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ARTICLE INFO ABSTRACT
Keywords: In this paper, a new and more general model of heat conduction that depends on the drift velocity
Three-phase-lag due to thermomass motion assumption will be established and will be applied to the skin tissue.
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Dual-phase-lag
Two-temperature

Four different heat conduction models will be incorporated into a unified equation of heat con-
duction: the Pennes, Vernotte-Cattaneo, dual-phase-lag of Tzou, and the general two-temperature
Ramp-type heat three-phase-lag of Youssef. The governing partial differential equations of the general two-
Thermomass motion temperature three-phase-lag model of bioheat conduction will be implemented and solved
Drift velocity directly in the domain of the Laplace transformation. The numerical solutions of the Laplace
transform will be calculated by executing the Tzou iteration formula. The ramp-type heat on the
surface of the skin tissue will be considered as thermal loading. The conductive and dynamic
temperature increment reactions have been studied and discussed with different values of ramp-
time heat, characteristic length, and drift velocity parameters. The novelty of this work is to
introduce some comparisons of the four under-studied bioheat conduction models and show the
differences between them in the figures. The numerical results show that the ramp-time heat, drift
velocity, and characteristic length parameters have major impacts on the increment of both
dynamical and conductive temperature distributions.

1. Introduction

The transfer of heat via live skin tissue has a fundamental role in the administration of many medications. With the microwave’s
aid, lasers, and other novel technologies, the field of bioheat transfer has expanded as well [1]. Pennes describes the methodology used
in biothermal transmission experiments in genuine biological tissues. Pennes derived the first bioheat transfer and enhanced the
parabolic type of the model to be suitable for biological tissues [2]. Pennes’s technique is applied to simulate the behaviour and
regularity of temperature fluctuations in biological tissues and living organisms. The observed patterns do not exhibit either Fourier or
hyperbolic behaviour. To describe this kind of hyperbolic equation, Cattaneo and Vernotte introduced slight adjustments to Fourier’s
heat transfer rule in its first-order linear expansion form [3,4]. To assess the impact of thermal flux action and microwaves, a thermal
wave model was devised. A multitude of methods have been devised to treat different types of skin tissues while ensuring the safety of
the surrounding healthy tissue. The dual-phase-lag (DPL), hyperbolic, and parabolic bioheat transport models have been used to
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investigate the non-Fourier thermomechanical behaviour of skin tissues under various surface thermal loading constraints. Xu and his
colleagues observed notable differences among Pennes’s model, thermal wave model, and dual-phase-lag (DPL) anticipations model
[5]. In their study, Rossmann et al. studied the relationship between temperature and the effects on blood perfusion, thermal prop-
erties, and dielectric characteristics of biological tissues at ablation and hyperthermic temperatures [6]. The dual-phase-lag (DPL)
approach has been applied to explore Tzou’s model by including the time-delayed activity at a rapid rate of response. The prompt
identification of the small-scale reaction is expedited, despite the method’s time-consuming nature [7,8]. Tzou established the phase
lag for a temperature gradient [9]. Askarizadeh et al. used the dual-phase-lag (DPL) bioheat conduction model to address the chal-
lenges associated with heat transmission through the skin tissues [10]. Dutta and Kundu developed a thermal model of
two-dimensional tumour tissues to get a deeper understanding of the two-dimensional local thermal unbalanced treatment model [11].

The hyperthermia process is employed to assess the model of two-stage for heat transfer issues in living tissue [12-14], whereas Liu
and Chen'’s heat conduction model utilizes non-Fourier thermal interactions to characterize the thermal transit through the biological
tissues to determine hyperthermia [15]. Zhang enhanced the phase lag, known as relaxation times, by considering the effect of the
properties of the blood and skin tissue, the rate of perfusion, and the interphase charge of the heat transfer parameter [16]. He observed
the lap times for live tissues are quite similar. Dutta and Kundu introduced a study on the transmission of thermal waves to detect
hyperthermia in biological tissue. They examined how heat flows continuously and variably across the surface of the skin tissue [17].
Poor et al. used the dual-phase-lag (DPL) bioheat transfer model to examine the skin tissue as a finite domain for cosine, continuous,
and pulse flow of heat conditions on the bounding surface of the skin tissue [18]. Liu and Xu constructed a novel analytical approach of
closed form to solve Pennes’s model for changes in living skin tissue temperature caused by heat flow of sinusoidal type [19].
Ahmadika et al. derived an analytical solution of the hyperbolized bioheat transfer model and the parabolized bioheat model of
Pennes’s equations under periodic constant and pulsed heat flow boundary conditions [20]. Youssef and Alghamdi have examined the
use of a one-dimensional thermoelastic dual-phase-lag model to study the behaviour of skin tissue under heat stress [21]. Youssef and
El-Bary examined the thermal harm inflicted on various cancer tissues due to the thermoelectrical influence, specifically focusing on
the Thomson effect. This study examined and evaluated the specific electrical properties of three different kinds of cancer tissues [22].

Youssef and Salem studied the temperature interaction and response of skin tissues under continuous heat flow caused by ther-
moelectrical shock on the skin tissue’s boundary. They used the bioheat conduction equation based on the dual-phase-lag (DPL) and
Tzou models for their investigation [23]. The thermomass theory is used to examine non-Fourier heat conduction. Heat flux refers to
the controlled transfer of thermal energy over a temperature gradient, where thermal energy is carried by the relativistic mass
associated with heat conduction. The thermomass motion equation has been derived by building upon Newtonian mechanics as the
basis for the heat conduction equation. The non-Fourier heat conduction phenomenon may be attributed to the significant inertia effect
caused by thermomass motion. This hypothesis, together with the consideration of drift velocity, explains non-Fourier heat conduc-
tion. Thermomass theory has predicted the occurrence of non-Fourier heat conduction in a stable state [24]. Youssef developed an
original and distinctive theory of two-temperature generalized thermoelasticity, which is based on the concept of thermomass motion
[25]. Youssef and Al-Lehaibi introduced a new theory and new model of generalized thermoelasticity based on thermomass gas flow
with low drift velocity and linear resistance, within the framework of the non-Fourier law of heat conduction with first-order expansion
and one relaxation time. The heat conduction equation, derived from the total derivative of the thermomass gas velocity, now in-
corporates the resistance effect [26]. May discuss how understanding heat transfer in skin tissues is crucial for improving medical
treatments such as laser therapy, which relies on precise temperature control to avoid damage to surrounding tissues [27-35].

This study will establish a new gene heat transfer model that takes thermomass motion into account and examines it on skin tissue.
A unified equation for heat transmission has been made to include four different models: the Pennes, Vernotte-Cattaneo, Tzou (DPL),
and Youssef (GTTTPL) models where the authors of the current work hope to introduce a new and successful heat conduction model in
which the thermal wave behaviour is closer to the real behaviour than the other mention models. The equations that control the
general two-temperature three-phase-lag (GTTTPL) bioheat transmission model have been put into the Laplace transform domain and
solved directly there. Using Tzou iteration, the numerical inversions and numerical solutions of the Laplace transforms have been
found. The ramp-type heat on the skin’s surface has been thought about. We got and talked about the temperature increase responses
when the ramp-time heat parameter, characteristic length, and drift velocity parameters were changed. The results also show a
comparison of the four bioheat transmission models that are under study.

2. The basic steps of the current work
2.1. The two-temperature classical Fourier law of bioheat transfer (Youssef-Pennes’s model)

Pennes’ model of biological skin tissues is derived from the classical Fourier’s law of heat conduction as follows [21,32-371:
Gii= — pCO — p,Cywsf + Q @
The classical Fourier law of heat conduction is in the well-known following form [2]:
gi= —Kop; )
The two-temperature equation is as follows [25,37,37]:

p—0=ap; (3)
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Then, we have two-temperature Penne’s heat conduction law as follows [1-7]:
Ko =pCO+ p,Cowsf — Q, (O))

where K, C and p are the thermal conductivity, specific heat, and density, respectively, of the skin tissue. Moreover, § = Tp— Tp, ¢ =
Tc — Ty gives the dynamical temperature increment and conductive temperature increment, respectively, where Tp, T¢c and Tj, are the
absolute dynamic temperature, absolute conductive temperature, and blood temperature, respectively, while a > 0 is called the two-
temperature parameter, moreover a = 0 gives the one-temperature model. In addition, Cy,ws, p;, and T}, give the specific heat of the
blood, blood perfusion rate, blood density, and blood temperature, respectively. Q = Qmet + Qexr Where Qme: gives the metabolic heat
due to the biochemical interaction through the skin tissue. Q. gives the external heat source.

2.2. The two-temperature non-Fourier law of bioheat transfer (Youssef-Vernotte-Cattaneo’s model)

Vernotte-Cattaneo (V-C) modified the classical Fourier thermal conduction law by including a limited speed of thermal wave
propagation and considering the latency time of the heat flow in the non-Fourier law of heat conduction [3-8,21,32-37]:

—Ko,; = qilt—»qu =q; + qui ®

Therefore, we have the hyperbolic form of the heat conduction law of Vernotte-Cattaneo (V-C) as follows [21,32-37]:
0 .
Ko;= <1 + Tqa—t) (pCO+w,Crp,y0 — Q) 6)

where 7, = % > 0 (for hyperbolic heat conduction equation) is one of the material properties which is called the heat flux lag-time of
0

relaxation time parameter of the heat flux, where 7, = 0 gives the parabola heat conduction equation. Moreover, a gives the thermal
diffusivity, while ¢y denoting the propagation speed of the thermal wave inside the material.

2.3. The two-temperature dual-phase-lag (TTDPL) model of bioheat transfer (Youssef-Tzou’s model)

To derive Tzou’s model, the dual-phase-lag (DPL) model in which the bioheat conduction equations depend on the dual reaction
between the heat flux g; and the gradient of the temperature T; , have been re-modified by Tzou to be in the following form [21,32-37]:

ql‘|t4t+1q = _K(/),i|t4,t+fc (7)
which gives after using Maclurin’s expansion up to the first-order derivative [21,32-37]:

0 d
<1 +7q§t> qi= *K<1 +Tca> P ®

Thus, Tzou’s bioheat conduction model takes the following two differential equations [21,32,34]:

0 0 .
K(l + Tc&) Qi= <1 + th?t) (pCO+wyCrpyo — Q) )
and
—o=a(1122 (10)
4 = ot Pi

where 7¢ > 0 is called the second lag time or the second relaxation time parameter due to the phase lag of the conductive temperature
gradient passing through the material.

2.4. The general two-temperature three-phase-lag (GTTTDPL) model of bioheat Trnafer (Youssef's model)

The thermomass motion equation is obtained by the application of Newtonian mechanics, and it serves as the fundamental equation
for heat conduction. The substantial influence of thermomass inertia enhances our comprehension of non-Fourier heat conduction
resulting from the thermomass theory. The Thermomass consideration suggests that non-Fourier heat conduction may occur in a
thermally stable environment. In the setting of a low-speed thermomass gas flow, Moran Wang et al. developed a comprehensive heat
conduction model that applies to a continuous medium [26].

d . 0
—K(1-p)gp;= (1 +Tq5t) qi—pCri 0+ /7 (1 +Tq&) gjj (11)

~ ~2
where 7y = —K _ is the heat flux g lag-time parameter, /; = K4i__ s the characteristic length, § = —%—; is a non-dimensional
2apC2T 2aC(pCT)? 2ap?C3T

3



E.A.N. Al-Lehaibi and H.M. Youssef Heliyon 10 (2024) e40257
parameter which characterizes the compressibility of the phonon gas flow, while T and q are the points of the equilibrium states for
absolute temperature and heat flux, respectively.

Considering 7¢ > 0 and 7p > O are the lag-time parameters of the conductive and dynamic temperature increment’s gradient 6 ;
and ¢, , then, we have [25,36,37]:

i}
Pil e, = (1 +705, )qo (12)

and

a
Ol iy = <1 +TD6t) i (13)

Thus, equation (11) takes the following form [26]:

0 i} . J
“K1=-B(1+72)0p. = I\Na—oCr 0+ /' 9\g.
K( ﬂ)( +Tc()t> ®; <1 -H'qat) qi —pCri 0+ /l(l +Tqat) gj; 14

The above equation gives the following equation [26]:

9 9 L 9
—K(]. —ﬂ) <1 =+ TCdt) @i= (1 —+ Tq&> qii —[)C/l 0;+/7; (1 + qu_t> qjij (15)

By using equation (12) again, we obtain [26]:

K(l*ﬂ)<1+TC;>gﬂu /)C/l (1+TD§)0 (1+Tqaa)qllf/l(1+7’-q%>q}l] (16)

From equation (1) and equation (16), we obtain the general heat conduction equation including three-phase-lag parameters in the
form [26]:

d , 0 AW AW
(1-pK <1+Tca>(p” pC/i<1+TD&)<2+1qa>9‘i+pc<1+7q§t>6

d 2 d a7)
+p, Cowy (1 +Tq3t> {9-1— <1 +3, )/ 0 } (1 +Tq5t> (Q+7Qu)

and

0
0=¢ — a(l +Tc¢)t>¢’ii (18)

The above system of coupled two differential equations gives the model of general two-temperature three-phase-lag (GTTTDPL)
heat conduction in the context of the thermomass motion and it generates four different heat conduction models when g # 0, /; # 0,
and a # 0 as follows:

1. The parameters 7, = 7p = 7¢ = 0 give the classical two-temperature Fourier law of bioheat transfer (Pennes-2Temp.) based on two
temperature considerations.

2. The parameters 74 # 0,7p = 7¢ = 0 give the two-temperature non-Fourier law of bioheat transfer (Vernotte-Cattaneo-2Temp.)
based on two-temperature consideration.

3. The parameters 74 # 0,7p = 7¢ # 0 give the two-temperature dual-phase-Lag (TTDPL) of bioheat transfer (Tzou-2Temp.) based on
two-temperature consideration.

4. The parameters 74 # 0,7p # 0,7¢ # 0 give the general two-temperature three-phase-Lag (GTTTPL) of bioheat transfer (Youssef-
2Temp.).

Hence, the one-dimensional heat conduction equations (GTTTPL) take the following forms [25,26]:

9\ ¢ 9 0\ a0 9
(l—ﬂ)<1+Tcat)a 2 71/(1+‘L’Da><2+rqa—t>a +;7(1+1qa>

(19)
0 0\ ,00] Que
+17 (1 +1qa—t> |:0+ (l +TD6t)/6x} K
and
P
0= (p—a(1+rca>ax2 (20)
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.y — 2CoWp
where = 1, =27

We consider the skin tissue to be at rest initially, then, we have the upcoming initial conditions [23-26]:

00(x,t)

0(x,0) =5 =0 (21)
t=0
and
op(x,
0(x0) =220 o (22)
t=0

The Laplace transforms will be applied as follows [23-26]:

L{f(x;0)} = / flt)e tdt = F(x;5),0 < t < ooand s > 0 23)
0
and the inversions of the Laplace transforms could be obtained by applying the following iteration form [38]:

LYFOs) ) =f(x;t) = Re{e; BF(X; k) + i (—l)jF(X;K+¥):| } 24)

Jj=1

where i = v/—1 is the imaginary number unit, “Re” denotes the real part of a complex function, and J is an integer parameter that could
be chosen such that [38]:

lf(x7 t)J+1 7f(xv t)J' < 10710 (25)

To obtain a faster convergence for the above iteration, some experiments verified that the parameter " k"may satisfy the following
relation k ~ 4_i7 [7,38].
Hence, we obtain:

d*p 0 —_

e e
and

_ &£25

=5 — %Ef (27)
where

@ - (1 +1p8) [1(2 + 748)s + 1, (1 + qu)},(lz _ (A +18)(ns +'7b),a3 — a1+ ),

1= A)(L +7c8)

B Qe
TS50 K

T—A)(1 +7c5)

By eliminating 6, we get the following ordinary linear differential equation with third order:

&p d*p dg

ao TLge Mg —No=-v, (28)
1
where [ = (1+@2%) Z’j;’”,M = a%N =By =
The general solution of the differential equation (28) takes the following form:
Px.5) = 01 (5)€7™ + pa(5)€™ + 3 (s)e* + 22 (29)
where 41,4,and A3 are the complex roots of the following auxiliary equation (characteristic equation):
B+LP?-ML-N=0 (30)
and ¢, (s), p4(s),and ¢5(s) are some parameters to be determined by applying any set of boundary conditions.
The dynamic temperature increment function 6(x, s) takes the following form:
00x.5) = (1~ a322) 1 (5)€"* + (1 — aa3) pa(5)€"™ + (1 — atsd) s (s)e"™ + 22 @31)

Now, assuming the skin tissue occupies the one-dimensional region 0 < x < h, and obeys the differential equation in (28) as in
Fig. 1:
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* Youssef-Pennes's Model
* Youssef-Vernotte-Cattanco’s Model
* Youssef-Tzou’s model

present the two-temperature
conduction under the models

which have been used befor the
current new model

p(0,1)=g(t)

/— Represent the cuurent new modl

« Derive the Youssef’s new model
(GTTTPL)

« Consider the skin tisuue as the medium of
application

Fig. 1. The flowchart of the work.
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( Using direct method of solution in

Laplace transform domain.

« Consider the ititial and boundary
condictions.

« Obtain the inversions of the Laplace
transofrms numericaly.

« Figure the results with some comparions
with the mention models

The solution

@(x,1)

_99(x,t)

x=h

ox

x=h

Fig. 2. The material of the skin tissue occupies the one-dimensional region 0 < x < h.

We consider that the bounding plane of the outer surface is thermally loaded with a time function g(t) which is ramp-type heat,
while the inner surface has neither conductive temperature increment nor heat flux as in Fig. 2.

The boundary conditions are [25,26]:

L o<t<u
P(x,t)],_o=8(t) = o
1 t>t
and
dp(x,t)
¢(x7t)|x: =T =0
h x|,

(32)

(33)

After applying the Laplace transform on the above boundary conditions, we obtain that [25,26]:

By applying the boundary conditions (34) in the general solution (29), we obtain:

_ 1—e0
#(0,5)=G(s) = T
and
o _das)|
(P(h, S) - dx h =0
91(5) + 92(5) + 03(5) = Gls) ~ 12
1) + pa(5)e" + () = 22

(34

(35)

(36)

(37)
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By using MAPLE we
solve the system in
equations (36)-(38) to get

J

Input the equations of
solutions (29) and (31) in
the MAPLE

Apply the iteration method
of Tzou in (24) to equation
(29) and (31)

~

J

Run the MAPLE programe
to calculate the solutions
under the condition in (25)

\

N\

J

Figureing the results in
suitable results under the
stuided moels

\_

J

Fig. 3. The flowchart of the numerical calculation using the MAPLE program.
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Table 1
The skin tissue and blood’s properties [16,21,32-39].
Parameter Value Unit Parameter Value Unit
p 1000 kg/m? Ty 37 °C
s 1060 kg/m3 7,74 30.0, 10.0 s
K 0.215 W/m °C Wy 0.00052 ml/Cm
c 4187 J/kg°C fo 100.0 s
Cy 3800 J/kg °C h 0.01 m

¢ (°C)

0 0.002 0.004 0.006 0.008 0.010
x(m)

Fig. 4. The distributions of the conductive temperature increment under different models and variance characteristic length values / =
{0.001,0.003} when # 0, and t =ty = 60(s).

—— Pennes2Temp_ £ 0.001
—— V-C2Temp.  €£=0.001
—— Tzou2Temp, €=0001
—— GTTTPL, £=0001

0(C)

— — Tzow Temp., €=0003
——GrrieL, e=0003

T T T T 1
0 0.002 0.004 . 0.008 0.010

x(m)

Fig. 5. The distributions of the dynamic temperature increment under different models and variance of characteristic length values / =
{0.001,0.003} when # 0, and t =ty = 60(s).
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—— Pennes2Temp.. p=0.0
—— V-C-2Temp. B=00
Tzou-2Temp. B=0.0
—— GTTTPL. p=00
— — Pennes2Temp., p % 0.0
— — V-C2Temp, P#0.0
— — Tzou-2 Temp. =00
— — GTTTPL B£00

0 (C)

0 0.002 0.004 0.006 0.008 0.010
x(m)

Fig. 6. The distributions of the conductive temperature increment under different models and variance drift velocity values when ~ = 0.001 and
t =ty = 60(s).

0.7+
0.6
0.5+
0.4+ —— Pennes2Temp. f =00
BEE) et
—— GTTTPL. p=0.0
— — Pennes-2Temp., p #0.0
037 o RaTem. ks
|— — GTTTPL, pz00
0.2 1
0.1
0 T T T = f T 1
0 0.002 0.004 0.006 0.008 0.010
x(m)

Fig. 7. The distributions of the dynamic temperature increment under different models and variance drift velocity values when /= 0.001 and t =
to = 60(s).

B ()€ + 250, (s)e" + 35 (5)e™" = 0 (38)

After getting the parameters ¢, ,¢,, 3, the final solution in the original time domain could be calculated by executing computationally
the Tzou’s iteration (24).

3. Numerical results and discussions

This study examines the two-temperature distributions within skin tissue using four bioheat transfer models which are under-
studied (Youssef-Pennes, Youssef-Vernotte-Cattaneo, Youssef-Tzou, and GTTTPL of Youssef). The steps to obtain the numerical so-
lution have been shown by the flowshart in Fig. 3.

Table 1 displays the values with units of the thermal parameters of the skin tissue which have been used in the current calculations:

Figs. 4 and 5 illustrate the distributions of the conductive temperature increment and dynamical temperature increment,
respectively, based on the four studied models and different characteristic length values /= {0.001,0.003} when t = t, = 60(s)
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0.9+
0.8
0.7
0.6

0 (sC) 05

04+

0.3

0.2

0.1

0 0.002 0.004 0.006 0.008 0.010
x(m)

Fig. 8. The distributions of the conductive temperature increment distribution under different models when ~ = 0.001, §# 0, and
t(50s) > to(45s).

0.7

0.6

0.5+

04+
0(-C)

— Pennes-2Temp.
— V-C-2Temp.
03 — Tzou-2Temp.
—GTTTPL.

024

0.1

- T T ]
0.002 0.004 0.006 0.008 0.010
x(m)

o

Fig. 9. The distributions of the dynamic temperature increment distribution under different models when ~ = 0.001, $ # 0, and t(50 s) > t((45 s).

standing on the effect of the characteristic length on the thermal interaction on the skin tissue.

Fig. 4 shows that the effect of the characteristic length is significant on the conductive temperature, where increasing its value leads
to an increase in the conductive temperature increment. Moreover, decreasing the value of the characteristic length leads to an in-
crease in the difference between the values of the conductive temperature in the context of the four studied models. In other words,
increasing the value of characteristic length makes the four studied more closely, especially the Pennes and Vernotte-Cattaneo models.
In addition, decreasing the value of characteristic length makes the thermoconductive wave fall to zero quickly under the four studied
models. Furthermore, the conductive temperature increases values, as determined by the four models under study, follow the following
sequence [1-7,25,26]:

@(GTTTPL) > ¢(Tzou — 2temp.) > ¢(Pennes — 2temp.) > ¢(V — C — 2temp.) (39)

Fig. 5 illustrates the impact of the characteristic length is significant on the conductive temperature because increasing its value
leads to an increase in the dynamical temperature increment. Moreover, decreasing the value of the characteristic length leads to an
increase in the difference between the values of the dynamical temperature in the context of the four studied models. In other words,
increasing the value of characteristic length makes the four studied more closely, especially the Pennes and Vernotte-Cattaneo models.
In addition, the values of dynamical temperature increment based on the four studied models take the following order [1-7,25,26]:

O(GTTTPL) > 6(Tzou — 2temp.) > 6(Pennes — 2temp.) > 6(V — C — 2temp.) (40)

10
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0.9+
0.8
0.7+
0.6

0.54
0 (=)

—— Pennes2Temp
—— V-C-2Temp
Tzou-2Temp.
—— GTTTPL

T T T T 1
0 0.002 0.004 0.006 0.008 0.010
x(m)

Fig. 10. The distributions of the conductive temperature increment distribution under different models when ~ = 0.001, g # 0, and
t(50s) < to(555s).
0.6
0.5+

0.4+

0 (° C) —— Pennes-2Temp.
4 —— V-CIT:

0.3 Too. e,

—— GTTTPL

0.2

0.1+

O T T T T 1
0 0.002 0.004 0.006 0.008 0.010

x(m)

Fig. 11. The distributions of the dynamic temperature increment distribution under different models when / = 0.001, § # 0, and £(50 s) < to(55 s).

We can note that the dynamical temperature based on the four studied when the characteristic length ~ = 0.001 has the same
beginning value when x = 0, while it has different values when / = 0.003 which confirms that the characteristic length has significant
effects on the dynamical temperature increment distributions. In addition, decreasing the value of characteristic length makes the
thermodynamic wave fall to zero quickly under the four studied models.

Figs. 6 and 7 illustrate the conductive temperature increment and dynamical temperature increment distributions, respectively,
based on different models and different drift velocity values when t = t, = 60(s) standing on the impact of the drift velocity on the
thermal interaction on the skin tissue.

Fig. 6 illustrates that the effect of the drift velocity is major on the conductive temperature, where increasing its value leads to an
increase in the conductive temperature increment. In addition, the values of conductive temperature increment based on the four
studied models take the same order as in (39). Moreover, the speed of propagation of the thermo-conductive wave with zero drift
velocity through the skin tissue falls to zero more quickly than with non-zero drift velocity under the four studied models.

Fig. 7 represents that the effect of the drift velocity is significant on the conductive temperature because increasing its value leads to
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an increase in the dynamical temperature increment. In addition, the values of dynamical temperature increment based on the four
studied models take the same order as in (40). We noted that the dynamical temperature is based on the four studied when the drift
velocity = 0.0 and g # 0.0 has different beginning values x = 0. Moreover, the speed of propagation of the thermodynamic wave
with zero drift velocity through the skin tissue falls to zero more quickly than with non-zero drift velocity under the four studied
models.

Figs. 8 and 9 illustrate the conductive temperature increment and dynamical temperature increment distributions, respectively,
under the four studied models based on thermomass motion when t > t; and Figs. 10 and 11 illustrate the same distributions when t <
tp studying the effect of the ramp-time heat parameter on the thermal interaction on the skin tissue.

Thus, we found that the ramp-time heat parameter has a major effect on the conductive and dynamical temperature increments
based on thermomass motion, where increasing the value of the ramp-time heat parameter than the value of the time leads to a
decrease in the values of the conductive and dynamical temperature increments. To explain, when the value of the relaxation time
increases it means that the increasing of the thermal loading on the skin tissue up to the target value takes a longer time which
generates a lower speed of propagation of the thermal waves. So, the ramp-time heat parameter may be used to adjust the rate at which
the conductive and dynamic temperatures change inside the skin tissue.

4. Results validation

The current results for the models of Pennes, Vernotte-Cattaneo, and Tzou (DPL) give the same results as the same models in
references [16-31], especially reference [26] which is closer to the current work.

5. Conclusions

The work aims to develop a new heat transfer model that considers thermomass motion and tests it on skin tissue. Four models were
used: Pennes, Vernotte-Cattaneo, Tzou (DPL), and the general two-temperature three-phase-lag bioheat of Youssef. The equations
controlling the general two-temperature three-phase-lag bioheat transmission model were solved directly in the Laplace transform
domain. The study also explored ramp-type heat on the skin’s surface and the temperature increase responses when ramp-time heat,
characteristic length, and drift velocity parameters were changed. Thus, we have the following results:

1-The characterizing flow compressibility of the phonon gas parameter which is based on the drift velocity has significant impacts
on the temperature increment based on all the studied bioheat conduction models.

2 Decreasing the value of characteristic length makes the thermoconductive and thermodynamic waves fall to zero more quickly
under the four studied models. So the characteristic length could be used to control the propagation of the biothermal wave through
the skin tissue.

3 The characteristic length parameter which is related to the drift velocity has major impacts on the conductive and dynamic
temperature increment distributions in the context of all the studied bioheat conduction models.

4 Decreasing the value of drift velocity makes the thermoconductive and thermodynamic waves fall to zero more quickly under the
four studied models. So, the drift velocity could be used to tune the propagation of the biothermal wave through the skin tissue.

5 The ramp-time heat parameter has significant influences on the thermal waves in all the examined heat conduction models and may
be adjusted to control the propagation of the biothermal wave through the skin tissue.

6 Moreover, we can see that Youssef’s (GTTTPL) model successfully explains the behaviour of skin tissue during heating.
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