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COMPUTER SIMULATION OF THE WORKING TOOL
OF A THERMOELECTRIC DEVICE FOR CRYODESTRUCTION
WITH ACCOUNT OF THE PHASE TRANSITION

The paper presents the results of computer simulation of the working tool of a thermoelectric device
for cryodestruction with account of the phase transition, as well as cyclic temperature effect on the
human skin in dynamic mode. A physical model of the working tool, a three-dimensional computer
model of the biological tissue with account of thermophysical processes, blood circulation, heat
exchange, metabolic processes and the phase transition, is constructed. As an example, a case is
considered when the working tool is on the skin surface, the temperature of which changes cyclically
according to a given law in the temperature range [-50 +~ +50] °C. Temperature distributions in
different layers of the human skin in cooling and heating modes were determined. The obtained
results make it possible to predict the depth of freezing and warming of the biological tissue at a
given temperature effect.

Key words: cryodestruction, working tool, temperature effect, human skin, dynamic mode,
computer simulation.

Introduction

It is well known in medical practice that temperature effect is an important factor in the treatment
of many diseases of the human body [1-11]. However, the devices used for this purpose are in most
cases bulky, without adequate temperature regulation and thermal regime reproduction capabilities. To
obtain lower temperatures, liquid nitrogen systems are used, which significantly limits the possibilities
of their use in medical institutions where the supply of liquid nitrogen is problematic. In addition, the
use of liquid nitrogen or the Joule-Thomson effect during gas expansion does not allow for the
implementation of precisely required temperature regimes, which reduces the overall efficiency of using
cold in treatment.

The use of thermoelectric cooling (heating) can solve this problem [12-21]. The studies of thermal
effects on the biological tissue conducted over many years, the creation of thermoelectric devices based
on them and their use in medical practice confirm their efficiency. Thermoelectric devices are promising
in such areas of medicine as cryotherapy, cryosurgery, ophthalmology, traumatology, neurosurgery,
plastic surgery, urology, dermatology, etc.

However, the experience of using thermoelectric medical devices revealed a number of their
shortcomings. Among them, the most important is the lack of ability to manage cooling and heating
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processes in time. The latter significantly narrows the possibilities of heat and cold treatment.

Studies show that cooling rates (their dynamics) play a decisive role in treatment [12-27]. Thus,
very fast cooling does not lead to the destruction of the biological tissues at all. On the contrary,
moderate but cyclical cooling promotes energetic destruction of tumors. The time functions of cooling
and heating are also important in the treatment of other diseases.

Therefore, the general problem is to develop a thermoelectric device for the destruction of the
biological tissue or oncological neoplasms, which will provide the possibility of cyclic temperature
effects on the tumor. This determines the relevance of the problem posed in the present work.

The importance of solving this problem is obvious, otherwise thermoelectric devices for medicine
of a new generation with the possibility of cyclic temperature effects on the human skin cannot be
developed.

In [28], a computer simulation of the working tool of a thermoelectric device for cryodestruction
was performed without taking into account the phase transition. Therefore, the purpose of this work is
computer simulation of the working tool of a thermoelectric device for cryodestruction with account of
the phase transition.

1. Physical model of the working tool of a thermoelectric device for destruction the walls
of which are made of steel

Fig.1 shows a physical model. It consists of housing 1, inside which substance 2 (25% alcohol
solution) with a phase transition temperature T, is placed. Housing 1 with a hemispherical end 3 touches
the skin 4 with a plane 5 with a diameter d. Housing 1 is made of medical grade stainless steel. Skin
model 4 takes into account its complex structure.

The model takes into account heat inleak Q, at the ambient air temperature T,=25°C, as well as
heat inleak Q, from the ambient air. The upper part of housing 1 is adiabatically insulated (q=0). The
diameter of the thermal contact 5 is 5 mm.
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Fig. 1. Physical model of the working tool of a thermoelectric device for cryodestruction, the walls
of which are made of steel.
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2. Computer model

Three-dimensional computer models were created for the biological tissue in a cylindrical
coordinate system, on the surface of which there is a thermoelectric medical device for local cooling.
The Comsol Multiphysics package of application programs [29], was used to build computer models,
which makes it possible to simulate thermophysical processes in the biological tissue, taking into
account blood circulation, heat exchange, metabolic processes, and the phase transition.

The calculation of temperature distributions and the density of heat flows in the biological tissue
and the cold accumulator was carried out 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 the
function is sought, which satisfies the given second order differential equation with the corresponding
boundary conditions. The accuracy of solving the given problem depends on the level of division and is
ensured by the use of a large number of finite elements [29].

Thermophysical properties of the skin and the biological tissue of the human body in normal
[30-38] and frozen states are shown in Tables 1, 2.

The thermal contact resistance between the working tool and human skin is not taken into account
in this model, as it is estimated to be insignificant and is R = 2:10~ m* K/W.

Table 1
Thermophysical properties of the biological tissue of the human body [30-38].

Biological tissue layers Epidermis Dermis Subcutancou In.ternal
s layer tissue
Thickness, [ (mm) 0.08 2 10 30
f’ﬁicglf;hf’)at’ ¢ 3590 3300 2500 4000
Thermal conductivity, k© (W-m'-K™) 0.24 0.45 0.19 0.5
Density, p (kg-m™) 1200 1200 1000 1000
Metabolism, Qe (W/m?) 368 368 368 368
Blood perfusion rate, o, (ml/s'ml) 0 0.0005 0.0005 0.0005
Blood density, pj (kg-m™) 1060 1060 1060 1060
Heat capacity of blood, C (J-kg '-K™") 3770 3770 3770 3770
Table 2

Thermophysical properties of the biological tissue of the human body in normal
and frozen states [30-38].

Thermophysical properties of biological tissue Value Units of
measurement

Heat capacity of normal biological tissue (C)) 3600 J/m?°C
Heat capacity of frozen biological tissue (C>) 1800 J/m?°C
Thermal conductivity of normal biological tissue (x;) 0,5 W/m°C
Thermal conductivity of frozen biological tissue (x2) 2 W/m*°C
Latent heat of phase transition (L) 250:10° Jm?
Upper temperature of phase transition (77) -1 °C
Lower temperature of phase transition (77) -8 °C
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3. Computer simulation results

Fig. 2 shows temperature distributions in the human skin, directly under the center of action of
the working tool.
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Fig. 2. Dependences of temperature on time in the human skin at different depths: 1 — point of contact between
working tool and skin; 2 — 0.5 mm; 3 — 1 mm; 4 — 1.5 mm; 5—2mm; 6 — 2.5 mm; 7—3 mm; 8§ — 3.5 mm,
9—dmm; 10—4.5mm; 11 —5mm; 12—5.5mm; 13— 6mm; 14—6.5 mm; 15— 7 mm.

Fig.3 shows temperature distributions in the skin directly under the centre of action of the working
tool at time moments: 710 s, 60s, 140 s, 200 s, 600 s.
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Fig. 3. Dependences of temperature on skin depth at time moments: 10 s, 60 s, 140 s, 200 s, 600 s.
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Fig. 4 represents temperature distributions in the cold accumulator at different depths.
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Fig. 4. Dependences of temperature on time in the cold accumulator at different depths: 1 — point of contact
between working tool and skin: 2 — 4 mm; 3 —8 mm; 4 — 12 mm; 5 — 16 mm; 6 — 20 mm; 7 — 24 mm;
8—28mm; 9—32mm; 10—36 mm,; 11 —40 mm; 12 — 44 mm,; 13 — 48 mm.

Fig. 5 shows the distribution of temperatures in the cold accumulator at the following moments:
10s,60s, 140 s, 200 s, 600 s
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Fig. 5. Dependences of temperature on time in the cold accumulator
at time moments:10 s, 60 s, 140 s, 200 s, 600 s.
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4. Physical model of the working tool of a thermoelectric device for destruction the walls
of which are made of copper

Fig. 6 shows a physical model. It ; ;“? ::[0 : 1
consists of a housing 1, inside which a -» 3 i i i 3 i -«
substance 2 (25% alcohol solution) ERERERY) 2
with a phase transition temperature T = 3 3 : i 11l s
is placed. Housing 1 with its 50 % i : i : i i 1,
hemispherical end 3 touches skin 4 ™ 3 i i@ili‘éi .
with a plane 5 of diameter d. Housing R
1 is made of copper. The complex ¥ :“:T:*:h*l ‘_3
structure of skin 4 is taken into account M 4
in the model. 5T e I
The model takes into account the =l T
heat inleak Q1 at the ambient air 30
temperature T> = +25°C, as well as the Fig. 6. Physical model of the working tool
heat inleak Q, from the ambient air. of thermoelectric device for cryodestruction
The upper part of the housing 1 is the walls of which are made of copper.

adiabatically insulated (q=0). The diameter of the thermal contact 5 is 5 mm.

5. Computer simulation results

Fig. 7 shows temperature distributions in the human skin, directly under the center of action of

the working tool.
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Fig. 7. Dependences of temperature on time in the human skin at different depths: 1 — point of contact between
the working tool and skin; 2 — 0.5 mm; 3 — 1 mm; 4— 1.5 mm; 5—2mm; 6 — 2.5 mm; 7 — 3 mm;
8—35mm; 9—4mm; 10—4.5mm; 11 —-5mm; 12—-55mm; 13—6 mm; 14— 6.5 mm; 15— 7 mm.

Fig. 8 shows temperature distributions in the skin directly under the center of action of the
working tool at time moments: 10 s, 60 s, 140 s, 200 s, 600 s.
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Fig. 8. Dependences of temperature on the skin depth at time moments: 10 s, 60s, 140 s, 200 s, 600 s.

Fig. 9 shows temperature distributions in the cold accumulator at different depths.
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Fig. 9. Dependences of temperature on time in the cold accumulator at different depths: 1 — point of contact
between working tool and skin; 2 — 4 mm; 3 —8 mm; 4 — 12 mm; 5 — 16 mm; 6 — 20 mm; 7 — 24 mm;,
8—28mm; 9—32mm; 10—36 mm; 11 —40 mm; 12 — 44 mm,; 13 — 48 mm.

Fig. 10 shows temperature distributions in the cold accumulator at time moments: 70 s, 60 s, 140
s, 200 s, 600 s.
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Fig. 10. Dependences of temperature on time in the cold accumulator
at time moments:10 s, 60 s, 140 s, 200 s, 600 s.

Conclusions

1. A method for computer simulation of temperature distribution in the human skin in a dynamic
mode, with account of the phase transition, has been developed, which makes it possible to predict the
results of local temperature effects on the skin and determine at any moment in time the temperature
distribution in different layers of the skin for a given arbitrary time function of change in the temperature
of the working tool Ty(2).

2. A computer model was developed and computer simulation of the working tool of a thermoelectric
device for destruction was carried out for two design options in order to determine the temperature in the skin
and the cold accumulator, taking into account the phase transition: the working tool is made of medical steel
without an inner cylinder; the working tool is made of copper without an inner cylinder.

3. Using computer simulation, temperature distributions in different layers of the skin and in the
cold accumulator of the working tool of a thermoelectric device for destruction at an initial temperature
of -25°C were determined, taking into account the phase transition. The results obtained make it possible
to predict the depth of freezing of biological tissue.

4. With the aid of computer simulation, it was established that account of the phase transitions
increases the accuracy of temperature determination in the biological tissue and the cold accumulator.

5. Using a tool design with an inner cylinder made of copper has been found to increase cooling
efficiency by 10%.
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KOMIPIOTEPHE MOJEJTIOBAHHA POBOYOI'O IHCTPYMEHTY
TEPMOEJEKTPUYHOI'O MPUJIALY JJIA KPIOJAECTPYKIIIT
3 BPAXYBAHHSM ®A30BOI'O IIEPEXOY

Y pobomi masedeno pezynbmamu KoOMnIOMEPHO2O MOOENOBAHHA POOOYO20 [HCMPYMEHMY
MepMOeneKmpuUiHo20 npUady 05l KpiooecmpyKyii 3 6paxyeantam hpazoe02o nepexooy, a maxoic
YUKNIYHO20 MEMNEpamypHo20 6HIAUGY HA WKIPY JOOUHU Y OuHamiuHomy peodicumi. I[lobyoosano
Qizuuny Moodersb pobou02o iIHCMPYMEenny, MpUSUMIPHY KOMN T0OMepPHY MOOeb Oion02iyHOT mKaHUHU
3 8PAXYBAHHAM MENI0QDI3UYHUX NpoYecis, Kposoobicy, menio0OMiHy, npoyecie memaborizmy ma
@aszosozo nepexody. Ak npuknad, po3nAHymo eunadox, KO HA NOGEPXHi WKIPU 3HAXOOUMbCS
poboUUll iHCMPYMeHm, MeMNepamypa AK020 3MIHIOEMbCS YUKATYHO 3a Hanepeo 3a0aHuM 3aKOHOM
y Oianazoni memnepamyp [-50 + +50] °C. Busnaueno po3nodinu memnepamypu y pisHUX wapax
WKipY  TOOUHU 8  PEedCUMAax OXON00dCeHHs ma Haepigy. Ompumani pesyivmamu 0aioms
MOACIUBICMb NPOSHO3Y8AMU  2IUOUHY NPOMEP3AHHA | npozpisanua 0ion02iuHOi MKaHUHU Npu
3a0aHOMY MeMnepamypHoMy RIUBI.

KoarouoBi ciioBa: kpionecTpyKiiis, poOOUHii IHCTPYMEHT, TEMIIEPaTypPHUH BIUIUB, LIKIipa JIIOMHY,
TUHAMIYHANA PEXHIM, KOMIT I0TEpHE MOJICTIOBAHHS.
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