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The existence of the effect of heat metastable localization in the medium in the blow-up heating regime was experimentally proved.
This is the regime in which the heating energy for a finite period of time tends to infinity. Previous theoretical studies have shown
that in this case some regions, inside of which the temperature increases, may arise, while their size remains constant or decreases
with time (heat localization regions). These regions exist as long as there is some energy input from the outside. An installation for
the experimental study of the thermal blow-up regimes in a solid was developed. The object of research was an aluminum rod with a
heater at its end. The temperature distribution along the rod was measured with thermocouples. The temperature of the rod end could
vary according to the given law. Calibration of the installation was performed. The sensitivity of thermocouples was determined. The
inertia of the heating and cooling process was estimated. The mathematical description of the thermal processes, occurring during the
experiment, was made. The nonlinear equation of heat conduction for the rod was solved, with the heat exchange with the
environment by convection and radiation taken into account. The thermal regime at the boundary, which is necessary to create the
thermal structures, was determined. The temperature distribution in the rod in the blow-up regime and non-blow-up regime was
measured. In the blow-up regime the heat front (the coordinate of the point with the temperature equal to half the maximum
temperature) initially shifts from the heat source, and then in the opposite direction, and the size of the area under heating decreases.
In the non-blow-up regime the size of the heated region increases all the time. The predicted effect was supposed to be used in
installations for thermonuclear fusion where the target was heated by laser radiation pulses of a special shape. This effect can also be
used for localized heating in cutting and welding, when the adjacent regions are not to get very hot, and in other similar situations.
KEY WORDS: heating, blow-up regime, heat structures, experiment

The blow-up regime is a system development regime, in which one or several parameters tend to infinity within a
finite period of time. Real physical quantities, of course, do not reach infinite values, but they can increase sharply in a
short time. The analysis of the blow-up regime shows that unbounded solutions manifest their characteristic properties
before the infinite values are reached. This allows estimating the parameters of such a regime at the moments of time
close to "disastrous".

The blow-up regimes exist both in physics and in the animate nature.

1. In the special theory of relativity it is indicated, that the increase in the particle mass, as the speed of its
movement approaches the speed of light, occurs according to the hyperbolic law, that is, in the blow-up regime.

2. It is stated, that the population of the Earth is currently growing in the blow-up regime [1]. The investigations
of the mathematical model of this process and comparison with graphs, plotted on the basis of historical data on the
number of population in different epochs, were carried out in [2, 3]. They show the validity of this model.

3. The growth in the number of scientific publications and the growth in the number of research papers also take
place in the blow-up regime. The articles have an autocatalytic effect. Each article facilitates writing the next one. And
the more articles are published in a particular area, the easier it is to conduct subsequent researches in it.

4. There are thermal blow-up regimes. They were predicted by the team of A.A. Samarsky-S. P. Kurdyumov at
the Keldysh Institute of Applied Mathematics RAS, Moscow, Russia. The theoretical studies have shown that under
such regimes some new physical phenomena should arise, namely, localization of heat in certain areas of the body
under heating and formation of heat structures, i.e. of regions with a high concentration of energy, which are sharply
separated from the cold regions. The structures are self-sustained; they exist as long as there is an influx of energy from
the external sources. This phenomenon is called “the effect of metastable heat localization” [4-7].

In these works the problem of heat propagation into a cold half-space, when the boundary was heated in the blow-
up regime, was solved. In the one-dimensional case, the process of heat propagation is described by the nonlinear
equation of heat conduction:
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where T is temperature, a(T)=k/cp is thermal diffusivity of the medium (it is emphasized that it depends on the

temperature), k is heat conductivity factor, c is specific heat capacity, p is the medium density.

It has been found that if the temperature at the boundary of the medium with the coefficient of thermal diffusivity,
which is growing with the temperature, increases, tending to infinity at approaching the finite moment of time, then
there is no heat propagation deep into the medium during the time interval when the heat is supplied.
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Let, a(T)=a, T°, where 6 > 0, then the initial temperature of the medium is 7{(z,0) = 0.

At the boundary the temperature rises according to the law:
T

(tf -t )ﬂ

E

7(0,¢) =

where #/1s the time, called in these problems as “focusing time”.
There are three heating regimes:
1. Atn > 1/c (HS - regime) — the heat localization is absent. The heat propagates into the cold environment in the
form of a wave with a growing half-width of the temperature front.
2. Atn=1/oc (S - regime) the problem has the analytical solution:

e . 2/c
T(z,t)=1{" (_:) , 0<z<z,
0, z>z, ?)
where zr is the depth of heating the matter by a thermal wave. The wave does not vary in time, although the amount of
heat in the localization zone increases indefinitely. But the heat does not propagate further away into the medium.

3. Atn < 1/o (LS - regime) the depth of heat penetration into the medium decreases with time, the wave front
does not advance further, and the half-width of the front decreases.

Thus, the thermal effect of the boundary S - regime and LS — regime on the medium is localized.

In [7] the experiment conditions for the case, when the effect of heat localization could be observed, were
formulated:

1. the presence of the blow-up heating regimes S or LS, when the amount of incoming heat increases in time
drastically;

2. the medium thermal diffusivity grows as the temperature increases, what increases the influx of heat into the
heated region and decreases the heat transfer to the cold region.

3. during the heating period the temperature at the boundary should increase by 10-30 times.

However, in [8] it was shown that the experiment conditions may not be so stringent. The effect of heat
localization can also be observed in the media with the thermal diffusivity, which does not depend on the temperature.
In this case there is no strict boundary for heat localization zr. The coordinate of this point is constantly moving upward.
But the half-width of the heat front remains constant or decreases in the process of exposure to heat. The temperature
difference can be considerably less — by 5-6 times.

Further works on the study of the blow-up regimes were carried out in other directions; they were mainly
associated with the analyses of these regimes in the nature and in human society. The investigations were devoted to
connections of the emerging phenomena with synergetics, i.e. the science explaining the formation and self-
organization of structures in open systems, which are far from the thermodynamic equilibrium [9]. These works were
only of theoretical character.

The exception were studies of a new physical phenomenon — the T-layer effect — the occurrence of a stable zone in
the plasma placed in a magnetic field with the stable zone temperature being higher than that of the rest of plasma. The
phenomenon was discovered in 1965 by a team of scientists directed by A. N. Tikhonov and A. A. Samarsky at the
Institute of Applied Mathematics of the USSR Academy of Sciences. The T-layer phenomenon plays an important role
in theoretical and applied plasma physics (development of MHD generators, controlled thermonuclear fusion). The T-
layer, like a piston moved by a magnetic field, allows controlling the behavior of low-temperature plasma and
transforming its energy into optical radiation.

This phenomenon was experimentally investigated at the Institute of Theoretical and Applied Mechanics SB RAS
(Novosibirsk) [10].

Several experimental works have appeared in recent years [11-16].

In work [16] were studied an insulator-metal transition (IMT) in vanadium dioxide films. Main features of the
voltage-induced IMT in these systems can be understood within a theory of the blow-up overheating instability. In the
blow-up regime, the IMT occurs locally even in uniform films: a narrow “hot” metallic channel occurs along the current
direction. This was compared the obtained theoretical results with the experiments taken from literature [14, 15] and our
own and find a good agreement between calculated and measured quantities.

Observed voltage-induced IMT is the local character of the transition nucleation. The IMT occurs within a narrow
“hot” channel along the direction of the current flow, while the remaining sample is in the insulating “cold” phase. It
was shown that this feature is an inherent property of the overheating instability in the geometry studied and does not
require any additional suggestions about film homogeneity.

In all of these cases the blow-up regimen arises from the emergence of positive feedback between the current growth
processes and the heating temperature, that there is a connection between the exit and the entrance of the system.

But in our work, studies have been carried out, when the heating regime of the system can be regulated completely
regardless of the results of heating. There can be completely different cases - constant heating, slow mode without blow-
up, rapid heating with or without blow-up. This is the first work to directly study of such processes.
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EXPERIMENTAL SYSTEM
The block diagram of the experimental system is shown in Fig. 1. The target under heating is an aluminum rod 140
mm long with the end face of 10 x 14 mm. An electric heater is located at the end of the rod. he heating power can vary
according to the given law. Ten copper-constantan thermocouples are placed along the rod at the distance of 10 mm
from one another. The first thermocouple measures the temperature of the rod end. The signals from the thermocouples
enter the indicator unit, where the temperature distribution in time at the control points is recorded.
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Figure 1. Experimental system

THERMOPHYSICAL PARAMETERS OF THE TARGET
To calculate the thermal conditions, it is necessary to know the target parameters: thermal conductivity %, specific
heat capacity ¢, density p, thermal diffusivity a, coefficient of heat exchange with the environment a.. The information
about these values, except the heat exchange coefficient, was taken from reference books [17, 18]. Their values for the
sample used in the experiment could differ from the tabulated values. However, this affects the values of the heating
temperature, but not the nature of the thermal process.
Thermophysical parameters depend on the temperature. The linear approximation of the data for aluminum gives
the following relations:
k(T)=244-0.0486T, Br/(M'Tpan)
c(T)=878+0.528T, Ix/(kr Tpam)
p(T)=2710-0.218T,xr/m’
a(T)=10" -5.18-10° T, m*/c

In these formulas, T is the temperature in Celsius degrees.
The heat exchange coefficient depends on the shape of the object, its location in space (vertical, horizontal),
surface treatment and other factors. To determine it an experiment was carried out.
It is known from the theory of heat transfer, that cooling of a heated body occurs according to the exponential law:
T(t)=T,exp(-t/1), “

where t=mc/aS is the thermal time constant, that is, the time, during which the temperature of the body at its cooling

3)

decreases by the factor of e, S is the body surface, m is its mass.

The analysis of the cooling curve (4) shoved the value of the thermal time constant being 380 s, the value of the
heat exchange coefficient . = 14 W/(m? - deg) at the temperature of 20° C, and the temperature dependence o7)=
12+0.0136 T, W/(m*deg).

THEORETICAL DESCRIPTION OF THE TARGET HEATING PROCESS
The thermal conductivity equation for the rod was used to describe the thermal processes in the target. The
dependences of the thermophysical parameters on the temperature and heat removal into the environment from the
lateral surface by convection and thermal radiation were taken into account. As long as the area of the ends is much



16
EEJP. 4 (2020) Nikolay G. Kokodii, Stanislav V. Pogorelov

smaller than that of the lateral surface, heat removal from them can be ignored. In the presence of internal heat sources,
the heat conduction equation has the following form [19]:
T (z,t) 1 0T(z0) LA
oz’ a(T) ot k(T)

6))
A=AP/AV . . . .
Here is the volume density of the heat energy transferred from the rod by convection and thermal radiation

per unit of time to the environment.
The initial condition is:

T(z,0)=TO’ 6)

where T} is the ambient temperature.
The boundary conditions:

7(0,t) =T(t), 0

OT(L,t) _
0z . )
They show that one end of the rod with length L (z = 0) gets heated according to the given law 7(¢), and the heat

exchange between the other end (z = L) and the environment is absent.
The power delivered to the environment by convection from the section of the rod with length Az is described by

Newton law for thermal processes

AP, =aS(T=T,)=2a(d + )T ~T)) Az

Here §=2(d+h)Az is the section surface, d and / are the dimensions of the rod cross-section.
Therefore, for the convective heat exchange
AP,
4 =0 20D g
AV dh )

®

At high heating temperatures, which occur in the blow-up regimes, the thermal radiation of the body should be
taken into account. The radiation intensity / is described by Stefan-Boltzmann equation. With the non-zero ambient
temperature taken into account, it has the following form:

I=eo|(T+273)" (1, +273)' |

where ¢ is the absorption coefficient, ¢ is the Stefan-Boltzmann constant, 7 and 7 are the temperature of the body and
the environment, respectively, in Celsius degrees.
The power, radiated from the section of the rod with the length Az, is

AP =18 =2(d+heo| (T+273)' ~(T,+273)' |ac

Therefore, the volume density of the radiated power
_AP _2(d+h)ec

»

. (T+273)" —(1, +273)"
AV dh I: :I ) 9)

The heat total power transferred to the environment is the sum of the convective and radiated powers:
A=A +A4

Substitution of expressions (8) and (9) with the “minus” sign into formula (5) gives the following equation:

2
6T2_20L(d+h) 2(d+h)80|:(T+273)4—(7;)+273)4:|—18—T=0
0z kdh kdh a ot
. (10)
Equation (10) with the initial condition (6) and boundary conditions (7) was solved for two cases: the blow-up regime
— HS, and the non-blow-up regime — LS.
In the non-blow-up regime the temperature of the rod end varies linearly:

T(t)=5t+20

(T-T)) -

QY
In the blow-up regime the temperature law is set as hyperbolic:
3-10°

T() = ——
© (158-1)"

(12)
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The diagrams of these processes are shown in Fig. 2. The heating time is 100 s. The parameters of equations (11) and
(12) were chosen, so that in both cases the temperature at the onset of the heating process would be about 20°, and at the
end — about 600°.
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Figure 2. Variation of temperature at the boundary
a) HS (non-blow-up regime), b) LS (blow-up regime)

Fig. 3 shows the temperature distribution in the target at different moments of times. The dots indicate the width of
the heat front at half the maximum temperature. In the non-blow-up regime (Fig. 3a) a constant expansion of the heated
region occurs. In the blow-up regime (Fig. 3b) the heated area first increases and then decreases.
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Figure 3. Heat propagation in the target (calculation)
a) in the non-blow-up regime , b) in the blow-up regime
1-¢t=10s,2-¢=20s,3-¢t=30s5,4—-¢t=40s,5-1t=50s,
6-t=60s,7-t=70s,8—t=80s,9-1=90s.

EXPERIMENT
In the experiment, the target was heated by passing the electric current through the heater located at the end of the
rod. The current varied in time, so that the temperature changed according to the law in the non-blow-up regime (11),
and in the blow-up regime (12). The heating duration was 90 s.
Fig. 4 presents the results of the experiment, i.e. the measurements of the temperature distribution in the target.
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Figure 4. Heat propagation in the target (experiment)

a) in the non-blow-up regime, b) in the blow-up regime
1-t=10s,2-¢=20s,3-¢=30s,4—t=405s,5-1=50s,
6-1=60s,7-t=70s,8—¢t=80s,9-t=90s.

The results of the experiment agree with those of the calculations. In the non-blow-up regime, the heat front moves
along the rod, and the size of the heated region reaches the coordinate z = 50 mm. In the blow-up regime, the heat front
reaches the coordinate z = 40 mm and then moves in the opposite direction.

The maximum heating temperature in both cases is approximately the same (350° - 400°), but the energy input in
the blow-up regime is about 2 times lower than that in the non-blow-up regime.

CONCLUSION

1. The existence of the effect of heat metastable localization in blow-up regimes, predicted by A. A. Samarskii
and S. Kurdyumov (Keldysh Institute of Applied Mathematics, RAS, Moscow, Russia), has been experimentally
proved.

2. The maximum heating temperatures of the body in both regimes are approximately the same — about 400° C.
But in the blow-up regime the energy input into the body is lower than that in the non-blow-up regime. This is due to
the smaller size of the heated area. Thus, the way of strong local heating of the target at a lower input energy is shown.
After the end of the process, the size of the heated area increases. But the maximum heating temperature at any point of
the medium in the case of the blow-up regime is lower than that in the non-blow-up regime, since the input energy is
lower.

3. The effect can be used, when strong local heating of a certain area of the body is required, while the adjacent
areas are not to get very hot.

4. The investigations were carried out within the framework of the research work "Energy interaction of
electromagnetic radiation with thin conducting fibres", state registration number 0119U002531, at the Department of
Quantum Radiophysics of V.N. Karazin Kharkiv National University with participation of the Department of
Biophysics and Information Technologies of the National University of Pharmacy.
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JIOKAJII3ALIS TEIUVIA B CEPEJJOBUIII B PEXXUMI 3 3BATOCTPEHHSAM
M.I'. Kokoniii*?, C.B. Iloropesios®
“Xapxiecvkuil Hayionanvhuil yHieepcumem imeni B.H. Kapa3sina, Xapxie, Yxpaina
bHayionanonuii papmayeemuunuii ynieepcumem, Xapxie, Yxpaina

ExcriepuMeHTabHO IOBE/ICHO iCHYBaHHsI e(eKTy MeracTalOinpHOI JoKamizamii Tema B CEepelOBHINI B PEeXHMMI HarpiBaHHS 3
3arocTpeHHsAM. Lle pesxum, Tpu SKOMy TyCTHHA €HEprii HarpiBaHHS 3a KiHEUHMH MPOMDKOK Yacy pocTe IO HEeCKiHYeHHOCTI. PaHimre
TEOPETUYH] JOCITi/KCHHS MOKa3ald, IO NMPH IbOMY MOXXYTh CTBOPIOBATHUCH OOJACTi, TeMIepaTypa BCEpeIWHi SKHX 3pOCTae€, a
PO3MIip 3aJHIIAEThCSA TTOCTIHHUM a0 3MEHIIyeThesl 3 4acoM (00raacTi Jiokamizarii Terura). O61acTi iCHYIOTh, TOKH BinOyBaeThes
HaJXOJUKeHHs eHeprii 330BHI. CTBOpEHa YCTaHOBKA IS CKCIEPUMCHTAIBHOTO BHBUYCHHS TEIUIOBUX PEKUMIB 3 3arOCTPCHHSM B
TBepaoMy Timi. OO'€KTOM IOCHTIKEHHS OYB aFOMIiHIEBUI CTPHKEHBb 3 HarpiBaueM Ha Topii. Temmeparypa TOPIsSl CTPUXKHS MOTrjia
3MIHIOBAaTHCS 32 3aJaHUM 3aKOHOM. Po3monis TemnepaTypu B3JOBXK CTPHXKHS BUMIpIOBaBCsl TepMorapamu. [IpoBeneHa kaniOpoBka
ycTaHOBKU. Bwu3nauena uyriuBicth Tepmomap. OuiHeHa iHEepUiHHICTH MpoLecy HarpiBaHHA 1 OXOJNOMKEHHS. 3pobieHO
MaTEeMaTHYHUI OMKC TEIUIOBHMX MPOLECIB, SKi MPOTIKAIOTh MPU IPOBEACHHI EKCIEePUMEHTy. Po3B'sa3aHe HemiHiiiHE pPiBHSIHHSI
TEIUIOTIPOBIAHOCT] U CTPIDKHS 3 ypaxyBaHHSM TEIUIOOOMiHY 3 HAaBKOJIMIIHIM CEPEOBHINEM KOHBEKIIEIO i BHUIIPOMIHIOBAHHIM.
Bu3HaueHO TemoBHi peXMM Ha TpaHUI, HEOOXiAHWI AJS CTBOPEHHS TEIUIOBHX CTPYKTYp. IIpoBeaeHi BUMipIOBaHHA pPO3IOALTY
TEMIIEpaTypy B CTPUXKHI B PEKUMaX 3 3arOCTPECHHSM 1 03 3arocTpeHHs. Y PexXuMi 3 3arOCTPEHHSAM TeIUIoBUH QpOHT (KoopauHaTa
TOYKH 3 TEMIIEPaTypoo, B [[Ba pa3W MEHIIOK MaKCHMAJIbHOI TEMIIEpaTypH) CIIOYaTKy MOLIMPIOETHCS B CTOPOHY Bl MiCIst
HarpiBaHHsi, a MOTIM ITOYMHAE PyXaTHCS Yy 3BOPOTHHUH Oik, 1 po3Mip Harpitoi oGiacTi 3MEHIIYeThCs. Y pexuMi 0e3 3arocTpeHHs
po3mip HarpiToi obmacti Bech 4Yac 30imbinyeThes. EdexT mepemdavanocss BHKOPHCTOBYBAaTH B YCTaHOBKAaxX Ui 3IiHCHEHHS
TEPMOSIIEPHOTO CHHTE3y NPH HArpiBaHHI MillleHi IMITyJIbCaMH JIa3epPHOT0 BUIPOMIHIOBAaHHSI crieiaibHoi popmu. Edext Takox Moxe
OyTH BUKOPUCTAHUI IS JIOKAJILHOTO HArpiBaHHs IPH Pi3aHHi i 3BapIOBaHHi, KOJM CyCiaHi 00acTi He TIOBHHHI CHJIBHO HAarpiBaTHC,
1 IHIIUX MOAIOMX BUIIAAKAX.
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JOKAJIN3ALUS TEIIJIA B CPEJIE B PEXKUME C OBOCTPEHUEM
H.T'. Koxomnii*’, C.B. Iloropesnos®
“Xapvroeckuil HayuonaroHulld ynusepcumem umenu B.H. Kapasuna, Xapvkos, Yxpauna
bHayuonanonwiii hapmayeemuveckuii ynusepcumem, Xapokos, Yrpauna

DKCHEePUMEHTAIBGHO J0Ka3aHO cyllecTBoBaHHE d(dexTa MeracTaOMIBHON JIOKANIW3aLUKM TeIUla B Cpele B PEKHUME Harpesa C
o6ocTpeHreM. DTO PeXUM, IPH KOTOPOM MOIIHOCTh SHEPIHH HArpeBa B TE€UYECHHE KOHEYHOTO MPOMEXKYTKA BPEMEHH CTPEMHUTCS K
OeckoHeyHOCTH. PaHee TeopeTHYecKHe WMCCICIOBAHUS IMOKA3alli, YTO MPH 3TOM MOTYT BO3HHUKATh OOJNACTH, BHYTPH KOTODPBIX
TEMIIepaTypa pacTeT, a pa3Mep o0JacTeil OCTacTCsl MOCTOSHHBIM I YMEHBIIAETCS C TCUCHHEM BpeMeHH (00JIaCTH JIOKATU3AIHU
tera). OOJacTH CYIIECTBYIOT, TIOKA MPOUCXOMUT IMOCTYIUICHHE dHepruu u3BHe. Co3/aHa yCTaHOBKA JUIS DKCIIEPHUMEHTAIBHOTO
HM3yUYCHHS TEIUIOBBIX PEKUMOB € obOocTpeHreM B TBepaoM Teiie. OOBEKTOM HCCIICAOBAHUSA ObUI ATFOMHUHHEBBIA CTEPKEHb C
HarpeBarteleM Ha Topue. PacripesiesneHne TemrepaTypsl BIOJb CTEPXKHS U3MEpPSUIOCh TepMonapamu. TemmepaTypa Topua CTep)KHS
MOTIJIa MEHATHCS 10 3alaHHOMY 3akoHy. [IpoBesiena kanuOpoBka ycranoBku. OmpeneneHa 4yBCTBUTENBHOCTh TepMomnap. OreHeHa
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HMHEPLUUOHHOCTh Mpolecca HarpeBa W ocThiBaHMsA. ClETaHO MaTeMaTHYECKOE ONUCAHHE TETUIOBBIX MPOLECCOB, MPOTEKAIOUIUX MPU
MIPOBEAECHUN 3KCHEPUMEHTa. PellleHO HenMHelWHoe ypaBHEHHE TEIUIONPOBOJHOCTH JUI CTEPXKHS C Y4eTOM TemIooOMeHa ¢
OKpY’Karoleil cpenoil KoHBeKIMeH W u3inydeHHeM. OmpeneneH TEIIOBOW PEXHM Ha TIpaHHIE, HEOOXOAMMBIN A CO3daHUs
TEIUIOBBIX CTPYKTYyp. IIpoBereHBI HM3MEpeHUsl paclpeleleHus TEMIepaTypsl B CTEpXKHE B pPEXHMax c obocTpeHHeM u 0e3
oboctpenus. B pexume ¢ o60cTpeHHEM TEIUIoBOi (PpOHT (KOOpAMHATA TOYKH C TEMIEpaTypold, paBHOI MOJOBHHE MaKCHMAaTbHON
TeMIlepaTypbl) BHadaje IBHTAeTCsi OT MCTOYHHMKA TEIUIa, a 3aTeM B OOpaTHYI0O CTOPOHY, M pa3Mep HarpeBaeMoi oOmacTé
yMeHblIaercs. B pexnme 0e3 obGocTpeHus pa3smep Harperoil oOiacTh Bce BpeMsi yBenmumBaeTcs. [IpenckazaHHBIH d¢dext
MIPE/INONATaIOCh HCIIONb30BaTh B YCTAHOBKAX IS TEPMOSJECPHOTO CHHTE3a NPU HArpeBe MHIIEHH HMITYJIbCAMH JIa3epPHOTO
H3ITy4YeHUsl creluanbHoi GopMel. DddexT MoxkeT OBITh TaKKe UCIIOIB30BaH JUIS JIOKAJIBHOTO HarpeBa Mpu pe3aHuy U CBapKe, Korjaa
coceHNe 00IacTH He TOJKHBI CHIIBHO HarpeBaThesl, U B IPYTHX MOZOOHBIX CITydasX.
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