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Abstract: The change in ambient temperature plays a key role in bodynthregulation. The use of protective layer (clothes) has no
only ethical values but also acts as a shield to combat wehs#vere environmental conditions. A mathematical moddbioheat
transfer has been formulated with appropriate diffusind aratching conditions at the dermal layers and the protedéyer. The
finite difference scheme has been employed to solve the naodiethe conditions for the thermal stability of tissue terapges were
illustrated using MATLAB and FlexPDE software’s. The rasudbtained are applicable to a wide range of problems totaiaibody
core temperature irrespective of the outside temperature.
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1 Introduction by Ogniewicz and Tien 4] by incorporating the
convective and diffusive transport mechanisms along with

hase change due to condensation and evaporation. Heat

The mtetabohc and %ell;“é‘r tﬁrofcesdsgst n hLlJ(mar(; rE’Odtfransfer in biological systems is relevent in many
converts energy provided by the ood into work and hea 'diagnostic and therapeutic applications that involve

;Lo r‘tr)1a(|jnta|ndth(tatﬁonste}nt balfatr;]ce Ef temperatur(i Vﬂ]h'n hanges in temperature. For example, in hyperthermia,
€ body and at the surtace of the skin, an amount ot hegf, temperature in tissue may rise to%@2- 43°C.

is dissipated through skin to the outside environment. Thekhanday and his co-workersl3,14,15,16,17,18] also
thermoreceptors and hypothalamus are responsible forthg.[uolied the diffusion of heat and r’nas’s i’n the biological

homeostas_ls. of t_he. body thro_ugh Vasqd'lat'on'tissues particularly in dermal regions and human head.
vasoconstriction, shivering, perspiration etc. Sinceg th Some recent works in this area have been studied by
body is usually cpyered with the protective layer by Khanday et al 7] through Variational Finite Element
means of clothes, it influences the heat transfer from thq\/lethods They studied the fluid distribution pattern in
Sk'r." acting as an insulating layer or absorb{:mt fhuman dermal layers by taking into account similar type
moisture or heat exchgnger. In human body c_JlfoSlon ha%f mass diffusion equation. Investigation of thermal
? V't?l rolg n rr&af?y .|mpoLtant prc:ce_ssest IlkeD%xygen properties of skin (%,6,8,12]) leading to thermal injuries
ranster, drug diifusion, homeostasis etc. DITusIon 5 o usually studied through the classical equation of
through mult|lgyers IS again an important process as.thePennes’ bioheat equatio8][ The most recent work using
human body is made up of different materials with an explicit form of finite difference method for estimating

multiple properties. I.t has many appllications' in Otherthe temperature variation in human dermal regions has
branches of engineerin§,[L0,11], geological profilesT] been studied by Khanday and Fidag The present

etc. Henry [] developed one of the theories of coupled aper studies the temperature distribution in multilagtere

heat and moisture transfer through clothing Considerin§kin with protective layer. A finite difference scheme with
accumulation effects. A steady-state model was studie
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a suitable boundary and interface conditions is used foiFinally making the transformatiol, = Te~%t, equation-
predicting the temperature pattern inside the skin tissug4) reduces to the following standard form

layers. Also the role of protective layer as a heat

exchanger between the skin and the surroundings has oT D02T )
been studied. Faa

The advantage of using Pennes’ bioheat equation is , ,
that it accounts for the ability of tissue to remove heat by | N€ layerwise heat transfer through different dermal and

both passive conduction (diffusion) and perfusion of inSulating layers having different physiological projest

tissue by blood. The bioheat equation used in this study i$2sed on equatiorsfis given by

given by ot 5 ﬂ .
ot ox2’

where T, is the concentration of diffusing substance in

wherep, ¢, k are the density, specific heat and thermal'@yeri attimet, Dj is the diffusivity of layer.
conductivity of tissue respectiveljfy, is arterial blood 1€ humans and other mammals are warm blooded

N i=1,2,34 (6)
pe = divikgradU) — cow(U —Tp) +Qm+P (1)

temperaturet, is time, ¢y, is the specific heat of bloody is
the perfusion rate per unit volume of the blo@g, is the
metabolic heat generation per unit volume dnds a

animals, therefore, the core temperature is maintained by
the thermoregulatory system upto large extent even in
extreme environmental conditions. Moreover, the clothes
are used for insulation to combat with the external climate

protective layer of clothes at the surface of the skin.

The heat balance at the clothing layer can be described b.%ﬂteegglrjircli(;er;?:c;{rr:git?gﬁ;ngzlss::?gtiggva{rmﬁeﬁ;%%eesl.a-rrehus

dTy
Cq i Q 2

T = 37°C for the internal core

T .
whereQ=0Q1+ Q2 — Q33— Qs — Qs+ Qg, Cq = My Qg is i_t = 0 for outer temperature surrounding the clothes
the heat capacity of the garmentsy( is the mass of )
clothes andqq is the specific heat capacity of the pye to the roughness of the materials in contact at the
garments) and interfaces, the use of appropriate continuity conditiohs o

Q1 = Heat transfer from the skin to the clothes through convectio the diﬁusing material are given by equati0|8$-(10).
Q. = Heat transfer from the skin to the clothes through evapmmati

Qz = Heat loss through convection with the surrounding envirentm Ti (Xi 7t) — Ti+l(xi 7t) (8)
Q4 = Heat loss through conduction with the surrounding envirenin oT oT
) ) ) ) i i+1
Qs = Heat loss through evaporation with the surrounding envirent. k| (9_ = kH_ld— (9)
X X

Qs = Heat gain due to solar radiation.
where ki = piciD;.
The more general matching condition at the interfaces is

given as
2 Method a1
O T T
Due to complex structure of the dermal layers, the heat ki X Hi(Tiea = Ti) (10)
distribution models in these layers are spatially variedl an 0T
highly heterogeneous. The analytical solution to the ki1 ox Hi(Tivs—Ti)

equation-{) together with equationZf is cumbersome. ] o . o
Therefore, the numerical solution based on finite WhereHi is the heat transfer coefficientHf is SUffICIently
difference approximations has been taken into account d@rge, then the contact between the layers is perfect for the
the appropriate situations. smooth flow of the dlffusmg material.

First we re-write equationj as

2 . .
z9a_LtJ _ Dz;XLZJ aU+p 3) 3 Numerical Solution
To study the heat distribution in human dermal regions
whereD — L a =Y andg — Qm+P+cowTp through three layers as shown in Figurewe consider
pc pc pc the size of three layers as

. B .
Now, usingU =V + o equation-g) reduces to Subcutaneous Tisstigo < x < L) of lengthl;

" Dermis(L; <x <L) of lengthl, and
v = Da v Epidermis(L, < x < L3) of lengthl;
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Subcutaneous tissue Dermis Epidermis Clothes

to each layer is given by

u T, O[0Ts" Te 00 Te*
oL ST ‘7T,:1 TF; ___T.g_; Tk_.1-_u';'::_'1:h2- . T ﬁ
T Ta Ta g8
N dszfl _hoTy- —(ho+h) Tj1 + T
E axz hohy(ho + h1)
Lo . e : o - 52Tj+1 - hoTy+ — (h2+ho) Tj 11+ haTj 2
ox2 hoha(ho + hy) (11)
Fig. 1. Domain of study with different layers and the (72ka1 hoTe- — (hg+ ho) Ti1 + haTi_»
boundary conditions. ~
i X2 hoha(ho + hs)
0%Tir1 _ hoTer — (hg+ho) Tira +haTier2
o hoha(ho + ha)

We now find the values of different nodal point

g L temperatures shown in Figufiewith the help of Taylor
] I series as follows:
081 i
06 i
> ] [ 0T, h2oT2
Tj_1~T,-—h ==
04 i -1 7ox + 2 ox2
] i _ 0T, (hi+ho)?dTZ
1 . Ti-2=Tp- = (N1 +ho) ax T 2 X2
0.2: : dTb+ h% 0Tb2,
] [ T = Tor =Me=5 75 3
] i aT, hp 4 ho)? T2
. C Than Ty (hpthg Ty (2ol T
-'n' e Y i

ax 2 X2
, 7 1 (2
T h 0T E oTs
X ker=Te T ox 2 ox?
0T (ha+ho)?dT2
Tz 2 Te- = (Mg +-ho) =5 +4 2 : PTG
Fig. 2: Mesh of the domain of study for obtaining solution of oT 2 T2
the problem through FEM. ct 4 Y ct

T = Tor —ha=5.- ox 20X

T+ N (hs+hg)? 9T2
X 2 ox2

Tkg2 > Te —(h4+h)

The two dimensional mesh of the domain generated using

FlexPDE sotwareZ?] is given in Figure2. On solving the above system of equations along with
On employing central difference method, Taylor seriesthe matching conditions given in equatiobd), the values
method and the geometry of the dermal regions describedf the unknownd,-, Ty, T.- and T+ obtained are given

in Figure-1, the following set of equations corresponding by the following equations:
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Ty = g { [ (ot ha) (b4 K) + ok K] T 2
+ [((ho =+ hg) (hoHi +ki+1) +hokis1) (ho +he)?k ] Ty

+ [ha(ho+h1) (ho+ hz)?Hiki 1]

+ [~ hatB(ho + hu)Hikis1] Tz f

(13) Up(x) = 37— Sikfx
Ty = Qil{ [7h§h2<h0+h2)Hikj}Tj72+ [h2<h0+h1>2(h0+h2>Hiki} T Uz(X) _37_ 37I<2H1[k1H|1:<l)|f|:X1>+N1k2] (18)
+ [((ho + ha) (heHi -+ ki) + haki) (ho + 2) ki 1] Ty Us(x) = 37— 37k HiHaka (X — X2) + kokaHaNy -+ kiksH1No]
+[=((ho+hy)(haH, +K) +hako)T; 2] } bekgHishz
T = 2 { [ (o - ha) (b + )+ k)18 T VAVIthele = l1H1 4k andNz = [2Hz +ke.
i o)
+ [((ho+ha) (haHi + k1) + sk 1) (ho+ 1) ?ki] Tj1 3 X
+ [ (ho +hs) (Ro + ha) 2Hiki 1] 2 Pc )q{l 9i (X)X k(x)dx
+ [—hahg(ho + hg)Hiki 1] Tm} Ok=—"73 % 2 (x)d (19)
iCi 2 (x)dx
T = Aii{ [—=h3ha(ho+ ha)Hik] Tj—2 + [ha(ho+ h3)? (ho+ ha) Hiki] Tj 1 iglpl IN’L o
+ [((ho+hg) (hgHi +k) +hski) (ho + ha)?ki 1] Ty 41 whereg;(x) = fi(x) —wi(x),i=1, 2, 3. and
[~ ((ho-+ hg) (ab +K) + haki1) Ty 2] }
(14) Ak Ak
Xik(X) = ks‘n(d (X—x%-1)) +Ki, kCOS(d (X—%i-1))
| |
(20)
Q= ho{ [(ho + 2hg) (Mo + ha)haki + (ho + hg) (Mo + 2h4) ki 1] Hi whereJ; k=1 ,Ky =0 and
(o +2n5) (o + 2N )ik 11 | /D2, Iy
Jok= 0S(Ak
\/ k2 sl vD 1)
2, = ho{ [(No -+ 2y) (ho + Pk + (o + ) (o -+ 20k 1] |1 : l1
Kok = cos()\k—) +sin(Ak—=)
(o + 2n3) (o + 2N ) ki1 | vD H1 VD1 vD1
kov/D3 P Al
The mixed boundary condition atz, given by Jak = Dok {32 kCOS(Ak\/D_z) Kzms (\/D_z)
equation-15), is included in the finite difference scheme | oA Al
by adding a fictitious poinf,,.; at a distancey to the Kax =Jok {gn M) 4+ 20K g K2 }
right of boundary at_3 with the help of equationi() ’ ’ ( V Dz) vD2Hz (\/Dz)
lo koA . Akl
T +Kaok [COS Ak - sin
= h(T-T (15) * ST, B U,
whereT, is the ambient temperature.
5 The eigenvaluesy, are defined by the following equation
T; 1
o8 = ot 2 (G4 1) | (16) " |
o g dok | Dcos(h )| o [ Hsinih ) <0
(21)

4 Analytical Solution

steady state solution ang(x,t) is the transient part of
solution with initial conditionT; (x,0) = fj(x) = 0.
Therefore, the solution is given by

T =U+ Y ae ) (17)
k=1

The steady state solutiongi(x), Ux(x) and Us(x)
corresponding to the three layers shown in Figlirare
given by

To solve equation€), the model consisting of bio-heat 4.1 Numerical Computation
equation given in equatiort) and boundary, matching
and interface conditions given ifr)( (8), (10) and (1),
we invoke variables separable technique.

Define the solution of equatioBy in the form
Ti(x,t) = Ui(x) +Vi(x,t); i = 1, 2, 3, whereUj(x) is the

To know the efficiency of the finite difference method
used in this study, we substituted the relevant values of
the parameters given in Table-The step length in the
spatial discretization is taken @« = 0.01 at which the
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Table 1: Physiological parameters and their numerical vales.

Parameter Unit Value
Thickness of subcutaneous tisgyg! um 1800
Thickness of Dermid,)®! um 2000
Thickness of epidermigs)!® um 80
Thermal conductivity of subcutaneous tisgge® ~ Wm1 0c-1 0.19
Thermal conductivity of dermig)[! wm-10c-1 0.45
Thermal conductivity of epidermiks)(® wm10c-1 0.23
Heat transfer coefficieftt)(4! Cal.sIm20c-1t 0.70
Specific heat of subcutaneous tisgag) [ Jkg10c1t 2675
Specific heat of dermiéc,)!®) Jkg~10c-1 3300
Specific heat of epidermig;)®! Jkg~10c-1 3590
Density of subcutaneous tiss(e; ) Jkgm 3 1000
Density of dermigp,)[®) Jkgm—3 1200
Density of epidermigps)[®! Jkgm—3 1200
Diffusivity of subcutaneous tiss(@; )23 mPmin~1 204x107°
Diffusivity of dermis(D5)[23 m2min~1 203x 100
Diffusivity of epidermigD3)/23 mPmin—1 2x 1079

running time of the program is.® seconds. Figur8-
gives a 3-dimensional view of the temperature profile
through the defined layers which have been plotted using
FlexPDE software 42]. Figuresb, 6 and 7 respectively 0
show the behaviour in the temperature profiles at different
ambient temperatures across the layers of the skin when
the protective layer allows the exchange of heat from the
skin surface with the surroundings. Moreover, the
behaviour of temperature variation at some located points
in the domain at different ambient temperatures are shown
by the Figures3, 9, 10. At H; = H, = 0.5, the graphs in

solution

max 370

q

o2&
88cccooo:k

famma T
Q@ aa oo

Temperature{°C)

the Figurel2, show jumps at the interfaces as expected. , h
By increasing the value of the transfer coefficieHtsin S~ |
the matching condition defined by the pair of equations in o

equation-11), the resulting temperature profiles and its 0 R i
surface have been illustrated in Figurg-The graphs in

the Figurell clearly show negligible jumps at the
interfaces which demonstrates that the matchin
conditions given by equatiorit{) are a more general
form of the heat flux continuity equation given by
equation-10. At smaller times the matching condition
gives more accurate results than using equati@p-(

Fig. 3: Temperature profile across the four layers when
Yhe heat exchanges through the protective layers when the
ambient temperature is25°C, H; = 0.6 and Hp = 0.8.

substituted back to get the solution of the original model
. . . equation-{). The variation of temperature profiles across

5 Discussion and Conclusion the defined layers in presence of different protective

layers of clothes at various climatic conditions were
The basic Pennes’ bio-heat equation has been suitablgalculated at the nodal points of the layered skin with the
reformulated in which the role of protective layer at the help of Taylor series and finite difference method.
skin surface is incorporated. The appropriate interface, The finite difference method discussed in this paper
matching and boundary conditions have been suitabljhas been compared with the the analytical solution of
defined to form a boundary value problem. The model hasequation-§) described by equatiorty). The series in
been transformed into the standard heat transfer modetquation-17) is truncated ak = 40. Equation-{7) is then
with the help of certain transformations. The solution plotted using MATLAB software along with the
obtained to the transformed equati®@)-(is then  numerical solution computed through the system of
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Temp
viewpoint(0.07.-0.89, 30)

max

Fig. 4: 3-D view of the temperature profile variation across
the layers.

solution

max 37.0

Fig. 5: Variation of temperature with distance through the
four layers when the heat exchanges through the protective
layers at the ambient temperature ofLl0°C and Hy = Hy = 20.

R 3 solution
[ max 370
s 36.0
T 340
l q 320
03 28
L 240
I 220
k 200
i 18.0
i i 16.0
5 .
g - 100
] e 8.00
: §
g [ c !
2 04 i —
5 \
= \ \\__
02 X
-

T T T T T T
0 02 04 06 08 1
Distance fcm)

Fig. 6: Variation of temperature with distance through the
four layers when the heat exchanges through the protective
layers at the ambient temperature of20°C and H; = H, = 20.

1. solution

Temperature (°C)

\t-——-

0 02 04 06 038 1
Distance (cm)

Fig. 7: Variation of temperature with distance through the
four layers when the heat exchanges through the protective
layers at the ambient temperature of37°C and Hy = Hy = 20.

Temperature

7 =
/2

T e2

Fig. 8: Variation of temperature at different locations (shown
on the right side of the graph) of the four layers when the
heat exchanges through the protective layer at the ambient
temperature of 10°C, seconds andH; = Hy = 20.

1

77
7

Temperature
===

T

Fig. 9: Variation of temperature at different locations (shown
on the right side of the graph) of the four layers when the
heat exchanges through the protective layers at the ambient
temperature of 20°C and Hy; = Hy = 20.
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e = “ — Exact

|
i o om
7 — Few0e

Temperature

Temperature (°C)

t=0.01

: ) N
0 d \

0 02 04 06 08 1
Distance (cm)

T

Fig. 10: Variation of temperature at different locations
(shown on the right side of the graph) of the four layers
when the heat exchanges through the protective layers at the
ambient temperature of 25°C and Hy = Hy = 20.

Fig. 13: Comparison of exact, FDM and FlexPDE solutions
across the four layers of the domain of study at different tines
(in seconds) andH; = H, =0.5.
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T
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Fig. 11: Temperature variation and its surface across the for Fig. 14: Temperature variation across the four layers when
layers of the domain of study wherH; = Hp = 50. the temperature outside the protective layer of clothes
(Briefs, trousers, suit Jacket ) is15°C.

@

Temperature (°c)

T
]

Temperature (°C)
[

2
2
2
2
2
2
1
!
1
b
1

4.0
30
20
10
0.0
9.0
8.0
70
5.0
58

04 06
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T T T
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Fig. 15: Temperature variation across the four layers when
Fig. 12: Temperature variation across the four layers of the  the temperature outside the protective layer of clothes
domain of study whenH; = 0.5, H, = 0.5. (Briefs, Shirt, Trouser) is 45°C.

equations in (18),(13),(14) and the results were illustiat
in Figured13 The graphs clearly show the efficiency of
the finite difference technique invoked in the paper.
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diffusing through the different layers having different
. physiological properties. The finite difference schemes
are applicable to a wide range of problems involving
multiple layers §,19,20,21] where numerical integration

Co techniques are often used. The technique of using the
A finite difference scheme, outlined in this paper, is very
easy to implement for obtaining good approximating
results to certain degree of accepted errors. The andlytica

and numerical results obtained in this study have a

capability to be applicable to many practical bioheat

transfer problems than a few existing analytical solutions

Fig. 16: Temperature variation across the four layers when

the temperature outside the protective layer of clothes Acknowledgement

(Briefs, Two Trousers, Shirt, Jacket) is—10°C.
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