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heat C;, density p;, blood perfusion rate ws, blood density ps, blood temperature 7j, blood heat
capacity C, and specific heat release Ouer due to metabolic processes and latent heat of phase
transition L. The thermophysical properties of biological tissue of the skin and tumor in the normal
[44-49] and frozen states [50, 51] are given in Tables 1, 2. In this paper, we use a 2D model with axial
symmetry, because the proposed physical model is symmetric about the y-axis. Also, such a model
allows increasing the speed of calculations without loss of accuracy [33-35, 39 — 43].

The corresponding layers of biological tissue 1-5 are considered as bulk heat sources ¢;, where:

4 =0peri tP, Cyr0,,-(T,-T), i=1.5. (D

The geometric dimensions of each skin layer 1-4 are a;, b;, and of tumor (melanoma) are as
follows: thickness b5 and radius #n. The skin surface accommodates a work tool 6 with thickness d and
radius c¢. The temperatures at the boundaries of respective layers 1-5 and work tool 6 are 7}, T», T3, T4,
Ts, Ts, T7. The temperature inside biological tissue is 7;. The ambient temperature is Ty. The surface of
the human skin with temperature 7’ is in the state of heat exchange with the environment (heat transfer
coefficient o and radiation coefficient ¢) at temperature 79. The lateral surface of the skin is
adiabatically insulated.
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Fig.1. Physical 2D model of the human skin with a tumor: 1 — epidermis, 2 — dermis,
3 — subcutaneous layer, 4 — inner biological tissue, 5 — tumor (melanoma), 6 — work tool

Mathematical description

In the general form, the equation of heat exchange in biological tissue is as follows [52]:

oT

G =V (6 V)4, G0y (T = 1)+ Qe 1215, @)

eti?
where C,, k, is specific heat and thermal conductivity of the respective skin layers and tumor,
p, is blood density, C, is blood specific heat, ®,, is blood perfusion of respective layers,

T, is blood temperature, T is temperature of biological tissue; O, . is heat released due to metabolic

eti
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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 biological tissue. The three terms on the right part of this equation represent,
respectively, the rate of change of thermal energy due to thermal conductivity, blood perfusion and
metabolic heat.

Heat transfer equation in biological tissue (2) is solved with the corresponding boundary
conditions. The temperature on the surface of work tool changes by the given dependence in the
temperature range Ts = [-50 + +50] °C. The temperature inside biological tissue is T1 =+37°C. The
lateral surfaces of biological tissue are adiabatically insulated (q = 0), and the upper surface of the skin
is in a state of heat exchange (heat transfer coefficient o and radiation coefficient &) with the
environment at temperature 7.

30| =a-(-T)+e-0-(T) - T"), 3)
by
where ¢i(x,y,t) is heat flux density of the i-th layer of the skin and tumor, a is coefficient of convective
heat exchange of the skin surface with the environment, ¢ is radiation coefficient, ¢ is the Boltzmann
constant, T’ is surface temperature of the human skin, 7y is ambient temperature (79=+22 °C).
At the initial moment of time ¢ = 0 s, it is considered that the temperature in the entire volume of
the skin is T =Ty, = +37°C, that is, the initial conditions for solving equation (2) are as follows:

Tixy,00 =T, i=1.5. 4)

As a result of solving the initial boundary value problem (2) - (4), the distributions of
temperature Ti(x,y,¢) and heat fluxes gi(x,),t) in the corresponding layers of the skin and tumor at any
time are determined.

During the freezing process, a phase change will occur in the cells at the freezing point, while
there will be a loss of phase transition heat (L) and the temperature in these cells will not change. The
phase transition in biological cells occurs in the temperature range (-1 + -8) © C. In the temperature
range (-1 + -8) © C, when the cells are frozen, the heat of the phase transition is absorbed which in this
work is simulated by adding the corresponding value of L to the heat capacity C [50, 51].

Freezing of the human skin causes vasoconstriction and freezing of blood, therefore the value of

blood perfusion ®,, tends to zero. In addition, cells will not be able to generate metabolic heat when

frozen, and metabolic heat O

meti

will be zero at temperatures below zero.

In the frozen state, the properties of biological tissue of the skin will have the following values
(5)-(8), where i = 1..4:

Ca
c c T>-1°C
o +C
c-]—L L Tothe  geccr<_ioc, (5)
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Oy T>-1°C

0,.. =10 -8°C<T<-1°C, (7)
0 T <-8C
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@, =10 -8°C<T<-1°C. (8)
0 T <-8°C

Accordingly, the properties of tumor in the frozen state will have the following values (9)-(12):
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Computer simulation example

To create a computer model, as an example, we used the following geometric dimensions of the
skin — the thickness of epidermis ,=0.08 mm, dermis »,=2 mm, subcutaneous layer b5=10 mm, inner
tissue b,=30 mm, radius ¢~=20 mm (i=1..4) and tumor (melanoma) — thickness b5 = 1 mm and radius
n=2mm [53, 54]. The surface of the skin accommodates a work tool 6, which is a copper probe in
the form of a round disc. Its geometrical dimensions are as follows: thickness d =1 mm and radius
¢ =3 mm. This model does not take into account the thermal contact resistance between the work tool
and the human skin, since it is estimated to be insignificant and makes R. = 2-10° m*K/W [55]. The
temperature inside the biological tissue is 7; = +37°C. The ambient temperature is 79 = +22 °C. As an
example, this paper considers the case when the temperature of the work tool varies according to a
given dependence in the temperature range of Ts = [-50 + +50] °C. However, it is noteworthy that the
developed computer model makes it possible to consider the cases when the temperature of work tool
T«t) varies in any temperature range or according to any predetermined function. The thermophysical
properties of biological tissue of the human skin and tissue in the normal and frozen states are given in
Tables 1, 2 [44 — 49].
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Table 1.
Thermophysical properties of biological tissue of the human skin
and tumor in the normal state [44 — 49]
Subcuta- T
Layers of biological tissue | Epidermis| Dermis beuta Internal tissue ot
neous layer (melanoma)
Specific heat,
3590 3300 2500 4000 3852
C (J-kg"K™)
Th 1 conductivity,
erma’ conEuelvILy 0.24 0.45 0.19 0.5 0.558
K (Wm -K")
Density,
., 1200 1200 1000 1000 1030
p (kgm™)
Metabolism,
CHAbOLIST 368 368 368 368 3680
Omer (W/m”)
Blood perfusion rate,
0 0.0005 0.0005 0.0005 0.0063
®p (ml/s'ml)
Blood density,
5 1060 1060 1060 1060 1060
Py (kg'm™)
Blood heat ity,
00¢ eat capastty 3770 | 3770 3770 3770 3770
Cy (J’)kg"-K™)
Table 2
Thermophysical properties of biological tissue of the human
skin in the frozen state [50, 51]
. . . . . Measurement
Thermophysical properties of biological tissue Value y
units
Heat capacity of frozen biological tissue (C>) 1800 Jm?°C
Thermal conductivity of frozen biological tissue () 2 Wt/m°C
Latent heat of phase transition (L) 250:10° Jm?
Upper temperature of phase transition (77) -1 °C
Lower temperature of phase transition (7%) -8 °C

Thus, a three-dimensional computer model of the human skin with oncological neoplasms
(melanoma) was created. To construct a computer model, the Comsol Multiphysics software package
was used [56], which makes it possible to simulate thermophysical processes in biological tissue,
taking into account blood circulation, heat exchange, metabolic processes and phase transition.

The distribution of temperatures and heat flux densities in 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 a function value is sought for that satisfies given
second-order differential equations with the corresponding boundary conditions. The accuracy of
solving the formulated problem depends on the level of partitioning and is ensured by the use of a
large number of finite elements [56] and is 7=40.1 °C.
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Computer simulation results

According to the known methods of cryodestruction and hyperthermia of biological tissue [11,
31, 57-59], the cooling rate should be at least (40-50) °C/min, and the heating rate (20-25) °C/min.
Therefore, in this paper, as an example, we consider the case in which the temperature of the work tool
Ty(t) varies in the range [-50 +~ +50] © C as follows (Fig. 2, graph 1). First, cryodestruction of the tumor
is carried out with a cooled work tool at a temperature of 7=-50°C for =30 s, then the temperature of
the work tool changes from -50°C to +50°C for the next 240 s (note that in this case when the
temperature changes, the freezing of the tumor continues to grow for a few more seconds), following
which a heated work tool is used to conduct tumor hyperthermia at a temperature of 7=+50°C for
t=30's. The subsequent decrease in temperature to T = - 50 °C occurs within 120 s, and then this
temperature effect is repeated cyclically to achieve tumor destruction.

T C
e . SO
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30
20|
10|

0

0 ‘ 100 200 300 400 500 600 700 800 ' t,c

Fig.2. The plots of work tool temperature (1) and tumor temperature
(2) versus time. The tumor temperature was taken at the depth of 1 mm from
the skin surface along the Oy axis.

With the help of computer simulation, the temperature distribution in the tumor was determined
at different points in time with the corresponding specified cyclic change in the temperature of the
work tool. The results of computer simulation, namely the temperature in the tumor at a depth of 1 mm
from the skin surface on the Oy axis, are shown in plot 2, Fig.2.

Figs.3-6 show the temperature distributions in the cross-section of the skin with the tumor the
surface of which accommodates a work tool the temperature of which changes cyclically according to
the above dependence in the temperature range of [-50 +~ +50]°C.
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Fig.3. Distribution of temperature in the cross-section of the skin with a tumor the surface of which
accommodates a work tool at a temperature of T=50°C at point of time t=30s
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Fig. 4. Distribution of temperature in the cross-section of the skin with
a tumor the surface of which accomodates a work tool at a temperature
of T=+50°C at point of time t=300 s
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Fig.5. Distribution of temperature in the cross-section of the skin with a tumor the surface of which
accommodates a work tool at a temperature of T=-50°C at point of time t=450 s
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Fig.6. Distribution of temperature in the cross-section of the skin with a tumor the surface of which
accommodates a work tool at a temperature of T=+50°C at point of time t=720 s

From Fig .3, 4 it is seen that at t = 30 s the skin tumor (melanoma) is cooled at point 1 to a
temperature of -48.8 © C, and at point 2 to -30.5 ° C (it should be noted that when changing temperature
from -50 ° C to + 50 ° C freezing of the tumor at point 2 continues to increase to a temperature of T =-31.3
°C fort=4s). And at t =300 s the temperature at point 1 of the tumor rises to +49.9 ° C, and at point 2 of
the tumor the temperature is + 42.8 ° C. Since the tumor is in direct contact with the work tool, the
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temperature at point 1 of the tumor will be close to the temperature of the work tool.

Subsequently, with repeated cyclic temperature exposure (Figs. 5, 6), it is observed that at t =
450 s after cooling, the temperature at point 1 of the tumor reaches 49.4 ° C, at point 2 of the tumor the
temperature is -32.3 ° C. Att= 720 s, the temperature at point 1 of the tumor rises to + 48.6 ° C, and at
point 2 of the tumor the temperature is + 40.1 ° C.

It is established that taking into account the phase transition increases the accuracy of determining
the temperature in the tumor at AT = 6 ° C and the depth of freezing (heating) by Ah = 0.8 mm.

The obtained results make it possible to determine the depth of freezing and heating of the skin
layers, in particular the tumor, at a given cyclic temperature effect to achieve maximum efficiency
during cryodestruction and hyperthermia. The developed computer model in dynamic mode allows
determining at any time the temperature distributions in different layers of the skin and tumor with a
predetermined arbitrary function of temperature change of the work tool with time Tx?).

Conclusions

1. A computer model was developed to determine the temperature in the tumor, taking into account
the phase transitions in the dynamic mode for any given cyclic change in the temperature of the
work tool.

2. Using computer simulations, it was found that taking into account the phase transitions increases the
accuracy of determining the temperature in the tumor by AT = 6 °© C and the depth of freezing
(heating) by Az = 0.8 mm.
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KOMIT'IOTEPHE MOJIEJIFOBAHHA
HUKJ/JIITYHOI'O TEMIIEPATYPHOI'O BILVIUBY
HA OHKOJIOTTYHE HOBOYTBOPEHHSA WIKIPU JIFOAUHUA

Y pobomi masedeno pezynemamu Komn 'tOmMepHO2O0 MOOET08AHHA MEeMNEPAmypHo20 8NIU8y Hd
NYXAUHY WKipu y Ounamiunomy peosicumi. [106y0osano ¢hizuuny, mamemamuyny i KOMN 1OmepHy
MoOeni WKipu 3 OHKONO2IYHUM HOBOVMBOPEHHAM (MENIAHOMOI0) i3 8PAXYBAHHAM MenioQizuuHux
npoyecis, Kposoobizy, menioooMiHy, npoyecié Memabonizmy ma azo8020 nepexody. Ak npuxiao,
PO32NAHYMO  8UNAOOK, KOJU HA NOBEPXHI NYXAUHU 3HAXOOUMbCA PpobOUULl  THCMPYMEHM,
memMnepamypa AK020 3MIHIOEMbCA YUKIIYHO 34 Hanepeo 3a0anol0 3aiedcHicmio 'y O0iana3omi
memnepamyp [-50 + +50] °C. Buznaueno po3nodinu memnepamypu y nyXauHi ma y pisHux wapax
WIKIpU 8 pedcumax o0xono0dicenHs i Haepigy. Ompumani pesyrbmamu OAMb MONCIUBICIb
sUZHaAUamu 2AUOUHY NPOMEP3aHHsA | Npozpiey 0I0N02IYHOI MKAHUHU, 30KpeMma NYXJIUHU, Npu
3a0anomy memnepamypHomy enausi. bion.59, puc. 6, mabn. 2.

Kiro4uoBi cnoBa: TemmepaTypHHH BIUIMB, IIKipa JIOOWHH, IMyXJHHA, MEJAHOMA, TUHAMIYHHA
PEKHUM, KOMIT FOTEPHE MOJICITFOBAHHS.
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KOMIIBIOTEPHOE MOJIEJUPOBAHUE TUK/JIMYECKOI'O
TEMIIEPATYPHOI'O BO3JEACTBUS HA OHKOJIOTHYECKHUE
HOBOOBPA30BAHUSA KOKH YEJIOBEKA

B pabome npusedenvi pesyibmamvl KOMHLIOMEPHOZO MOOEIUPOBAHUS  MEMNEPANYPHO2O
8030€liceUsi Ha ONYXoib KOJMCU 6 OuHamudeckom pedcume. Ilocmpoenvr Qusuueckas,
MAMeMamuyeckas u KOMNbIOMEPHAsL MOOeNU KOJNMCU C OHKOIOSUYECKUM HOB000PA308aHUEM
(menanomoll) ¢ yuemom MmMenIOQuUIULECKUX NPOYeccos, KposooOpaujeHus, menioooMeHa,
npoyeccos memabonusma u hazoeozo nepexoda. B kawecmee npumepa, paccmMompen CLyua,
K020a Ha NOGEePXHOCMU ORYXOIU HAXOOUMCs padouyuti UHCMPYMEHm, MeMnepamypa Komopozo
usMensiemcst  YUKIU4eCKU No  3apamee 3a0aHHOU  3A8UCUMOCIU 8 OUANA30He MeMnepamyp
[-50 = +50] °C. Onpedenenvt pacnpedenenuss memnepamypvl 8 ONYXOAU U 6 PAZTUUHBIX CILOSAX
KOJICU 6 pedicumax oxaadicoenust u Hazpeea. Ilonyuennvle pezyibmamul 0aOm GO3MONCHOCHIb
onpeodensimy 2yOUHy NpoMep3aHus U npozpesa OUOI0SUYeCKOU MKAHU, 8 YACMHOCMU ONYXOJU,
npu 3a0aHHOM memnepamypHom eozoelicmeuu. bubn. 59, puc. 6, mabn. 2.

KiaroueBble cioBa: TeMmMIepaTypHOE BO3ICHCTBHE, KOXKa YEJOBEKa, OIyXOJlb, MEJIAHOMA,
JMHAMHYECKHUIT PeXHUM, KOMITBIOTEPHOE MOCIHPOBAHHE.
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THERMOELECTRIC GENERATOR WITH A
PORTABLE STOVE

The paper presents the results of the development and experimental research of a thermoelectric
generator, which consists of a thermoelectric unit based on an army pot and a portable stove of
widespread use. The obtained results confirm the possibility of using a thermoelectric generator to
power mobile phone batteries and various gadgets. The achieved energy parameters significantly
outperform the closest existing analogues. The expediency of constructive revision of the selected
portable stove in terms of providing the possibility of using an open flame has been established.
The economical calculations of the device have determined the average cost of the TEG at $ 170.
Bibl.7, Fig. 7, Tabl. 2.

Key words: thermoelectric generator, physical model, portable stove.

Introduction

Portable power sources are now in active demand in places where there is no centralized grid.
Interest in such sources has grown in recent years due to the need to charge the electric batteries of
modern laptops and gadgets. Ukrainian soldiers in Eastern Ukraine are particularly interested in such
devices. Thermoelectric generators (TEGs) on solid fuel have serious advantages over generators
whose operation is based on other physical principles: photovoltaic, wind. They are more reliable,
easy to maintain, not afraid of shocks and vibrations, easily disguised in the field. With the help of
such devices, one can not only get electricity, but also cook and heat food, heat in winter.

The purpose of this work was to create and study a highly efficient portable thermoelectric
generator characterized by low weight and size parameters and economically accessible to a wide

range of consumers.

A brief overview of portable TEGs with solid fuel heat sources with analysis of the
achieved parameters and characteristics.

Scientists and engineers from many countries are actively working to create more efficient
thermoelectric portable generators, which would be characterized by lower weight and size
parameters, high enough efficiency and modern design.

The Biolite Basecamp [1] device can use fallen branches, dry wood chips, cones or other wood

as fuel.
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