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COMPUTER SIMULATION OF HUMAN SKIN CRYODESTRUCTION
PROCESS DURING THERMOELECTRIC COOLING

The paper presents the results of computer simulation of human skin cryodestruction process with
regard to thermophysical processes, blood circulation, heat transfer, metabolic processes and
phase transition. The physical, mathematical and computer models were built for human skin, on
the surface of which there is a cooling element at a temperature of -50 ° C. The distribution of
temperature and heat fluxes in human skin was determined in cooling mode. The obtained results
make it possible to predict the depth of freezing of the skin and, accordingly, biological tissue at a
given temperature effect.
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Introduction

It is well known in medical practice that temperature exposure is an important factor in the
treatment of many diseases of human body [1-3]. One of the promising lines is cryodestruction - a set of
surgical treatment methods based on local freezing of the biological tissue of human body. Such cooling
is mainly realized using special cryotools using liquid nitrogen [4 8]. However, the use of liquid nitrogen
has several drawbacks: nitrogen does not provide the ability to provide cooling with the necessary
accuracy of maintaining the temperature; there are also risks of hypothermia with negative
consequences. In addition, liquid nitrogen is a rather dangerous substance and requires proper care when
used, and the delivery of liquid nitrogen is not always available, which limits the possibility of using this
method. An alternative to nitrogen cooling can be thermoelectric, which implements a decrease in
temperature to 0 =+ -80 ° C. Thermoelectric medical devices make it possible to precisely set the required
temperature of the working tool, the time of temperature effect on the corresponding part of human body
and provide a cyclic change of cooling and heating modes [1 -2, 9 —12].

Computer models created so far for human skin, on the surface of which there is a cooling
element, make it possible to simulate thermophysical processes taking into account blood circulation,
heat transfer, and metabolic processes [13 19]. However, existing computer models do not take into
account the phase transition in the biological tissue when it is cooled, which leads to errors in
computer simulation of temperatures and heat fluxes.

Therefore, the purpose of this work is to take into account the phase transition in the biological
tissue during computer simulation of human skin cryodestruction process.
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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 wyi, blood density pp, blood temperature Ty, specific
heat of blood C, and specific heat release Qmei 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:

G = Queti + Py Gy 0 - (1, =T), i=1.4. 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 Ty, Ty, Ts, Ta, Ts, Te. The temperature inside the
biological tissue is T1 =+37°C. The temperature of the cooling element is T7 =-50°C. The ambient
temperature is Tg =+22°C. The surface of human skin with a temperature of 7 is in a state of heat
exchange with the environment (heat transfer coefficient a 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]:

C ‘%:V'(Ki VT)+py -Gy 0y - (T, =T)+ Qs 1=1.4, )

where C, x are specific heat and thermal conductivity of the biological tissue, p, is blood density,
C, is specific heat of blood, o, is blood perfusion of corresponding layers, T, is blood temperature,

T is temperature of the biological tissue; Q_ . is heat which is released due to metabolic processes in

met
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 T;=-50°C. The
temperature inside the biological tissue is T1 = + 37 © C. The lateral surfaces of the biological tissue
are adiabatically isolated (q = 0), and the upper surface of the skin is in a state of heat exchange (heat
transfer coefficient a and emissivity €) with the environment at a temperature of Ts.

ax,y,t) =a-(Ty _T5)+5'U'(T84 _T54)’ (3)

c<x<a

y=|

A

K=

where « is coefficient of convective heat exchange of the surface of the skin with the environment, ¢ is
emissivity, o is the Boltzmann constant, 7s is the temperature of the biological tissue surface, Ts is
ambient temperature (7g=+22°C).

At the initial time t = 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) = To. (@)

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 7(t) 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 w,;tends to zero. In addition, the cells will not be able to

generate metabolic heat when frozen and Q.. will be zero at a temperature below zero.

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

G, c e T>-1°C
c-|]—Lt &*G _8°C <T <-1°C )
1-(8) 2
T<-8C
C2
f T>-1°C
K=tk ;"2 —8°C <T <-1°C (6)
T<-8C
K
420 T>-1°C
Que, =10 ~8°C <T <-1°C @)
0 T<-8C
0,0005 T>-1°C
o, =10 —8°C <T <-1°C (8)
0 T<-8C

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 7= -50°C
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Fig. 3. Isothermal surfaces in the bulk of human skin
on the surface of which there is a cooling element at a temperature of 7 = -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, I; is temperature level 7= -8°C and I, is temperature level

T=-1°C.
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Fig.4 a, b, c, 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 7= -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 |y is temperature level 7= -8°C and I, is temperature level 7= -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 T= 50 ° C.

[, mm
12 :
-
L
0+ T T T T T T T T T T T 1
0 200 400 600 800 1000 12002, S

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 7= -50°C: [, — temperature level 7= -8°C and
I, — temperature level 7= -7°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 T = -50 ° C (Fig. 7).

Figs. 6, 7 show that at t = 60 s the biological tissue is cooled to a temperature of T=10°C ata
depth of I = 3.5 mm, att = 180 s - at a depth of | ~ 5 mm, and att = 600 s - at a depth of | = 7 mm and
att=1200s - 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 (T = -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:
1-t=1s;2-t=60s;3-t=180s5;4-t=3005;5-t=600s; 6—t=1200s
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Fig. 7. Temporal dependence of temperature at different depth h of human skin
at a temperature of cooling element 7= -50°C: 1-h =0; 2—h=1mm; 3—h =3 mm;
4-h=5mm;5-h=7mm;6-h=9mm; 7—h=10 mm

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 Tx(t) [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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KOMnblomepHas MoOenu Koxicu uenoeeKkda, Ha noeepxHocmu KOmOpOI:l Haxooumcs OXHCZDfC()aIOlMMIZ
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onemenm npu memnepamype -50 °C. Onpedenenno pacnpedenenus memnepamypvl u menjiogblx
HOMOKO8 6 Kodice Heloseka 6 peocume oxaaxcoenusi. I[lonyyennvie pesyiomamol O0arom
603MOJICHOCHL — NPOSHO3UPOSAMb  2IVOUHY — NPOMEP3AHUSL  KOJMCU U,  COOMBEMCMEEHHO,
OUOI02UYeCKOU MKAHU NPU 3A0AHHOM MeMnepamypHom eosoeticmseuu. bubn. 28, puc. 7.
KaioueBble ciioBa: KoXa 4YelOBEKa, TEMIEpPATypHOE BIMSHHE, KPHOACCTPYKIHMs, (Da30BbIii
MepexoJl, KOMIBIOTEPHOE MOJICIIUPOBAHHE.
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