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The concept of finite heat propagation velocity is applied to study the bioheat transfer problem in skin, which is
stratified into epidermis, dermis, and subcutaneous layers. This paper proposes a modified numerical scheme and the
analytical method to analyze the problem with the instantaneous surface heat flux. The numerical results are in a
good agreement with the analytical solution that evidences the rationality and reliability of the present results. We
discussed the deviations between the thermal wave model of bioheat transfer and the Pennes model. The predicted
results depict that the time derivative of heat flux, the relaxation time, and the composite structure significantly affect
the thermal propagation behavior. The effects of 7,9¢(0,¢)/d¢ # 0 on the results from the equation for the thermal
wave model of bioheat transfer are also distinct. The finite propagation effect should be described in the heating

surface boundary condition.

Nomenclature

coefficients

specific heat of tissue, J/kg - °C
specific heat of blood, J/kg - °C
thermal conductivity, W/m - °C

length of tissue, m

distance between two neighboring nodes, m
node number at the boundary surface
metabolic heat generation, J/m?3

heat source for spatial heating, J/m?
amplitude of sinusoidal surface heating, J/m?3
Laplace transform parameter
temperature of tissue, °C

arterial temperature, °C

initial temperature of tissue, °C

time, s

step function

heat propagation velocity in tissue, m/s
perfusion rate of blood, kg/m? - s

space coordinate, m

thermal diffusivity, m?/s

elevation temperature, 6 = T — T, °C
initial elevation temperature, °C
Laplace transform of 6

parameter defined in Eq. (10)

= density, kg/m?

= relaxation time, s
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Subscripts

node number
number of layer
number of subspace domain

I. Introduction

ECAUSE of medical treatment or accident, skin is probably
exposed to a flash fire, laser irradiation, or contacted with hot
substances. These situations would generate an instantaneous and
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high-rate heating on the surface of skin and might result in burn
injuries. Investigations on such bioheat transfer behaviors are helpful
to avoid thermal injuries and establish thermal protections. To
predict the behavior of bioheat transfer in living tissues, the Pennes
model is the most commonly used one among many bioheat transfer
models [1] for simplicity and validity. The Pennes bioheat transfer
equation describes the thermal behavior based on the classical
Fourier’s law and depicts an infinitely fast propagation of thermal
signal. In reality, accumulating enough energy to transfer to the
nearest element would take time in the process of heat transfer. In
homogenous materials such as common metals, the accumulating
time ranges (or relaxation time) from 1078 to 107'* s [2-4]. The
heating processes are mostly much longer than this time scale, which
is why the phenomenon of finite heat propagation is difficult to
observe in common metals. However, the living tissues are highly
nonhomogeneous, and the velocity of heat transfer in tissues should
be limited. Since the concept of finite heat propagation velocity
received the attention from relevant researchers [5-9], the paradox
that occurred in the classical heat transfer model was solved.

The literature [2—4] reported the relaxation time in biological
bodies to be 20-30 s. Mitra et al. [10] found the relaxation time for
processed meat is on the order of 15 s and reconfirmed the order of
magnitude of the values obtained by Kaminski [3]. The experimental
investigation made by Roetzel et al. [11] showed the value of
relaxation time to be about 2 s for processed meat. The preceding
literature further support the phenomenon of finite thermal
propagation velocity in the process of bioheat transfer. As a result,
the thermal wave model of bioheat transfer [12,13] is introduced to
investigate the physical mechanisms and behaviors of heat transfer in
living tissues. The relationship between the heat flux vector and the
thermal disturbance in the thermal wave model is described as [5-9]

%

= —kVT
ot

g+t €))
where 7 is the relaxation time and can be approximated by T = a/ V2.
Conductivity, time, thermal diffusivity, and heat propagation
velocity are denoted by k, f, @, and V, respectively. The time
derivative term of heat flux in Eq. (1) mathematically described the
effect of the relaxation time (or the finite propagation effect).

Some literatures have studied and analyzed the problems of
bioheat transfer in skin. Most of their computational analysis is
performed using the Pennes bioheat transfer equation. In accordance
with the contents of the literature [5—9], the thermal wave behavior of
heat transfer is obvious in the shorter heating processes. This paper
attends to investigate the temperature distribution in skin with
instantaneous surface heating for more understanding to the thermal
wave propagation behavior of bioheat transfer. The fundamental
solution of the thermal wave model of bioheat transfer is difficult to
obtain. Various numerical methods [13—-19] for solving the relevant
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problems have been developed. A numerical method may encounter
some mathematical difficulties for the non-Fourier heat conduction
problem with the discontinuous time-dependent surface heat flux
[16,17]. Because skin is regarded as a layered composite of
epidermis, dermis, and subcutaneous [19], the complex boundary
conditions raise the difficulty to solve the present problem. As a
result, a modified numerical scheme based on the Laplace transform
is developed to overcome such mathematical difficulties and analyze
the present problem as well as the analytical method. The effects of
the difference in the relaxation time for each layer and deviations
between the thermal wave model of bioheat transfer and the Pennes
model are investigated. The effects of the term td¢q/d7 on the heating
surface boundary condition or the temperature distributions are also
explored and cleared up.

II. Mathematical Formulation

To consider the finite heat propagation effect, the thermal wave
model of bioheat transfer (TWMBT) is proposed as

V- (kVT) + wbcb(Tb - T) +49nt4,

oT  dq, . g, PT T
+r(—whcb—+ﬂ+ q)zpc(f +—) @

at ot ot 01 ot

Here, p, ¢, and T denote density, specific heat, and temperature of
tissue, respectively. The specific heat s c;, w,, is the perfusion rate of
blood, g,, is the metabolic heat generation, and g, is the heat source
for spatial heating. T}, is the arterial temperature and regarded as a
constant. Equation (2) is a hyperbolic equation and is more
mathematically complex than the traditional Pennes bioheat
equation. As 7 = 0, Eq. (2) become the Pennes bioheat equation.

This paper focuses on studying the one-dimensional bioheat
transfer problem in skin with the instantaneous surface heating. In
reality, skin is stratified into epidermis, dermis, and subcutaneous
layers, as shown in Fig. 1. The three layers have different
physiological and thermal properties. Heat is assumed to be incident
on the skin, and so the spatial heating is equal to zero. The 1-D form
of Eq. (2) with constant thermal parameters for g,, = constant and
q, = 0 is written as

2

0°T T
kv 4+ w,c,(Tp, = T) + q,, — TW,Cp = pC
0x ot

0°T 8_T
ar? ot

3

Then, the initial steady temperature distribution 7}, (x, 0) in skin can
be derived from Eq. (3) as

02T,
kW'thCh(Th—To)‘f'qm:O )
Subtracting Eq. (4) from Eq. (3) leads to

026 a0 026
pcrw—i- (pc—}-rw,,c,,)g—i—w,,cb@—kﬁzo (5)
where the elevation temperature 6 is defined as 0 = T — T,

As skin is subjected to a flash fire, a short and high-rate heating is
developed on the surface of skin. Heat losses from the surface can be
neglected. Therefore, this study has the initial conditions

0 L L Ls

skin ] 5 3 body
surface core

Layer 1: epidermis

Layer 2: dermis

Layer 3: subcutaneous
Fig. 1 Geometry and coordinates.

96(x,0)

0(x,0) =0 and 5

0 (6)

and the boundary conditions

k(%):—(l—kr%)q
:—(1+r%){qo[u(z)—u(t—t,,)]} atx=0 fort>0
@)
and
=0 atx=L forr>0 8)

where ¢, is the heating duration, g, is the constant surface flux, and u
is a step function.

For short duration of the instantaneous heating, the literature [13]
ignored the finite propagation effect from the heating surface
boundary condition. In other words, the boundary condition (7) can
be written as

k(%) =—q=—qo[u(t) —u(t—1,)] fort>0 and x=0
©

For this point of view, further discussion is done in this study.

The boundary conditions at the interfaces of two adjacent layers
are obtained from the assumption that temperature and heat flux are
continuous.

III. Analysis

First, the Laplace transform method is employed to map the
transient problem into a steady one. Equation (5) and the boundary
conditions can be written in the transform domain for the initial
conditions Eq. (6) as

20, ~ .
%@_gej:o for j=1,2.3 (10)
5 1
d_elz_l}qo(l—e—‘h-‘)— forx=0 (11a)
dx §
éjzéﬁ_l forx=L; and j=1,2 (11b)
k. db. k; dé,
J Vi j+1 j+1 forx=L,» and j=1,2
Ts+1de 7841 dx
(11¢c)
and
f=0 for x = L4 (11d)
where

1
A =—[t;pjc;is* + (pjc; + Tjwype)s + wye,]  for j=1,2,3

Ik
(12)
B ("ski“) for 7,9¢(0, 1)/ # 0 (132)
1
or
P kl for 7,9¢(0.1)/3t =0 (13b)
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where s is the Laplace transform parameter with respect to ¢. The
function 6 is written as 6 in the Laplace domain. The subscript j
denotes the layer number.

The interfacial boundary condition introduces the complexity and
causes some mathematical difficulties for directly solving the present
problem in the temperature domain. As aresult, this paper develops a
numerical scheme, and the analytical method based on the Laplace
transform method is presented.

A. Numerical Analysis

The present paper divides the whole space domain into several
subspace domains. For the continuity of the heat flux and
temperature within layer j, the following conditions are required for
the interior nodes in layer j:

6,00c) =041 (x) fori=k,  k=2,....n—1 (14)
and

déj_k (x) _ déj,kJrl (x:)

for i =k, k=2,....,n—1 (15)
dx dx

where the subscripts i and k denote the node number and the
subspace domain number, respectively.

The governing algebraic equations of the present problem can be
derived from Eqs. (14) and (15). Before performing the derivation of
the governing algebraic equations, 6 should be approximated by
using the nodal temperatures and shape functions within a small
subspace domain. The shape functions should be carefully chosen for
getting a more accurate result. Poor selection of the shape functions
may produce severe numerical oscillations near the jump
discontinuities and affect the accuracy and stability of the numerical
results [20]. Owing to this reason, the present work derives the shape
functions from the governing Eq. (10).

For the subspace domain k, [x;, x;, (], the analytical solution of the
governing Eq. (10) subjected to the boundary conditions

éj’k(xi) = é,j and éjvk(xi-f—l) = é[.;.]yj (16)
is easily obtained as

~ 1 ~ ~
0 x(x) = —=———[sinh A;(x;;; — x)0; ; + sinh A;(x — x;)0;, ;
].k( ) Sll’lh)\.jﬁj[ ]( +1 ) \J /( ) +1]]
a7
where £; denotes the length of the subspace domain or the distance
between two neighboring nodes. Similarly, the analytical solution of
Eq. (10) in the interval [x;_, x;], 9,-,571 (x), can be obtained.
Substituting the shape functions 6; ,(x) and 0, ,_, (x) and Eq. (14)
into Eq. (15) leads to the following discretized form for the interior
nodes in layer j:

Ci—léi + Ciéi,j + Ci+1éi+1.j =0 (18)

_Lj
where the coefficients C;_, C;, and C; are given as

Ci,=C, =10 (19a)
and

The discretized form for the node at the interface of layer j and
layer j + 1 can be obtained from the chosen shape functions and the
boundary condition Eq. (11c) as

Cio1j0i-1; + Cigjrn i

+ Cit1jmbip1j1 =0 forx=1L;

and j=1,2  (20)

where

p— & (21a)
19T (s + 1) sinh L, ‘
k; Iy
I (z;5 + 1)sinh A;¢; I
kji1 A1
- hi, L 21b
(T8 £ 1) sinh, £, o (21b)
k; by
Citrjm1 = s aa 21c)

(Tj+ls =+ 1) Sinh)\.j+lzj-+1

Rearrangement of Eqgs. (18) and (20) in conjunction with the
discretized form of the boundary conditions yields the following
matrix equation:

[Cl{0} = {F} (22)

where [C] is a matrix with the complex number s, {6} is a column
vector representing the unknown nodal evaluation temperatures in
the Laplace transform domain, and {F} is a column vector
representing the forcing term. The Gaussian elimination algorithm
and the numerical inversion of the Laplace transform [21] are applied
to compute the nodal temperatures in the physical domain.

B. Analytical Solution
The analytical solution of Eq. (10) can be written as
f,=D;e"* + E;e™* forlayer j,  j=12,3 (23)

The coefficients in Eq. (23) are able to be obtained with the boundary
conditions (11a—11d) and are described as

D =E, — Aﬁc; (24a)
1
E,=h D, + hhE, (24b)
D2 = h5E2 + h6 (24C)
Ey = hq/hg (24d)
D3 = —E3€72)L3L3 (246)
Ey = h3D, + hyE, (241)
where
1 TS + 1 )\.2](2
hy=—(1-— . (AM+A2)Ly 25
! 2( Mk s+ 1 ¢ (259)
1 T8 —+ 1 )\.2]{2
hy=-11 . (=)L 25b
2 2( + Mk, s+ 1 ¢ (25b)
1 38 + l )\ka
ho=—1- . (A3+2r2)Ly 25
3 2 ( )\.3]{3 TS =+ 1 ¢ ( C)
1 us+ 1 Ak,
ho=—1(1 . (A3—A2)Ly 25d
4 2( + )\3]{3 TS + 1 ¢ ( )
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e hLli _ (e*MLl + e)\lLl)hz

hs = (e_)‘]Ll T €>"L‘)h1 ok (25e)
ek.Ll I~7 .

he = (enh 1 nlyh, — gl a4 (25f)

hy = [e 2Ly _ 1]hyhe 4+ eP2tra)lap (25g)

]’lg — [] _ 6_2}‘3(L3_L2)](]’l3h5 + h4) _ e()ts—}tz)Lz _ e()~3+}»2)L2h5
(25h)

and

_ 1
qg=—qo(1— e"“); (26)

The preceding Eqgs. (24a-24f) and (25a-25h) provide a
complicated structure of the analytical solution for the triple-layer
tissue. The composite interfaces of dissimilar materials raise the
difficulty for solving such problems. The numerical inversion of the
Laplace transform [21] is applied to perform the inverse transforms
of Eq. (23) for 6. The analytical solution can be used to determine the
accuracy of the present numerical results.

IV. Results and Discussion

Table 1 shows the values of relevant parameters used to perform
all present computations in the present paper. At the same time, the
skin surface temperature, the body core temperature, the relaxation
time, the intensity of surface heat flux, and the heating duration are
also specified as T, =32.5°C, T, =37°C, 1, =1, =13 =20 s,
go = 83.2 kW/m?, and t, =3 s, respectively. Some parameter
values were adjusted possibly for comparison and discussion, and
are noted in each figure. Figures 2-8 show the computation
results obtained by the present numerical method and the analytical
method.

The value of temperature in skin is the sum of the initial
temperature 7, and the evaluation temperature 6. For the case in
which the skin surface temperature 7', and the body core temperature
T, are assumed to be constant, the initial temperature distribution can
be obtained from Eq. (4) with the follow boundary conditions:

T),(0) =T, (272)
To_j(Lj) = To,j+1(Lj) for j=1,2 (27b)
d7y, (L)) dTg ;4.1 (L))
k=2l =g O for j=1,2 27¢
T dx A dx J (27¢)
and
To3 (L3) =T, (27d)
Table 1 Values of relevant parameters for calculations [1]
Blood Epidermis Dermis Subcutaneous
cJ/kg-°C 3770 3600 3400 3060
wy,, kg/m3 s _— 0.0 1.5 1.25
k, W/m-°C —_— 0.26 0.52 0.21
L, m —_— 80 x 107° 0.002 0.01
pkg/m? 1060 1200 1200 1000
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9¢(0,0)/ot #0
150 o
o
L
&~ t=45s
L 100
2
g 1=90s
£
D t=180s
—\ - —— Ly
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0 0.004 0.008 0.012

Distance x (m)

Fig. 2 Temperature distributions in skin with the effect of
7,0¢(0,¢)/ 3t # 0 for various times.

70

—— Pennes equ.
-------- TWMBT
(9g(0,1)/0t=0)

Temperature T (°C)

30 T T T T T T
0 0.004 0.008 0.012
Distance x (m)

Fig. 3 Comparison between the results from TWMBT equation with
3¢(0,¢)/3t = 0 and from the Pennes equation.

Thus, the initial temperature distribution in skin can be described

mathematically as

Tm:—q—mxz +Ax+B, forO<x<lL, (28a)

2k,

Ty; = A;cosh ;x

and j=2,3

S,
+ B; sinhﬂjx—l—ﬂ—’z for L; | <x<L;
J

(28b)

where the coefficients are defined as

ﬂj = \/whcb/kj (29a)

S; = (g +wyc,Tp)/k; (29b)
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A — T, — (S3/B3) — (H3H; + H\ Hy) cosh 3Ly — (H3Hs + H H) sinh B31; (302)
I (H4H; + HyHg) cosh f3L3 + (HuHs + HyHg) sinh 313
= ky
B =T, (30b) H, = —kcosh B,L, — L, sinh B,L, (31b)
2K
A, =H; + H,A, (30c)
L,
Hy= ;’;L sinh B,L, — ( o dnpz- Ts) coshfrL;  (3lo)
B, =H, + H,A, (30d) . S
k.
Ay = H;A, + HgB, (30e) H, = —ﬂ—ksmh B>L, + L coshB,L, (31d)
262
By = HsA, + HeB) (30f) 8
H g sinh B,L, cosh 3L, — cosh B,L, sinh 3L, (3le)
And then, >k, k35 : :
_ _nl I .
H = cosh,BzL + (24 L} —T,|sinh L, (3la)
BoL, ﬁz 2K, kB,
Hg = p cosh 8,L, cosh B;L, — sinh §,L, sinh B3L,  (31f)
3P3
x=80x10°m
120 o 9q(0,1)/at=0 300 x=80x106m
Pi[:(nne)s equ. — 9¢(0,1)/0t=0
........ TWMBT === 9g(0,1)/ot£ 0
o Analytical o o Analytical
é) oo solution é‘i solution
&~ 90 & 200 ~
© g
35 2
= =
g &
g S g
& 60} & 100
30 $— T | B — 0 T T T
0 20 40 60 80 0 20 40 60 80
Time ¢ (s) Time 7 (s)
a) a)
70 250
x=0.00208m d x=0.0208m
3q(0,1)/0t=0 —— 99(0,1)/0t=0
Pennes equ.
________ TWMBT 200 - emeeees Bq(O,t){Btio
60 00 Analytical [eeXe) Analytlcal
—_ i — solution
@) solution S
S . S
[:/ \& : 150 4
= =
g 3 100
; ;
= =
50
30 — | E— 0 — 1 T 1
0 20 40 60 80 0 20 40 60 80
Time ¢ (s) Time ¢ (s)
b) b)

Fig. 4 Histories of temperatures with d¢(0,£)/dt=0 at a) x=
80 x 10-° m and b) x = 0.00208 m.

Fig. 5 Comparison of the transient temperatures with and without the
effect of 7,0¢(0,¢)/9t at a) x = 80 x 10~° m and b) x = 0.00208 m.
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x=80x10°m
9¢(0,1)/0t=0
Pennes equ.

300

Temperature T (°C)

Time ¢ (s)

Fig. 6 Predictions of temperature at x =80 x 10-° m for various
heating periods.

160
Go=24.0kW/m?
1 x=80x10°m
/]
o 120 A M
o
~
g i |_1,=20s
‘é || |_1,=15s
5]
2 80 - =1
E l], Os
i M
40 Ll-
— 7
0 20 40 60 80
Time 7 (s)

Fig. 7 Transient temperatures atx = 80 x 10~¢ m for 7,34(0,¢)/3t #
0 and g, = 24.0 kW/m?.

k
H; = cosh B,L, cosh 3L, — kz—gz sinh B,L, sinh B3L,  (31g)
3M3
H. =si kzﬁz .
¢ = sinh §,L, cosh 3L, — Wcosh B>L,sinh B3L,  (31h)
3M3

As the literature [16,17] describes, the phenomenon of reflection
and transmission would happen at the interface of two adjacent layers
for the difference of thermophysical properties in the process of
thermal wave propagation. The transmission—reflection behavior
affects the temperature distribution and the temperature gradient in
layered media. Figure 2 depicts the temperature distributions in skin
with the effect of t,d¢(0, )/t # 0 for various times. The initial
thermal pulse has passed through the interfaces at x = 80 x 1076 m
and x =0.00208 m for ¢ > 45 s. The behavior of reflection and
transmission at both of these interfaces forms multithermal pulses in
skin at t = 45 and 90 s. The literature [16,17,22] states that the heat
transfer ability of each layer is dominated by its thermophysical
properties. When the thermal pulse propagates into the layer that has
the better heat transfer ability, the reflected pulse will become
downward. Because of thinness and thermophysical properties of

200
1 9q(0,1)/ot #0
T1=15 §;1,=20 5;15=25 s
160
R 1 t=45s
s
=~ 120 1
&~
L ]
=
g 80
a, B =90s
g t s
a 15 1= 180s
40 — "1 & = ——4\/___[‘
0 T T T T
0 0.004 0.008 0.012

Distance x (m)

Fig. 8 Temperature distributions at various times for
7,09(0,8)/0t # 0,7, =15s, 7, =20 s,and 73 =25 s.

layer 1, adownward pulse follows the transmitted pulse, as shown in
Fig. 2. As t = 180 s, the thermal pulses almost disappear for energy
diffusion. On the other hand, the major difficulty in the numerical
solution of the hyperbolic heat transfer problem is numerical
oscillations near the sharp discontinuities [20]. The situation of
multi-wave-fronts and the composite interfaces of dissimilar
materials increase the difficulty for solving such problems. It can be
seen that the present numerical results do not exhibit severe
numerical oscillations in the vicinity of the jump discontinuity.
Obviously, the present numerical scheme can successfully be applied
to suppress these oscillations.

Further, to know the effect of t,0¢(0, )/dt on the temperature
distribution, the comparison between the results from the TWMBT
equation with dg(0, r)/dt = 0 and those from the Pennes equation is
presented in Fig. 3. Itis observed from the comparison between Fig. 2
and Fig. 3 for r = 45 and 90 s that the effect of 7,0g(0, 1)/t on the
temperature distribution cannot be ignored. It is worthy to reconsider
whether the neglect to 7,d¢(0,7)/d¢t is proper or not. As
7, =1, = 13 = 20 s, the propagation velocity of heat transfer in
inner skin is still finite for 7;dg(0, £)/9¢ = 0. Thus, Fig. 3 depicts the
thermal wave fronts and the phenomenon of reflection and
transmission for the results based on the thermal wave model of
bioheat transfer. However, the initial heating pulse structure has been
changed for d¢(0, £)/dt = 0. The thermal pulses are not so steep and
clearly visible, and the peak values are reduced, but the connection
between the reflected and transmitted pulses is enhanced. The
temperature distribution based on the Pennes equation shows the
characteristics of the classical heat conduction law. Heat is
transferred away from the skin surface sooner. There is a smooth
temperature distribution in each layer.

Figures 4a and 4b depict histories of temperatures with
9g(0,1)/9t =0 at x =80 x 107 m and x = 0.00208 m, respec-
tively. The thermal wave model considers heat propagation in a
medium at a finite speed. The thermal signal caused by the surface
heating propagates to the locations x=80x 107 m and
x =0.00208 m, and needs a time period. The present results have
this time period as At = x/+/c/ 7. It matches the definition of finite
propagation velocity for the hyperbolic diffusion. The locations
x =80 x 107° mand x = 0.00208 m are at the initial status until the
thermal signal reaches them. After that, the temperature jump is
created. Because of the reflection—transmission effect at the interface
x = 0.00208 m, the transient temperature of x = 80 x 107% m has
an up-and-down variation around ¢ = 55 s. Following the concept of
finite propagation velocity, the elevated temperature from the Pennes
equation quickly decreases, whereas a time lag exists for the
disappearance of heat flow from the TWMBT equation. This
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phenomenon is also observed in Fig. 4. Another finding, in which the
numerical results coincide with the analytical solution, shows the
accuracy of the present numerical results. However, the computation
results in the literature [13] presented make a difference with the
present results.

Figure 5 presents the comparison of the transient temperatures for
7,0¢9(0,1)/dt # 0 with those for 7,d¢(0,7)/dt =0 at x =80 x
107® m and x = 0.00208 m. During 0 s < ¢ < 80 s, the heat energy
carried off by the perfusion blood is small. The cooling function of
the blood perfusion does not affect the structure of the thermal wave
yet. The influence of blood perfusion rate on the temperature
distribution is insignificant during short times. The literature [23]
states that if the thermal wave is caused by the pulsed surface heat
flux, it has two wave fronts. This phenomenon is found in the result
for 7,04(0, )/t # 0, but not for 7,94 (0, t)/dt = 0. Evidently, the
effect of t,d¢4(0, r) /9t = 0 changes the structure of the heating pulse
and destroys the sharp thermal wave fronts. The thermal impact on
the heating surface and the reflection—transmission phenomenon at
the interfaces is weakened. As 7,0¢(0, 1) /dt # 0, the thermal waves
induce a higher temperature at the interfaces. The transient
temperatures occasionally exhibit the behavior of oscillation for the
reflection—transmission effect.

The thermal response in skin is concerned with the duration of
heating. Figure 6 shows the predictions of temperature at the
interface between epidermis and dermis, x =80 x 10~ m, for
various heating periods. It is believed that the longer the heating
duration, the more heat flux into the skin. Thus, the temperature
increases with the heating duration. At the early times, the
temperatures from the Pennes equation are high for the infinite
propagation speed of heat transfer. The transient temperatures at
x =80 x 10~ m for 1,0¢(0, £)/0t # 0 and g, = 24.0 kW /m? are
presented in Fig. 7. For the effect of thermal inertial on the heating
surface, there are many bends in the curves of temperature variation.
The results presented in Figs. 6 and 7 are developed in magnitude ina
certain regulation.

The relaxation time t represents the characteristic time needed for
accumulating the thermal energy to the nearest element in
nonhomogeneous inner structures and its value is concerned with the
kind of structure. The preceding computations are performed with
the assumption of ¢ = 20 s for epidermis, dermis, and subcutaneous
layers. For getting more information about the behavior of thermal
wave in tissues, this paper further performs the computation for the
assumption of 7; = 15 s, 7, = 20 s, and 13 = 25 s. The temperature
distributions at various times for t,d¢(0, f)/dt # 0 are presented in
Fig. 8. The different values of v make solving the problem more
difficult and need more mathematical technologies [22]. The
numerical results still do not exhibit severe numerical oscillations in
the vicinity of the jump discontinuity.

V. Conclusions

The thermal wave model of bioheat transfer and the Pennes model
are applied to investigate the thermal response in a triple-layer tissue
with instantaneous surface heating. Deviations between both models
and the effects of 7,0¢(0, t) /9t # 0 on the results from the TWMBT
equation are presented. Because of the effects of the reflection—
transmission phenomenon at the interfaces, the discontinuous time-
dependent surface heat flux creates multidiscontinuities in the
temperature distribution, and the difficulty of solving the problem is
increased. A modified discretization scheme based on the Laplace
transform is proposed in the present paper. The numerical results are
in agreement with the analytical solution. In addition, the term
Tdq/at is characteristic of the thermal wave model. The thermal
wave effect dominates the heat transfer process for an extremely high
rate of change of heat flux. The removal of tdg/df from the heating
surface boundary condition for instantaneous heating would
significantly affect the results. It changes the structure of the heating
pulse and destroys the sharp thermal wave fronts. The thermal impact
on the heating surface and the reflection—transmission phenomenon
at the interfaces is weakened. Thus, how to use the thermal wave

model of bioheat transfer to predict burn injury is worthy of further
discussion.
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