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HEAT TRANSFER PROCESSES IN THE GAS PLACED INTO A NEWTONIAN
GRAVITATION FIELD

Abstract. In this paper, using the theoretical and numerical investigation of molecular motion, we study heat transfer
processes in the gas placed in a Newtonian gravitational field. The influence of gravity on the heat conductivity of the gas is
analyzed. The gravity considered is more than 100 000 times higher than that of the Earth. The main differences of the gas
heat conductivity under such high gravity from the one detected under normal gravity are demonstrated and explained. It is
shown how the thermal equilibrium for the heat conductivity of the gas depends on gravity and the type of gas. The difference
between natural gravity and the centrifugal force is discussed. It is shown how the gas density influences the thermal equilib-
rium for the heat conductivity under a strong centrifugal force. The convective heat transfer in the gas placed into a gravita-
tional or centrifugal field is analyzed. It is shown that the thermal equilibrium of the convective heat transfer under intensive
gravity is not the same as under normal gravity. The horizontal convection mechanism is discussed. A technical way of the
realization of gravity thermal effects in the gas is represented. All necessary parameters of the experimental setup are given.
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B. . CaBepuenko

Hnemumym menno- u maccoobmena um. A. B. Jleikosa Hayuonanvroti akademuu nayx benapycu, Munck, Berapyce
TEINJONEPEHOC B I'A3AX, HAXOAAIUXCSA B HBIOTOHOBCKOM I'PABUTAITMOHHOM IIOJIE

AnnoTtanus. [lanHas paboTa MOCBAIIEHa H3YIEHNIO MEXaHN3MOB TEIJIONEPEHOCa B Ta3aX, MOMEMIEHHBIX B HEIOTOHOB-
CKOE TPaBUTALOHHOE T0Je. VcciaenoBaHust MPOBOIMIINCE MIPU MOMOIIM TEOPETUYECKOTO aHAN3a, a TaK)Ke YUCICHHOrO
MOJZIETMPOBAHUS TEIUIOBOTO JBMKEHHUS MOJICKYJ Tra3a B ycioBusx rpasutanuu csbime 100 000 g. IpexctaBieHs! OCHOB-
HBIE OTJIMYHS TEIJIONPOBOJHOCTH ra3a B I'PaBUTALIMOHHOM I10JIe OT TEIJIONPOBOJHOCTH ra3a MpU OTCYTCTBUHU TPaBUTALUH.
Tloka3ano, Kak TemIOBOE paBHOBECHE, 0OECIIEUNBAEMOE TEIUIONPOBOJHOCTHIO I'a3a, 3aBUCHT OT IPABUTAIINH U PA3HOBUIHO-
ctu rasa. McciaenoBanus npoBOAUINCH HE TOJIBKO /ISl €CTECTBEHHOM, HO U /IS HCKYCCTBEHHOM T'paBUTALMH, CO3/1aBaeMOi
neHTpuyroi. BeigBiIeHO, KaKk TEIMJIOBOE paBHOBECHE, 00eCHEeYNBAEMOEe TEILIONPOBOAHOCTHIO I'a3a, 3aBUCHT OT MJIOTHOCTH
rasza B HeHtpudyre. Onucansl napasutHbie 3G(HEKTh, B TOM YuCie Tem1o00MeH u3iayueHueM. OObsICHEHBI OTIMYUS KOH-
BEKTHBHOTO TEIUIONEPEHOCA ITPH JOCTATOYHO BHICOKON T'PaBUTAIMU OT KOHBEKTHBHOTO TEIUIONEPEHOCA B YCIOBHUIX 3€MHOM
rpaBuTanuu. PaccyuTanbl napamMeTphbl TEIIOBOTO PABHOBECHSI, KOTOPOE 00eCIeunBaeTCss KOHBEKIMEH B ra3e, HaXOsIIeMCs
B TPaBUTAIIMOHHOM 110J1e. OOBsACHEH MEXaHU3M T'OPH30HTAIBEHOM KOHBEKINH. [Ipeiioiken criocod TeXHUIECKOH pearn3aliuy
TEIUIOBHIX 3()(eKTOB, BOZHUKAIONUX B Ta3e npu rpasutanuu ceeiie 100 000 g. Jlanbl He0OX0MMBbIE TEXHUYECKHE TTapaMe-
TPHI 9KCTIEPUMEHTATBHOTO CTeHA. [leTaTbHO OMHUCAHA €ro KOHCTPYKIHUSI.

Ki1roueBble ¢/10Ba: TEIIONEPEHOC B ra3e, TEMIOBOE JABH)KCHNE MOJIEKYJI, TEIUIOBOE paBHOBECHUE, LICHTPOOEKHAS CHIla

Jas nutupoanns. Casepuenko, B. M. TemronepeHoc B razax, HaXOASIIUXCS B HBIOTOHOBCKOM TPaBUTAIMOHHOM IT0-
ne / B. 1. Casepuenko // Bec. Han. akan. HaByk benapyci. Cep. ¢i3.-maT. HaByk. — 2021. — T. 57, Ne 1. — C. 77-84. https://doi.
org/10.29235/1561-2430-2021-57-1-77-84

Introduction. It is well known that heat is the energy of molecular motion. Therefore, it is interest-
ing to understand how changes of molecular motion can affect heat processes. For example, gravity can
change the trajectories of molecular motion in the gas. Thus, this paper is devoted to the analysis of the
influence of gravity on the heat transfer in the gas.

It is shown [1] that diffusion in gases placed into a high gravitation field leads to decreasing the
entropy. In other words, while under weak gravity the diffusion tends to mix the gases, under strong
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gravity the diffusion splits the gas into components: a heavy gas appears at the bottom and a light gas
appears at the top. Therefore, the entropy of the system decreases. This factor is widely used in uranium
enrichment [2]. The fact that transfer processes ignore the law of increasing entropy in gases [3] when
they are placed into a gravitational field is the most interesting feature.

Although diffusion in gases placed into a gravitational field is well studied, the heat transfer in this
case is unclear. This situation is due to the virtual lack of interest from the industry. However, the issue
of the heat transfer in the gases placed into a strong gravitation field has a significant fundamental mean-
ing. It can be used in studying stars formation mechanisms [4] and heat processes inside the stars. Some
results of this study can be used to analyze the mechanism of the heat death of the Universe [5].

Gravitational shift of the thermal equilibrium for the gas heat conductivity. When we throw up
a stone it slows down with the height increasing. Independently of the flight angle, the kinetic energy
of the stone decreases proportionally to the increase of the potential energy. When we throw down the
stone from the roof of a house it accelerates with the height decreasing. This is a result of the law of
energy conservation. This study is based on the assumption that the law of energy conservation will be
valid for moving gas molecules. So, when the molecule falls down in a gravitational field, it accelerates.
When the molecule goes up, its speed decreases.

To exclude quantum effects, we consider the xenon gas. As long as the molecular diameter of xenon
is 4.4A, we consider its molecules as classical objects.

It is well known [6] that the temperature is determined by the intensity of the molecular motion.
For example, the heat energy of a monatomic gas is the total kinetic energy of its moving molecules.
The temperature of a monatomic gas is determined by the average energy of the linear motion of the
molecules of this gas by equation (1). So, if a metal plate is placed into the gas, then its molecules attack
this plate with the average energy determined by equation (1), where 7 is the gas temperature. It is well
known [6] that if the temperature of the plate is higher than that of the gas, the heat energy flows from
the plate to the gas. If the temperature of the plate is lower than that of the gas, the heat energy flows
from the gas to the plate. So if gas molecules attack the plate with the average energy higher than <E,>
from equation (1) (7 is the temperature of the plate), the heat energy transfers from the gas to the plate.
This means that the average energy of the gas molecules before interaction with the plate is higher than
after interaction with the plate.

<E, >=%kT, )

where <E,> is the average kinetic energy of gas molecules; & is the Boltzmann constant; and 7 is the gas
temperature.

It is important that the surface of the plate doesn’t “know” the temperature of the surrounding gas.
The plate “knows” only the energies with which gas molecules attack this plate. It is established in [7]
that the angles of attack do not play any role either. Therefore, when a meteorite moves through a rarified
atmosphere, it is heated to high temperatures by a cold rarified gas. The meteorite surface accepts the
fast direct motion of the molecules of a cold gas exactly like the chaotic heat motion of a very hot gas.

Let us consider two infinite horizontal parallel metal plates and rarified xenon between them (see
Fig. 1). The system is placed into zero gravity. As long as xenon is rarified, the gas molecules do not in-
teract one with other. They interact only with the plates. After interaction with the top plate the gas mol-
ecule always interacts with the bottom plate. After interaction with the bottom plate the gas molecule
interacts with the top plate again. For zero energy exchange between the gas and the top or bottom plate
it is necessary that the average energy of the gas molecules before interaction to be equal <E,> from
equation (1), where T is the temperature of the plate. In this case the average energy of the molecules af-
ter interaction will be equal to the average energy of these molecules before interaction. In zero gravity
the average energy of the molecules after interaction with the top plate is equal to the average energy
of these molecules before interaction with the bottom plate. This means that for zero heat exchange the
average energies of the molecules before and after interaction with the top and bottom plates must be
equal. So the temperatures of the plates must be equal in absence of heat exchange. It is well known (6)
that this conclusion is correct.
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Fig. 1. Xenon molecules between two horizontal metal plates

Now let us consider the system (fig. 1) placed into a gravitational field. For zero energy exchange
between the gas and the top or bottom plate it is necessary that the average energy of the gas molecules
before interaction equals <E,> from equation (1). The average energy of the molecules after interaction
with any plate is equal to the average energy of these molecules before interaction. When the molecules
move from the top to the bottom plate, their average kinetic energy increases by decreasing the potential
energy. When the molecules move from the bottom to the top plate, their average kinetic energy de-
creases. This means that for zero heat exchange the temperature of the bottom plate must be higher than
the temperature of the top plate by AT, from equation (2).

2mgh

AT, =
& 3k

, @
where m is the mass of the xenon molecule, which is equal to 2,2 - 107 kg; h is the distance between the
plates, m; g is gravity, m/s’; k is the Boltzmann constant, which is equal to 1,38 - 1072 J/K; AT, is the
temperature difference between the plates.

The mechanism of heat transfer provided by the motion and interaction of molecules is heat con-
ductivity [6]. Thus, AT, is the gravitational shift of the thermal equilibrium for the heat conductivity
mechanism.

The most extraordinary feature of the gravitational shift is that the equilibrium state is achieved
when the temperatures of the plates are different. In the most common processes the equilibrium state is
when all parts of the system have the same temperature. There are some exceptions [8, 9].

Radiative heat transfer. In spite of its simplicity the gravitational shift of the thermal equilibrium
effect is difficult for detecting. The reason for this is the following. While the gravitational shift effect
tries to establish the temperature difference between the plates, other mechanisms of heat transfer try to
make the temperatures of the plates equal. So it is necessary to provide such conditions that the gravita-
tional shift effect becomes stronger than all other mechanisms of heat transfer. These other mechanisms
of heat transfer are the radiation and heat conductivity of the construction separating the plates. When
we use a centrifuge to provide gravitation, we must also take into account the heating of the moving
parts by friction.

Although the friction and heat conductivity of the construction can be diminished by technical ways,
it is impossible to avoid the radiation heat transfer between the plates. It is because there are no absolute-
ly specular materials for infrared rays. This, gravity must be so strong that the gravitational shift of the
thermal equilibrium can take place in a very thin gas layer. The gas layer must be thin enough for the
heat conductivity of the layer to be greater than the radiation heat transfer. It is due to the gravitational
shift effect being provided by the heat conductivity mechanism. We know that for a thinner layer the
heat conduction is stronger [6].

As long as the equilibrium is achieved when the top plate is colder than the bottom plate by AT, the
heat flux per square meter is equal to

A(Ti+ ATy —Ty)

0= P : 3)
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According to [10], the radiation heat flux per square meter between the plates equals to
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When we compare (3) and (4), we find that 7 must be less than 1 cm. If we want AT, to be equal to
100 K, when 4 = Icm, gravity must be 10° m/s*, according to (2). This gravity is 100 000 times higher
than that of the Earth. As will be shown later, for lighter gases like helium gravity must be stronger than
for heavy gases like xenon. So we can say that it is possible to observe the gravitational shift of the ther-
mal equilibrium only when gravity is more than 100 000 times higher than that of the Earth.

Gravitational shift of the thermal equilibrium of convection. We have just considered the grav-
itational shift of the thermal equilibrium in a rarefied gas. However, it is interesting to know if there
would be such an effect in a normal gas. The gas is normal when the mean free pass of its molecules is
much less than the distance between the plates but it is much longer than the diameter of the gas mole-
cule. To understand the behavior of the gravitational shift effect in normal gases, computer numerical
modeling was engaged. During simulation the average heat transfer between the plates was measured at
different gas concentrations. The size of molecules was set large enough for them to interact one with
another many times at a maximal concentration and almost not to interact at a minimal concentration.
Numerical simulation did not show that the interaction of molecules eliminated the effect.

The chaotic motion and interaction of gas molecules can’t eliminate the gravitational shift effect
due to the following factors. The first is that rising molecules always slow down and falling molecules
always speed up despite the direction of motion. The second is that when molecules interact one with
another, their average kinetic energy remains the same [6].

Although convection in a rarified gas is impossibl,e it can appear in a normal gas. One can say that
when the bottom is hotter than the top, convection will immediately occur and equalize the temperatures
of the plates. However, it is not so because at a gravity of 10° m/s* even a 1 cm gas layer creates high
hydrostatic pressure. When the gas rises up, it looses the pressure and thus expands and cools. So every
adiabatic vertical flow of gas under gravity will create a temperature difference

2mgh

Alse = (i+2)k ©)

where 7 is the number of degrees of freedom of the molecular motion.

The temperature difference AT, appears because the rising gas adiabatically expands and cools and
the gas adiabatically shrinks and heats. So if AT, is the shift of the thermal equilibrium for the heat con-
ductivity mechanism, AT, is the shift of the thermal equilibrium for convection.

Comparison of (2) and (5) shows that for xenon AT is almost twice smaller than AT,,. This means
that convection will not disturb the heat conductivity until the temperature difference AT, is achieved.
So for the rarified gas the equilibrium temperature difference will be AT, and for the normal gas it will
be AT,. The main difference between heat conductivity and the convection gravitational shift is that
heat conductivity acts when the temperature difference achieves a state of equilibrium, but convection
acts only when the temperature difference is larger than the equilibrium.

Different gases. Molecules of a polyatomic gas have twice more kinetic energy than monatomic gas
molecules at the same temperature [6]. But the gravitational energy increment of the molecule, when it
moves from the top plate to the bottom one, depends only on the molecular mass. So, the relative energy
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increment for a monatomic molecule is twice larger than that for a polyatomic molecule. That is why we
can rewrite equation (2) for the polyatomic gas as

2mgh

ATy = 6)

ik

Besides the temperature difference of the gravitational shift AT, it is important to know the heat flux
Q of the heat conductivity. It is known that Q is proportional to the heat conductivity A of the gas. It is also
known [6] that the heat conductivity A is proportional to the relation of the number of degrees of freedom i
to the effective interaction cross section s. If we suppose that s is proportional to m*”, we find that

Aaciom . (7)

If the temperatures of the top and bottom plates are equal, then the conductive heat flux is propor-
tional to L'AT,. Taking into account (6), we find that

rom%. ®)

The power of the conductive heat flux O does not depend on the distance between the plates 4. It
is owing to the fact that with increasing 4 not only AT, increases, but the thermal resistance of the gas
layer A/ also increases.

Looking on (6), we understand that the temperature difference of the gravitational shift A7, is max-
imal for heavy monatomic gases. Equation (8) shows that the heat power of the heat conductivity caused
by the gravitational shift of the thermal equilibrium is maximal for heavy gases. Thus xenon is the most
appropriate gas for our studies.

Artificial gravity. As it was said before, gravity must be 100 000 times stronger than that of the
Earth for detecting the gravitational shift of the thermal equilibrium. Such high gravity is common in
the Universe, but on the Earth this gravity can be only artificial. To create artificial gravity for a single
molecule we can charge this molecule and place it into an electric field [9]. Still, for many molecules this
method would not simulate gravity because of the charged molecules repelling one from another. So, a
centrifuge is necessary to create gravity.

However the centrifugal force is not always the same as compared with gravity. When we want to
create gravity by a centrifuge it is necessary for the centrifugal force to be much higher than the Coriolis
force (9).

_ch
="
2gV,
ay = , ©)
X Vc
-2
a, =28
Ve

where g is centrifugal gravity; V, is the horizontal speed of the molecule; V) is the vertical speed of the
molecule; a, is the horizontal acceleration by the Coriolis force; a, is the vertical acceleration by the
Coriolis force; and V, is the circular speed of the centrifuge.

Equation (9) shows that when the circular speed of the centrifuge is much higher than the speed of
molecules we have only gravity. In this case the behavior of molecules in the centrifuge will be the same
as under real gravity. The maximal circular speed [11] that the centrifuge can sustain is

Vmax :Z\/E’ (10)
Y

where ¢ is the tensile strength; p is the density; and Z is a constant.
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Fig. 2. Molecular trajectories

The constant Z in equation (10) equals 1 for a tube centrifuge and 1.4 for a disc centrifuge. For the
creation of a gravitational shift a tube centrifuge is necessary. If we build a centrifuge from metal and
give it twice the margin of safety, the maximal circular speed of the centrifuge will be V_,, ~ 200 m/s.
Xenon molecules have the same average speed at room temperature. So we must take into account the
Coriolis force. The condition of real gravity can be created only by a boron fiber centrifuge. Thus it is
necessary to understand how the Coriolis force affects the gravitational shift.

A numerical simulation of the molecular motion was employed to understand how the Coriolis force
affects the gravitational shift. Figure 2 shows the growth of the thermal energy of the bottom plate in the
case of pure gravity and in the case of the centrifugal gravity with the same magnitude.

In Fig. 2, the circular velocity of the centrifuge is equal to the average molecular velocity. Heat is
illustrated in relative units. The gas is rarified. The number of molecules is 500. It is seen that there is no
large difference between gravity and the centrifuge as to the gravitational shift.

Realization of the effect. For the realization of the gravitational shift effect of the thermal equilibri-
um it is necessary to create gravity being 100 000 times stronger than that of the Earth. Besides that, the
construction must provide conditions when the internal radiation heat transfer and the heat conductivity
of the construction are less strong than the heat conductivity of the gas. Finally, the setup must give us
a possibility to detect the effect. The best way to detect the gravitational shift is to convert the tempera-
ture difference AT, to electricity. To obtain the gravitational shift and convert the resulting temperature
difference into electricity a special setup is necessary. Figure 3 shows a schematic view of such a setup
in cross section.

electric centrifuige  centrifuge radiative centrifuge  thermoelectric
motor shaft shell heat keeper flange converter

| [l |
il

trundle gas A
bearing trundle radiative Xenon sggg{y raﬂéﬁve
th 1
erma exchanger

insulation

Fig. 3. Schematic section of the setup without background
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Fig. 4. Schematic illustration of horizontal convection

A centrifuge is the main part of the setup. It creates the necessary gravity in which the temperature
difference appears due to the gravitational shift effect. The centrifuge consists of a shaft, flanges, and a
shell. A space between shaft and shell is filled by xenon, in which a gravitational shift takes place. The
external surface of the shaft and the internal surface of the shell are polished black, as it is necessary to
minimize the radiation heat exchange between shaft and shell. The flanges are very thin and made from
plastic with low heat conductivity, as it is necessary to minimize the conductive heat exchange between
shaft and shell. This heat exchange, as well as the radiative heat exchange, reduces the gravitational
shift effect. The external surface of the shell and the internal surface of the radiative heat keeper are
black to maximize the radiation heat transfer.

When the centrifuge rotates, a gravitational shift of the thermal equilibrium appears in xenon. This
shift creates a temperature difference between the shaft of the centrifuge and its shell. The radiative heat
keeper and the radiative heat exchanger are used to take off the temperature difference from the rotating
centrifuge without mechanical contact with it. Mechanical contact with the static parts is inadmissible
for the centrifuge to rotate without friction. The radiative heat exchanger and the radiative heat keeper
take off the temperature difference from the centrifuge and transmit this difference to the thermoelec-
tric converter [8]. The thermoelectric converter converts the temperature difference to electricity.

When some part of the heat energy is converted to electricity in the thermoelectric converter, the
system becomes colder. To avoid overcooling, the setup is equipped by a heat supply. The heat supply
gives heat for the system from the outside.

The centrifuge is set on a special suspension. This suspension consists of eight trundles, only four
of which are illustrated in Fig.3. The suspension is necessary for the centrifuge to rotate quickly with
minimal friction. To avoid viscous friction, the system is placed into a high vacuum of ~10~° Pa. Vacuum
is also need to diminish the parasite heat transfer.

Horizontal convection. During the analysis of the heat exchange between the flanges of the centri-
fuge (see Fig. 3) and xenon one interesting mechanism of the heat transfer was found. This mechanism
can not appear under natural Earth gravity. The mechanism is horizontal convection. This mechanism is
schematically shown in Fig. 4.

The picture in Fig.4 is distorted because the real vertical size of loop flows is about 1 mm while the
horizontal size is more than 100 mm. That is why the convection is called horizontal. On the right side of
Fig. 4 we see the flange of the centrifuge with a uniform temperature. On the left side we see an imagi-
nary wall with the temperature arrangement caused by the gravitational shift of the thermal equilibrium.
Figure 4 shows that if the flange has a uniform temperature it eliminates the gravitational shift. That is
why the flanges must be very thin and there must be a high vacuum outside the flanges.

Horizontal convection is impossible under natural gravity because of the weak Archimedes force.
Under natural gravity the viscosity of the gas inhibits the flow motion, and the heat conductivity of the
gas equalizes the temperature of the flows. This mechanism can also be used for the explanation of par-
asite flows in a fast moving plasma [12].

Conclusion. The heat transfer in gases placed into a gravitational field is not the same as under zero
gravity. The shifted convection, gravitational shift of the thermal equilibrium, and horizontal convection
can appear only when gravity is very strong.

The effect of the gravitational shift of the thermal equilibrium for heat conductivity can take place in
different gases. Convection effects appear only in normal gases. The temperature difference of the heat
conductivity gravitational shift is always higher than the gravitational shift of the thermal equilibrium
for convection. Conductive heat transfer occurs only when the temperature difference is not the same as
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in the equilibrium. Convection occurs only when the temperature difference is higher than that in the
equilibrium.

The temperature difference caused by the gravitational shift for heat conductivity is maximal for
heavy monatomic gases. The heat flux caused by the gravitational shift for heat conductivity is maximal
for heavy gases. Xenon is the most appropriate gas for studies of the gravitational shift effect.

The centrifugal force is not always the same as gravity. Numerical simulation of the molecular mo-
tion shows that the gravitational shift can arise in the centrifuge as soon as under real gravity.

It is shown that the creation conditions for the gravitational shift are technically possible. The scheme
of the setup is suggested. The main technical difficulties in the creation of the gravitational shift are a
high vacuum (~10"® Pa) and a high frequency rotation of the centrifuge (~150 000 1/min).

This study is based on numerous assumptions and simplifications. The real mechanism of molecular
motion and interactions is not clear enough to rely on some numerical estimations. Thus the experimen-
tal verification of all the results is necessary.

References

1. Olander D. R. Technical Basis of the Gas Centrifuge. Advances in Nuclear Science and Technology, 1972, vol. 6,
pp. 105-174. https://doi.org/10.1016/b978-0-12-029306-3.50011-0

2. Jensen R. J., Marinuzzi J. G., Robinson C. P., Rockwood S. D. Prospects for uranium enrichment. Laser Focus, 1976,
vol. 12, pp. 59-63.

3. Wehrl A. General properties of entropy. Review Modern Physics, 1978, vol. 50, no. 2, pp. 221-260. https://doi.
org/10.1103/revmodphys.50.221

4. Lugaro M., Herwig F., Lattanzio J. C., Gallino R., Straniero O. s-Process Nucleosynthesis in Asymptotic Giant
Branch Stars: A Test for Stellar Evolution. The Astrophysical Journal, 2003, vol. 586, no. 2, pp. 1305-1319. https://doi.
org/10.1086/367887

5. Frautschi S. Entropy in an Expanding Universe. Science, 1982, vol. 217, no. 4560, pp. 593—599. https://doi.org/10.1126/
science.217.4560.593

6. Wendl M. C. Theoretical Foundation of Conduction and Convection Heat Transfer. Saint Louis, USA, 2012. 226 p.
https://doi.org/ 10.13140/RG.2.1.1875.3120

7. Korobeinikov V. P., Chushkin P. 1., Shurshalov L. V. Mathematical model and computation of the tunguska meteorite
explosion. Acta Astronautica, 1976, vol. 3, no. 7-8, pp. 615—622. https://doi.org/10.1016/0094-5765(76)90165-X

8. Shakouri A. Metal-Semiconductor Nanocomposites for Direct Thermal to Electric Energy Conversion. Energy
Nanotechnology International Conference, 2007, pp. 13—14. https://doi.org/10.1115/ENIC2007-45062

9. Lutz E. A single atom heat engine. Physics Today, 2020, vol. 73, no. 5, pp. 66—67. https://doi.org/10.1063/PT.3.4482

10. Balaji C. Essentials of Radiation Heat Transfer. Springer International Publishing, 2021. 212 p. https:/doi.org/
10.1007/978-3-030-62617-4

11. Haichang L., Jihai J. Flywheel energy storage — An upswing technology for energy sustainability. Energy and
Buildings, 2007, vol. 39, no. 5, pp. 599-604. https://doi.org/10.1016/j.enbuild.2006.10.001

12. Wesson J. Tokamaks. Oxford University Press, 2011. 149 p.

Information about the author HNudopmamnus 06 aBTope

Victor 1. Saverchenko — Ph. D. (Physics and Mathe- CaBepuenko Buktop UBaHOBHY — KaHIWUIAT (QU3H-
matics), Researcher, A. V. Luikov Heat and Mass Transfer = ko-mMaTemMaTnyecKux HayK, HAYYHBIH COTpyAHHUK, HCTHTYT
Institute of the National Academy of Sciences of Belarus (15, Ttemmo- u maccoodmena um. A. B. JIsikoBa HarmonanbHoi
P. Brovka Str., 220072, Minsk, Republic of Belarus). E-mail:  akagemun nayk Bbemapycu (yn. II. Bposku, 15, 220072,
wellura@gmail.com r. Munck, Pecrry6nuka Benapyce). E-mail: wellura@gmail.com



