solid body (see: next chapter) and on its boundaries the
continuity of temperature field and heat fluxes are assumed.

The transient temperature field in the tissue sub-domains is determined by the Fourier-type
equation called the Pennes equation [1-7]. This equation contains two additional components
(the source functions), this means the perfusion heat source and the metabolic heat source.
The Pennes equation belongs to the group of macroscopic tissue models. In the recent years
the others model based on the Cattaneo-Vernotte equation (e.g. [8]) or the dual phase lag
equation (e.g. [9]) appeared, but the Pennes approach is, so far, most commonly used. The
domain considered (a section of forearm — 2D problem) is the non-homogeneous one and
constitutes a composition of skin tissue, fat, muscle, bone and blood vessels (arteries and
veins). The successive sub-domains differ in the values of thermal parameters, in this paper
the data taken from [10] are applied. Temperature fields in the domains of fabric and trapped
air are described by the well known Fourier equation (diffusion equation). The thermophysi-
cal parameters of textiles can be found in [11].

At the stage of numerical computations the Control Volume Method (CVM) is applied, in
other words, the domain considered is divided into a certain number of small cells and the
governing equations in the integral form are used individually to each one of them. This pro-
cedure guarantees, a priori, the conservation of physical quantities like mass, momentum and
energy, is extremely flexible and conceptually simple. In this paper, the 2D control volumes
correspond to the Voronoi polygons (also called the Thiessen or Dirichlet cells in two dimen-
sions) have been used. Such a version of CVM was in details discussed by Ciesielski and Mo-
chnacki in [12].

The sensitivity analysis presented here concerns the changes of transient temperature field
in domain considered due to the perturbations of the boundary heat flux determined by the
Neumann boundary condition given on the external surface of the system. The sensitivity
model is created by the differentiation of energy equations and boundary-initial conditions with
respect to the parameter considered (a direct approach, e.g. [13-16]).

2 MATHEMATICAL DESCRIPTION OF THE PROCESS
The domain considered (cross section of the forearm middle part [17]) is shown in Figure 1.

0y skin tissue
Q) fat tissue

Q3 muscle tissue

Q4 bone tissue

air gap

Figure 1: Simplified 2D geometrical model of the forearm with protective clothing cross-section.
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Heat transfer processes proceeding in the tissue volume are described by the system of the
Pennes equations of the form

oT,(xt) _ _
()25 = O A(T) I (%) ]+ Qe (%) *QuuelXt). €Lt (@)
wheree = 1, 2, 3, 4 refers to the tissue sub-domains (skin, fat, muscle and bone, respectively),
Ce is the volumetric specific heate is the thermal conductivityQper andQme: [W/m?] are the
capacities of volumetric internal heat sources connected with the blood perfusion and metabo-

lism, T, x = {x1, X2}, t denote the temperature, spatial co-ordinates and time. The perfusion
heat source is given by the formula

Qpefe(x’t) :Cbie(T)l:Tb_Te(X’t):I’ Tb :(Tbarta’y+Tbvein)/2 (2)

whereGre is the blood perfusion [fHood/(S MPissud], Co is the blood volumetric specific heat
and Tp artery @d Tp vein are thearterial and vein blood temperatures. Metabolic heat source
Qmet (X, t) can be treated as a constant value.

Equation describing the transient temperature field in the domain of fabric is of the form

cO(T)wzm[xo(T)mo(x,t)] 3)

The similar equation with the parameters corresponding to the properties of air describes
the temperature field in the domain of trapped air between fabric and forearm.

So, the layer of trapped air is treated as a solid body (a convection in this sub-domain can
be neglected). Through the air gap heat flows by the radiation and conduction, in particular

q(xt)=c [T-(xD-T(xt)], (x,t)=%[TF O)=T; .t ) (4)

whereo, is the radial heat transfer coefficieiy, is the air thermal conductivity is the air
gap thicknessJr, Tt are the averaged temporary temperatures of fabdcskin surfaces. As

is well known
i T +273Y (T + 2737
=10, .C +T. +546 = +| T 5
a, erC(Te +T; )|:( 100 ] ( 100 ] } (5)
and
1 1 1
=—+=-1 (6)

€rr & &

is the substitute emissivity, whike-, e, are the emissivities of fabric and skin tissue surfaces
andC; = 5.67 W/mK?2.

The total heat flux exchanged between the surfaces is equal to
7\‘& 7\'&
q(xt)=a, [TF (xt)-T; (X’t)] +E[TF (x,t)-T, (X,t)] = (o, +€) [TF (xt)-T; (X1t)] (7)

Let us introduce the substitute air thermal conductivity

a(xt) :%[TF () -T, ()] = (0, +%) [T.(x ) =T, (x.t)] ®)
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and finally
Ay, =5(a, +%) ©)

It should be pointed out, that the volumetric specific heat of trapped air corresponds to the
temperature-dependent values which can be found in literature (e.g. [18]).

On the contact surface between the tissue sub-domains, the continuity of temperature and
heat fluxes are assumed

N oT,(xt) N 0T,..(xt)
XOMgen:y ¢ on ™ on , e=123 (10)
T.(xt) =T..(xt)

whered / dn is a temperature derivative in normal direction. The same condition is accepted
on the surfaces limiting the air gap.

On the outer surface of the fabric, the combined Robin and Neumann boundary conditions
are taken into account

o, (xt) _ - e
T— Aot (Tamb TO(X’t))+{O, if tD(theating’tfinal]

whereqs is the boundary heat flug is the absorptivity of the outer surface of the protective
clothing,aou is the heat transfer coefficient afghy is the ambient temperature. On the sur-
faces between the blood vessels and soft tissue sub-domains the Robin condition is taken into
account, at the same time the heat transfer coefficients and the arterial and vein blood temper-
atures are assumed to be known.

The initial conditions are also given

t=0: T(Xt)=Teu(Xx), €=0,1,..,4 (12)

XOT 0 =M, (11)

out *

whereTseady IS the temperature distribution corresponding to the steady state conditions in the
tissue-fabric domain for the given initial ambient temperature and the initial external heat
transfer coefficient.

3 SENSITIVITY MODEL

The sensitivity model presented in this paper carsctre changes of transient temperature
field in domain considered due to the perturbations of the boundary heat flux. The equations
creating the sensitivity model have been obtained by the differentiation of the basic equations
and conditions with respect tp.

Let us denote the sensitivity functi@ (x,t)/dqg, by U(x, t). Then the sensitivity equa-
tions for the tissue sub-domains are of the form

ouU_(x,t

Ce%:)\QDZUe(x,t)—chbeUe(x,t), e=1,...,4 (13)

while for the fabric

. 0U, (xt)

—— =N 00U ,(x1) (14)
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One can see that the above equations concern the constant values of fabric and tissue thermo-
physical parameters (the authors do not dispose the convincing information connected with
the temperature-dependent relations).

For the trapped air the sensitivity equation is the following

oU, (xt)  dc T, (x, t) dA
c,—= +—2U_(x,t)—=——==0[A,0U_(x,t)[+—=20[U_(x,t)dT, (x,t 15
g gy a0 == 200U, )]+ DU (G ET, ()] (15)
On the external surface the boundary condition has a form
oU, (x,t -a, Ift0(0,t, .,
X0l : _)\OM:aomUO(X’t)-F (0, trcung ] (16)

on 0, if t [ (theaiing ’tfinal ]

‘Rebuilding’ of the others boundary and initial conditions is rather simple and it will not be
discussed here.

4 RESULTS OF COMPUTATIONS

In Figure 2 an example of the control volume mesh covering the sub-domains considered is
shown. Here, the domain being a composition of the forearm, protective clothing and air gap
is divided into 3429 control volumes.

Figure 2: Control volume mesh of the considered sub-domains for the cross-section of the forearm
and protective clothing.

The initial temperature distribution of the fabric-forearm system (see: Figure 3) corre-
sponds to the steady state conditions. They are found for the air temperaturelTgguals
20°C, and heat transfer coefficiemsi: = 5 W/n?K. Additionally the following blood temper-
atures are assUMED; artery = 36°C, Tovein = 35°C, While Olartery = Olvein = 5000 W/mK.

In the numerical simulation at the momdnt O the process of heating startp €
2100 W/n%, a = 0.3, whileTamw = 30°C anddos = 5 W/ntK) and this process is continued
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until theaing = 3 Min. Next, the cooling process takes plage=0 W/n¥, Tamw = 30°C and
Oout =5 W/m?K).

Figure 3: The initial temperature distribution.

The basic solution in the form of heating curves representing the average temperature in
the layers of skin, the inner and outer layers of protective clothing is shown in Figure 4. The
next Figure presents the temporary solutions for times 3 min. and 6 min.

In Figures 6 and 7 the numerical solution of sensitivity problem is shown. In particular,

Figure 6 illustrates the changes of sensitivity functiQiix,t) = aTe(x,t) /dq, (also represent-
ing the average values in the skin layer, inner and outer layers of protective clothing). The

temporary distributions of sensitivity with respect to perturbation of the boundary heat flux
are shown in Figure 7.

OL) i Average temperature:

— /\ layer of skin

& 70 inner layer of clothing
—o— outer layer of clothing
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Figure 4: Heating curves representing the average temperature in the skin layer, inner and outer layers
of protective clothing.
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Figure 5: Temporary solutions for 3 and 6 min.
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Figure 6: Sensitivity with respect to the boundary heat flux.
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Figure 7: Distribution of sensitivity with respect to the boundary heat flux for times 3 and 6 min.
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5 CONCLUSIONS

In this paper the numerical model of thermal processes occurring in the tissue-fabric do-
main exposed to an external heating by the strong boundary heat flux have been discussed.
The computations have been performed on the basis of the author’s variant of CVM using the
Voronoi polygons. Such a method can be easily adapted to the needs of bio-heat transfer
problems and it is an effective approach to the numerical modeling of thermal processes pro-
ceeding in the domain of biological tissue. Moreover, a discretization of 2D domain of the
complex heterogeneous shape using the Voronoi polygons has many advantages, among oth-
ers, the shapes of sub-domains can be exactly reconstructed. The CVM assures the correct
modeling of the energy balances and the implementation of the different types of boundary
conditions is simple.

The analysis of the results presented in this paper, gives a number of the significant infor-
mation. The increase of temperature in the fabric domain proceeds essentially faster in com-
parison with the tissue domain. In the case of accidental contact between hot fabric and
human body the tissue burns can take place. One can note that at the final moment of the heat-
ing process, the temperature of the protective clothing is significantly higher than the tem-
perature of the skin layer and at the stage of the cooling of outer fabric surface, the heat is still
transferred to the forearm domain. In order to achieve the thermal comfort of a person during
the heating process (the maximum temperature of the skin tissue layer should not exceed the
value more than 38 °C) the adequate period of the heating time in the presented simulation
has been chosen. Such an analysis of results allows one to the prediction of a situation which
is not preferable by a person. Further analysis allows one to determine the maximum stay time
at the given heat flux for a person under secure conditions.

In this work the sensitivity analysis with respect to the perturbations of the boundary heat
flux is considered and one can formulate the following conclusions:

- the maximum value reaches at the final stage of heating and the most essential changes

are in the outer layer of fabric,

- after period of the heating process, the sensitivity rapidly decreases,

- during the considered simulation time in the tissue domain the sensitivity is practically

close to zero.

ACKNOWLEDGEMENT
The paper has been sponsored by WSZOP Katowice (Research Project No. 3/2013).

REFERENCES

[1] H.H. Pennes, Analysis of tissue and arterial blood temperatures in the resting human
forearm,Journal of Applied Physiology, 1, 93-122, 1948.

[2] H. Arkin, L.X. Xu, K.R. Holmes, Recent development in modeling heat transfer in
blood perfused tissuedsEE Trans Bio-Med. Eng. 41, 97-107, 1994.

[3] E. Majchrzak, Application of different variants of the BEM in numerical modeling
of bio-heat transfer process@&4CB: Molecular & Cellular Biomechanics 10, 3 201-
232, 2013.

[4] E. Majchrzak, B. Mochnacki, M. Dziewonski, M. Jasinski, Numerical modeling
of hyperthermia and hypothermia process&dvanced Materials Research 268-270Q
257-262, 2011.

53



Bohdan Mochnacki and Mariusz Ciesielski

[5]

[6]

[7]

[8]
[9]

[10]

[11]

[12]

[13]

[14]
[15]
[16]
[17]

[18]

E. Majchrzak, B. Mochnacki, M. Jasinski, Numerical modeling of bioheat transfer in
multi-layer skin tissue domain subjected to a flash fd@mnputational Fluid and Solid
Mechanics 1-2, 1766-1770, 2003.

M. Duda, B. Mochnacki, 3D model of thermal interactions between human forearm and
environment,Journal of Applied Mathematics and Computational Mechanics, 14, 3 12-
23, 2015.

B. Mochnacki, A. Piasecka-Belkhayat, Numerical modeling of skin tissue heating using
the interval finite difference metho|CB: Molecular & Cellular Biomechanics, 10, 3
233-244, 2013.

W. Roetzel , N. Putra, S.K. Das, Experiment and analysis for non-Fourier conduction in
materials with non-homogeneous inner structime J. Therm. <ci. 42, 541-552, 2003.

E. Majchrzak, L. Turchan, The general boundary element method for 3D dual-phase lag
model of bioheat transfeEngineering Analysis with Boundary Elements, 50, 76-82,
2015.

D. Fiala, K.J. Lomas, M. Stohrer, A computer model of human thermoregulation for
a wide range of environmental conditions: the passive systemal of Applied Phys-
iology 87, 5 1957-1972, 1999.

P. ChitrphiromsriModeing of thermal performance firefighter protecting clothing during
the intense heat exposure, Mechanical Engineering, Doctoral Theses, Raleigh, 2004.

M. Ciesielski, B. Mochnacki, Application of the Control Volume Method using the Vo-
ronoi polygons for numerical modeling of bio-heat transfer proceds@s)al of Theo-
retical and Applied Mechanics, 52, 4 927-935, 2014.

B. Mochnacki, E. Majchrzak, Sensitivity of the skin tissue on the activity of external
heat sourcesCMES-Computer Modeling in Engineering & Sciences, 4, 3-4 431-438,
2003.

E. Majchrzak, B. Mochnacki, Sensitivity analysis and inverse problems in bio-heat transfer
modelling,Computer Assisted Mechanics and Engineering Sciences, 13, 85-108, 2006.

K. Dems, B. Rousselet, Sensitivity analysis for transient heat conduction in a solid body
— Part I,Sructural Optimization 17, 36-45, 1999.

M. Kleiber, Parameter Sensitivity in Non-linear Mechanics, J. Willey & Sons, London,
1997.

M. Schuenke, E. Schulte et akeneral Anatomy and Muscel osceleton Systerm (Atlas of
Anatomy), Thieme, Stuttgart — New York, 2010.

J. SzargutThermodynamics, PWN, Warsaw. 2000 (in Polish).

54



