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Physical model

According to physical 2D model with axial symmetry (Fig. 1), the biological tissue of human
body is a structure of three skin layers (epidermis 1, dermis 2, subcutis 3) and the internal biological
tissue 4, and is characterized by the following thermophysical properties: thermal conductivity «;
specific heat C;, density p;, blood perfusion rate ®,;, blood density p,, blood temperature 7}, specific
heat of blood C, and specific heat release Q,..;, due to metabolic processes and latent phase transition
heat L. The thermophysical properties of the skin and the biological tissue of human body in the
normal and frozen states are given in [20 — 27]. The respective layers of the biological tissue 1-4 are
considered as volumetric heat sources g;, where:

qi:Qmeti+pb.cb.0‘)bi.(7-;)_T)a 1214 (1)

On the surface of the skin there is a cooling element 5. The geometric dimensions of each such
layer 1-4 are a,, b;, and, respectively, of cooling element 5 — ¢, d. The temperatures at the boundaries
of the respective layers 1-4 and cooling element 5 are T;, T,, T3, Ty, Ts, Ts. The temperature inside the
biological tissue is 7; =+37°C. The temperature of the cooling element is 77 = -50°C. The ambient
temperature is Tg = +22°C. The surface of human skin with a temperature of T; is in a state of heat
exchange with the environment (heat transfer coefficient « and emissivity ) at temperature 7s. The
lateral surface of the skin is adiabatically isolated.
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Fig. 1. Physical 2D model of human skin with axial symmetry:
1 — epidermis, 2 — dermis, 3 — subcutis,; 4 — internal biological tissue,
5 —cooling element
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Mathematical model

In general, the equation of heat transfer in the biological tissue is given by [20-27]:

Ci-aa—fzv-(Ki-VT)+pb-Cb-mbi-(n—T)+Qmm, i=1.4, )

where C, K are specific heat and thermal conductivity of the biological tissue, p, is blood density,
C, is specific heat of blood, ®, is blood perfusion of corresponding layers, 7, is blood temperature,

T is temperature of the biological tissue; O

o 18 heat which is released due to metabolic processes in
each layer.

The term on the left side of equation (2) is the rate of change of thermal energy contained in a
unit volume of the biological tissue. The three terms on the right side of this equation represent,
respectively, the rate of change of thermal energy due to thermal conductivity, blood perfusion, and
metabolic heat.

The equation of heat transfer in the biological tissue (2) is solved with the corresponding
boundary conditions. The temperature on the surface of cooling element is 7;=-50°C. The
temperature inside the biological tissue is 7; = + 37 © C. The lateral surfaces of the biological tissue
are adiabatically isolated (¢ = 0), and the upper surface of the skin is in a state of heat exchange (heat

transfer coefficient o and emissivity €) with the environment at a temperature of 7.

geey.0)|  =a-(T-T)+e0-(T -T), (3)

yoby

where a is coefficient of convective heat exchange of the surface of the skin with the environment, € is
emissivity, o is the Boltzmann constant, T is the temperature of the biological tissue surface, Ty is
ambient temperature (7s=+22°C).

At the initial time ¢ = 0 s, it is believed that the temperature in the bulk of the biological tissue is
T =+ 37 °C, that is, the initial conditions for solving equation (2) are as follows:

T(x,y,0) = T). 4)

As a result of solving the initial boundary value problem (2) - (4), the distributions of
temperature T (x, y, t) and heat fluxes in the respective skin layers are determined at an arbitrary time.
As an example, in this paper we consider a case in which the temperature of cooling element is
T, =-50 °C. However, it should be noted that the proposed method allows considering cases where the
temperature of cooling element 7y(?) changes in any temperature range or according to a predetermined
function.

During the freezing, the cells will undergo a phase change at the freezing point, with the loss of
the phase transition heat (L), and the temperature in these cells will not change. The phase transition in
the biological cells occurs in the temperature range (-1 + -8) °C. The properties of the skin and the
biological tissue in the normal and frozen states are shown [20 — 27]. In the temperature range (-1 + -
8) °C, when cells are frozen, the heat of the phase transition is absorbed, which can be simulated by
adding an appropriate value to the heat capacity [26, 27].
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When the biological tissue is frozen, the vessels in the capillaries are narrowed to freeze all

blood in the capillaries, and the value ®,,tends to zero. In addition, the cells will not be able to

generate metabolic heat when frozen and QO

met

will be zero at a temperature below zero.

In the frozen state the properties of the skin and the biological tissue will have the following
values (5) — (8):

T>-1°C
-1-(-8) 2
T <-8°C
C2
i T>-1°C
Ki = % —8OCSTS—10C (6)
T <-8°C
K2
420 T>-1°C
0, =10 -8°C<T<-1°C (7)
0 T <-8°C
0,0005 T>-1°C
w, =410 —-8°C<T<-1°C (8)
0 T <-8°C

Computer model

A computer model of human skin was created on the surface of which there is a cooling
element. To build a computer model, the Comsol Multiphysics application package was used [28],
which makes it possible to simulate thermophysical processes in the biological tissue taking into
account blood circulation, heat transfer, metabolic processes, and phase transition.

The distribution of temperatures and heat fluxes in the human skin and, accordingly, the
biological tissue was calculated by the finite element method, the essence of which is that the object
under study is divided into a large number of finite elements, and in each of them the value of a
function is sought that satisfies given second-order differential equations with the corresponding
boundary conditions. The accuracy of solving the problem depends on the level of partitioning and is
ensured by the use of a large number of finite elements [28].

As an example, Figs. 2-3 show the distribution of temperature and isothermal surfaces in the
bulk of human skin, on the surface of which a cooling element is placed at a temperature of
T=-50°C.
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Fig.2. Temperature distribution in the bulk of human skin
on the surface of which there is a cooling element at a temperature of T = -50°C

mm T T T T T T T T T T T
[+ B =
I T T A 348
=/ [T T ]
= . / / 34.83
5 i | | Il 30,48
FhF
:,f / / 26.13
104 = / / 4
AP i / /— 21.78
/
e 4 / 17.43
¥ 7
15F P 7 / // -
- / < 13,08
e Fg Fd /
s . / 8.73
P il /
20/ e B 4.38
= A
- - 0.03
25 - _/ / 4 4.32
.
/’ -8.67
a0k B 13.02
/ 4 -17.36
as) __J/ | 2171
-26.06
a0k ] 30,41
34.76
39.11
g5k _
-43.46
-47.81
=or s i ; : : . ; : : ‘ ‘ : ; Jw4rs
5 0 5 10 15 20 25 30 35 40 45 50 55 mm

Fig. 3. Isothermal surfaces in the bulk of human skin
on the surface of which there is a cooling element at a temperature of T = -50°C

Computer simulation results

Figs.4 a, b, ¢, d, e, f show temperature distributions in the section of human skin on the surface
of which there is a cooling element at a temperature of 7=-50°C at different time moments
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t=10, 60, 180, 300, 600, 1200 s. In so doing, /; is temperature level 7= -8°C and /, is temperature level
T=-1°C.
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Fig4a, b, ¢, d e, f Temperature distributions in the section of human skin on the surface of which

there is a cooling element at a temperature of T = -50°C, at different time moments:
a)t=10s,b)t=60s,c)t=180s,d)t=300s,e)t=600s,f)t=1200s,

where [, is temperature level T = -8°C and [, is temperature level T = -1°C
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Fig. 5 shows the dependence of the movement of the phase transition zone (crystallization zone
of the biological tissue) on the time of temperature exposure. From Fig. 5 it is obvious that the
maximum freezing depth of human skin and, accordingly, the biological tissue is about 1 = 10 mm at a
temperature of cooling element 7= 50 ° C.
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Fig. 5. Dependence of the movement of the phase transition zone
(crystallization zone of the biological tissue) on the time
of temperature exposure at a temperature of
cooling element T = -50°C: I; — temperature level T = -8°C and
I, — temperature level T = -1°C

Using computer simulation, we determined the dependence of the depth of freezing of human
skin on temperature at different times (Fig. 6) and on the time of temperature exposure at a
temperature of cooling element 7 = -50 ° C (Fig. 7).

Figs. 6, 7 show that at t = 60 s the biological tissue is cooled to a temperature of 7=10° C at a
depth of / = 3.5 mm, at =180 s - at a depth of / =5 mm, and at =600 s - at a depth of / =~ 7 mm and
atr=1200 s - at a depth of / = 7.5 mm.

It is established that with increasing temperature exposure, a deeper cooling of human skin is
achieved. That is, with a prolonged temperature exposure (7' = -50 °C), a destruction of the
corresponding area of human skin can be achieved.
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Fig. 6. Temperature distribution in human skin at different time moments of temperature exposure:

I—-t=152-t=060s5;3-1t=180s,4—-t=300s;5—-t=600s;, 6—t=1200s

T, °C

3SHFN\Y

30

251

] 200 400 600 800 1000 1200 1400

t, S
Fig. 7. Temporal dependence of temperature at different depth h of human skin

at a temperature of cooling element T =-50°C: 1 —h=0;2—h=1mm; 3—h =3 mm,
4d—h=5mm; 5—h=7mm; 6-h=9mm; 7—h=10mm

Thus, a technique was developed for taking into account the phase transition in human skin
during computer —aided simulation of cryodestruction process, which makes it possible to predict the
results of local temperature effect on the biological tissue and to determine the temperature and heat
flux distributions at any time moment with a predetermined arbitrary time function of change in the
temperature of cooling element 7y(z) [29].

It should be noted that the obtained results make it possible to predict the depth of freezing of
the skin, and, accordingly, the biological tissue at a given temperature exposure, taking into account
the phase transition to achieve the maximum effect during cryodestruction of human skin. They are
also necessary for the design of thermoelectric refrigerators for cryodestruction of the skin and
providing the necessary cooling modes.
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Conclusion

1.

A physical, mathematical and computer models of human skin, on the surface of which there is a
cooling element at a temperature of T =-50°C were created with regard to thermophysical
processes, blood circulation, heat transfer, metabolic and phase transition processes.

. Using computer simulation, the distribution of temperature and heat fluxes in various skin layers

was determined taking into account the phase transition in the process of cryodestruction of human
skin. The dependence of the freezing depth of human skin on the temperature of cooling element
and the time of the temperature exposure was established. The maximum freezing depth of the skin
was determined which is 1 = 10 mm at a temperature of cooling element T=50° C.
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Anarnuayk JLL axao. HAH Yipainu'?
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METOAUKA BPAXYBAHHS ®A30BOI'O IIEPEXOY
B BIOJIOT TYHIIA TKAHUHI TP KOMIT'FOTEPHOMY
MO/JIEJTIOBAHHI ITPOIIECY KPIOJECTPYKIIII

Y pobomi nasedeno pesyromamu komn 1omepHo2o MOOeO8AHHA NPoYecy KpiooecmpyKyii wKipu
JHOOUHU 3  B8PAXYBAHHAM MENIOQI3UYHUX Npoyecis, Kposoobicy, mMenioooMiny, npoyecieé
Memabonizmy ma ¢azoeoeo nepexoody. Ilobydosano gizuuny, mamemamuuny ma KOMN iOMepHy
MoOeni wiKipu JIOOUHU, HA NOBEPXHI SKOI 3HAXOOUMbCS OXONOONCYIOUULl  eNleMenm  npu
memnepamypi -50°C. Bushaueno po3noodinu memnepamypu i meniogux nomoKis y wKipi JioOuHu 8
peoicumi 0xon00dcents. Ompumani pe3yibmamu 0aioms MONCIUGICMb NPOSHO3Y8AMU 2TUOUHY
NPOMEP3AHHS WKIPU T, 8BIONOGIOHO, DIONOSIMHOT MKAHUHU NPU 3A0AHOMY MEMNEePAmypPHOMY GNIUGL.
bion. 29, puc. 7.

Karwudosi cioBa: mkipa JIOIMHM, TeMIEpaTypHUI BIUTUB, KpiojecTpykuis, (a3oBH mepexin,
KOMIT'FOTEpHE MOJETIOBAaHHS.

Anatnuyk JLU. akad. HAH Yipaunet'?
Ko6bLasincbkuii P.P. kano. pus.— mam. nayx ', ®egopus P.B.”

'Mucturyt Tepmosnexrpuuecta HAH u MOH Ykpaunsl, yi. Haykn, 1,
Uepnosubl, 58029, Ykpauna, e—mail: anatych@gmail.com;
*Y epHOBUIIKHIT HALMOHAIIBHEIH YHUBEPCHTET
um. Opust Genprosuya, yn. Komrobunckoro, 2,
Uepnosupl, 58012, Ykpauna

KOMIIBIOTEPHOE MOJAEJIMPOBAHUE
MNPOLHECCA KPUOAECTPYKIUU KOKHU YEJIOBEKA
IIPU TEPMODJIEKTPUYECKOM OXJIA’KJAEHUU

B pabome npusedenvi pezyismamul KOMRbIOMEPHO20 MOOETUPOBAHUSL NPOYECCA KPUOOECPYKYUU
KOJICU 4ell0BeKd C Y4emom menIoQUu3UYecKux npoyeccos, Kpogoobpaujenus, meniooomena,
npoyeccos memabonusma u ¢azoeoz2o nepexoda. Ilocmpoenvl pusuueckas, mamemamuieckas u
KOMNBIOMEPHAL MOOEU KOJICU YeN06EeKd, HA NOBEPXHOCMU KOMOPOU HAXOOUMCS OXJAACOAIOUULL

ISSN 1607-8829 Journal of Thermoelectricity Ne2, 2019

33



L.1. Anatychuk, R.R Kobylianskyi, R.V. Fedoriv
Computer simulation of human skin cryodestruction process during thermoelectric cooling

onemenm npu memnepamype -50 °C. Onpedenenno pacnpedenenus memnepamypvl u meniosblx
NOMOKO8 8 KOdce Yenogeka 6 pedcume oxaadicoenus. I[lomyuennvie pesyromamol  Oaiom
B03MOJCHOCHL ~ NPOSHO3UPOBAL  2TYOUHY — NPOMEP3aHUsl  KOJMCU U,  COOMBEMCMEEHHO,
OUONI02UYEeCKOl MKAHU NPU 3A0AHHOM memnepamyprHom eozoeticmsuu. bubn. 28, puc. 7.
KiroueBble cjioBa: Koka 4YelIOBEKa, TEMIIEpATypHOE BIMSHHE, KPUOMCCTPYKIHMA, (ha30BbIH
nepex o, KOMIILIOTEPHOE MOJIETUPOBAHHE.
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Mpuiyxaniox H.B.

ON THE TEMPERATURE DEPENDENCES OF THERMOELECTRIC
CHARACTERISTICS OF THERMOELECTRIC MATERIAL-METAL TRANSIENT
LAYER WITHOUT REGARD TO PERCOLATION EFFECT

The basic relationships are obtained by calculation, which determine the temperature dependences of
thermoelectric characteristics of thermoelectric material-metal transient contact layers without regard to
percolation theory. Specific quantitative results and plots of the temperature dependences of the electrical and
thermal contact resistances, the thermoEMEF, the power factor, and the dimensionless thermoelectric figure of
merit are given for bismuth telluride — nickel contact pair. It has been established that with uneven
distribution of metal atoms in the temperature range of 200 - 400 K, the intensity of metal atoms
entering transient layer, which corresponds to a change in the distribution of metal atoms by the
thickness of transient layer from linear to square and the thickness range of transient layer from 20 to
150 um, the electrical contact resistance varies from 1.8 - 10-7 to 4.8 + 10-6 Ohm-cnr’, the thermal
contact resistance - from 0.022 to 0.35 K-cm’/W, the thermoEMF - from 155 to 235 uV/K, the power
factor - from 1.6:107 00 2.9:-10° W/(mK?), the dimensionless thermoelectric figure of merit - from 0.55
to 1.7. Bibl. 34, Fig. 21.

Key words: thermoelectric material-metal contact, near-contact transient layer, electrical contact
resistance, thermal contact resistance, thermoEMF, power factor, dimensionless thermoelectric figure of
merit, temperature dependences.

Introduction

The efficiency of thermoelectric modules, which is mainly determined by the figure of merit of
thermoelement leg materials, essentially depends on the electrical contact resistance at the boundaries
between semiconductor materials of legs with metal interconnect layers. Contact resistance is one of the
main reasons for the fact that in thermoelectric coolers and generators the properties of materials are not
fully realized [1 — 3]. It is well known that the Joule heat, which is released on contact resistances, reduces
the energy efficiency of thermoelectric converters and leads to the dependence of their characteristics on
the height of thermoelement legs [4]. The influence of contact resistance on the characteristics of
thermoelectric devices becomes more significant under conditions of miniaturization of thermoelectric
legs, when the thickness of thermoelectric material-metal transient contact layers along the electric current
directions becomes comparable with the height of thermoelectric legs [5, 6] Miniaturization of
thermoelectric power converters is a modern trend of their improvement [7 — 12], aimed primarily at
reducing the expenses for thermoelectric materials and thereby cheapening the thermoelectric modules.
Therefore, studies of the electrical properties of TEM-metal transient layers, aimed at reducing the contact
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