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NA3EPHA ABCOPELINHA CMEKTPOCKOMISA NNIA3MU
ENEKTPOAYIOBOIo PO3PAAY 3 AOMILLKAMU Mial

Ansa OdiazHocmuku nnasmu enekmpody2oe020 po3psdy Mix kommnozumHumu Cu-Mo enekmpodamu 3acmocoeaHO MemoOuKy INiHiliHOI na3epHol
abcopbuyitiHoi cnekmpockonii. PeanizoeaHo ekcrnepuMeHmasnbHy cxeMy peecmpauil npocmopoeux po3nodinie iHMeHcueHocmi Ja3zepHO20
sunpomiHroeaHHs1 3a donomozoro [133-mampuyi. Po3pobneHo npozpamHuli iHmepdgpelic Kopucmyeaya Onsi o6pobKU eKcriepuMeHmasnbHuUX OaHux,
8u3Ha4yeHO UMOBIPHY eKcriepuMeHmanbHy noxubky. OmpumaHi npocmopoei po3nodinu 3aceneHocmi °Ds, pieHsi amomie Midi eukopucmaHo Ons
PO3paxyHKy ckiady nnasmu y npunyuweHHi 10KkansHOi mepMoOuHaMi4HOl pieHogazu.

Knroyoei crioea: nazepHa abcopbuyiliHa criekmpockonisi, nia3ma esiekmpody208020 po3psidy.
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NA3EPHAA ABCOPBLMOHHAA CMEKTPOCKONNA NMIA3Mbl
ANEKTPOAYIroBOIro PA3PAOA C NPUMECBHIO MEAU

Ana OuaezHocmuku nna3mbl 3nekmpody208020 pa3psida Mexdy KomnosumHbimMu Cu-Mo anekmpodamu npumeHeHa MemoOuka na3epHol
abcopbyuoHHoli cniekmpockonuu. Peanu3oeaHa aJKcriepuMeHMasibHasi cxema peaucmpauyuu rpocMpPaHCMEEHHbIX pacnpedesieHuli UHMEHCUsHoCcmu
N1a3epHO20 u3sy4yeHusi ¢ rnomoubto 3C-mampuybl. PaspabomaH npozpaMMHbIli uHmepgbelic nonb3oeamensi st 06pabomku 3KcrepUMeHMasbHbIX
QdaHHbIX u onpedenieHa oxxudaemasi owubka akcnepumeHma. llosnyyeHHble NPocMpaHcMeeHHbIe pacnpedesieHusi 3aCelIeHHOCMU 3HEP2eMUYeCcKo20 YPOBHS
D5, amomoe Medu UCosb308aHbI OJ1s1 pacyema KOMIOHEHIMHO20 COCMasa rnsia3mbl 6 npedrnosioxeHuuU JI0KallbHO20 MepMOOUHaMUYECKO20 PaBHOBECUSI.
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PROPAGATION OF TEMPERATURE WAVES IN MEDIUM
WITH INTERNAL THERMAL RELAXATION

In this article the wave solutions of heat transfer equations, for classical model and for two alternative non-stationary models
(hyperbolic and model with a time delay) have been studied. Modeling of temperature impulse propagation was performed according to
dispersion relations obtained from heat transfer equations. It was shown that propagation of temperature impulse in non-stationary
models could significantly differ from temperature diffusion in classical model. This can be used for signal transmission and that

temperature waves could be used for delay line construction.
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Introduction. For the long time the heat transfer
problems were regarded using only a classical Fourier's
hypothesis that heat flux is proportional to a module of
temperature gradient and have opposite direction. In the
50" of the last century first attempt to regard non-
stationary heat transfer processes were made by
Cattaneo and Vernotte, what leads to a hyperbolic
equation for temperature field [2, 12]. Since then the
hyperbolic and non-linear parabolic heat transfer models
were intensively studied and a big amount of new heat
transfer regimes were established, such as traveling
waves, blow-up regimes and some others [7-11].
Hypothesis of finite velocity of thermal signal propagation
became especially popular in last two decades. Also the
non-stationary solutions, such as the temperature waves,
started to attract attention of researchers, especially for
application in the scanning thermo wave microscopy
(STWM), which is one of the method to investigate the
under layers of surface for the purpose to determine heat
conductivity [1, 5, 6]. In present work we regard thermal
wave solutions not only for a classical heat transfer
model but also for non-stationary models: hyperbolic and
with time delay. Obtained relations of dispersion were
used for modeling of temperature impulse propagation,
regarding the possibility to use temperature field for
signals transmission.

Wave solutions of heat transfer equations. General
form of classical heat transfer equation is
oT(x,t)
c———~=XAT(x,t
Pt (1) (1)

where p is density, ¢ is heat capacity and A is heat
conductivity. Suppose that:

T= Toei((nt—kx) 2)
From (1) and (2) and regarding that k is a complex

value

+ 1k dispersion relation could be obtained:
ipce = (Kf — k3 ) - 20ty
It gives the system of equations:
1K -K3)=0
pcw+ 20k, =0 “)

In a second half of twenty century the hyperbolic heat
transfer equation became more common, especially in the
problems of laser impulse interaction with matter. Since the
duration of laser impulses could be very short, it yields to

@)

non-stationary problems of heat transfer [6]. Hyperbolic
heat transfer equation is as follows:
2
pC aT(X't)+rpca T(x0) MAT(x,t) (8)

ot o2
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Fig.1. Attenuation of temperature waves in
1 - classical model, 2 — hyperbolic model, 3 — model with delay.
The dashed line corresponds to areas of frequencies in which cos ot < 0 and thermal waves are not generated

Here 1 is a relaxation time, parameter that describes
the relaxation of local macroscopic subsystems to
equilibrium thermal distribution. By the same way as it was
done for the classical model, the dispersion relations for
the hyperbolic model could be found as follows:

pCw+ 2k1k27\. =0

k(k12 —k§)—rpcw2 =0 ®

For such model the temperature waves becomes as:

T = Toet kB )x gi(ot+kB.X)

0 . (10)

T= Toeikﬁ’xel(mti(klﬁ_)x)
Where

B, = Vo’t? + 1t ot (11)

From (10) it can be seen that for the hyperbolic model
were obtained two different possible situations for the same
conditions. It has also be notices that in both cases
attenuation do not increase to infinity with frequency.

In last two decades gained popularity single- and dual-
phase-lag heat conduction models [3,4]. Here we consider
only single-phase-lag equation, also called as equation
with time delay. It has the next from:

ch:xAT(xl) (12)

Analysis of dispersion relations for this model:

pPCmCOS 0T + 2Kk =0

13
1(KE =13 )~ poosinet =0 (13)

lead to the next temperature waves:

+k COos ot

T, X -
T- Toe Jrsinet e/(mtik\/wsmmrx)

(14)

i(wtik cos o j

ToeikJ1—sinmrxe Vi-sinot

This model with delay predicts not only the possibility of
attenuation decreasing with frequency at coswt >0, but
also predicts the existence of undamped thermal waves at
wr=2nr+7x/2, n=0,1,2.... The excitation of thermal

waves is impossible atcoswt <0, because of unlimited
increasing amplitude of such waves when x — . The
frequency dependence of attenuation absolute value is
shown on fig. 1 a) and b) for relaxation time equal to
microseconds and milliseconds respectively.

Modeling of temperature impulse evolution. The
modeling of single temperature impulse evolution was
performed for normalized temperature. The initial impulse

is given with a formula:
(t 2) (t 2) (1 )

o= 0.ty = TE =00 Ty
Where P — duration of impulse, h(t)- Heaviside function.

7-max - 7—min

In what follows F[ . ] means Fourier transform operator.
Fourier transform of initial impulse is:

P o (0P
To(®) = F[Ty(x =0,t)] = ——Sinc| — 16
o)~ FITo(x =0.01=£—sine | (19
Evolution of thermal impulse will be given with:
To(x,t) = F[To()- &/ )] (17)

On fig. 2 results of modeling are shown. For the
calculations the next parameters were used:
G=Alcp=3.103cm?/s, 1=10s. On fig. 2 a),b) is
shown evolution of temperature impulse according to a
classical equation, it is obviously that according to this
model propagation of thermal impulse is impossible
because of dispersion initial impulse loose it's form, and
in a distant spot it is impossible to detect beginning and
end of thermal impulse. Opposite situations take a place
in Fig. 2 ¢), d). In hyperbolic heat transfer model traveling
impulse solution is possible, but also deformation of
impulse form takes a place due to the dispersion.
Nevertheless, it is possible to detect beginning and end of
impulse. It makes possible to use temperature field to
transfer information, but it should be mentioned that
propagation of information in thermal field is very slow
comparing to electromagnetic field and acoustics waves.
It means that temperature field could be used for
information transfer only when there is a need to create
delay between two signals. But still as it is shown on fig. 2
c), d) amplitude of temperature impulse decrease very
fast with distance from initial source. Situation on fig. 2 e),
f) differ a lot from previous. Also traveling wave solution
take a place but contour of wave differs from the one of
initial impulse. On Fig. 3 the thermal waves appears as a
response of medium on single impulse heating. All those
results could be important in problems of microchips
cooling, because many modern microchips works at

frequencies comparable with 1
T
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Fig. 2. Numerical evaluation of thermal impulse propagation
a),b) — classic model; c),d) — hyperbolic model; e),f) — delay model with denied zones in specter

Conclusions. It was shown that for the non-stationary
models of heat transfer with hypothesis of the relaxation
time propagation of traveling temperature the impulse is
possible. What theoretically creates the possibility to use
temperature field for the purpose of slow signal transfer
and constructing of the delay lines.

Performed modeling reveals a possibility to use the
temperature field as a filter, what follows from modeling
shown on figure 3. It should be mentioned that the model
with time delay also is a filter, because there are zones in
the specter where amplitude of waves should increase.

Even the fact that temperature waves can't transfer energy
can't explain the possibility for existing of such kind of
waves. This kind of system will be not stable and any small
fluctuation will lead to a macroscopic periodic processes.
However, it is more natural to regard it as a limitation of
model with delay. Thus in modeling amplitudes of waves in
denied zones were forcefully made to be zero. In the Fig. 3
was shown a transformation of initial thermal impulse into
temperature waves due to the different value of attenuation
coefficient at different frequencies.
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Fig.3. Numerical evaluation of thermal impulse propagation
a), b) delay model with denied zones in specter transformation of thermal impulse into thermal waves

Also should be taken into consideration the fact that
both, hyperbolic heat transfer equation and equation with
time delay, are not precisely from kinetic equation, since in
both cases some simplifications were made. However
these models are more accurate for non-stationary
problems than for classical equation. In order to obtain the
last one a time derivative of distribution function is suppose
to be equal to 0, while non-stationary models are obtained
in assumption that time derivative is not zero but a small
value and, approximately, could be regarded as a
difference. Of course for the models when high harmonics
have significant amplitudes the assumptions on what the
non-stationary models with relaxation time hypothesis are
based becomes not appropriate.

Undamped slow thermal waves with velocity

v, =2Go,, ©, =@2nm+n/2)/t, n=012... (18)

can be used for signal transmission and at delay line
construction. Such slow waves also can be used in thermo-
optic deflectors (analog of acoustic-optic deflectors) for
angular control and modulation of weak laser radiation.
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PO3MNOBCIOMKXEHHA TEMNEPATYPHUX XBUITb B CEPEAOBULLAX 3 TEMITOBOIO PEJTAKCALIEIO

Y po6omi posansiHymo xeusnesi po3e’si3kKu pieHsIHb mensonpoeioHocmi Onsi Knacu4yHoi Modesti, a makox Onsi 0eox a/lbmepHamueHUX
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cnieeiOHOWeHb OMPUMaHUX Ha OCHoe8I Kilacu4Hoi Modersli menionpoeidHocmi, 2inep6osiyHoi Modeni mennonpogioHocmi ma modesni 3 4acoM 3ampuUMKU.
lNoka3aHo, wo npu yMoei cnigpo3mipHocmi mpusanocmi memnepamypHuUX imnyrbcie i3 4acom penakcayii cepedosuwja 8 HecmauyioHapHUx Modesisix Mac
Micye nowupeHHs1 memnepamypHuUx ¢hpoHmie, wjo 3a ceoiM xapaKmepoM cymmeeo eiopizHsiembcsi eid Ougby3il menna e knacu4Hili modeni i Moxe 6ymu
euKopucmaHo npu rnepedayi iHghopmauii, 30KpemMa 8 NiHisIX 3ampuMKu.
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PACNPOCTPAHEHUE TEMMEPATYPHbIX BOJIH B CPE[JIAX C TEMNOBOW PENAKCALMEN

B cmambe paccMompeHb! 80J/THO8bIe peuwleHUsl ypasHeHUll mernionpoeoGHocmu O/l Kilaccu4yeckol modesnu, a makoke Onsi deyxX a/lbmepHamueHbIX
HecmayuoHapHbIX Modeneil. MpedcmasneHbl pe3ynbmambl MOdesupo8aHusi PacnpoCcmpaHeHuUsi meMrepamypHbIX UMIYILCO8, C y4emom OUCTEPCUOHHbIX
coomHouwieHuli MosTy4YeHHbIX OCHOBbIBasIChL Ha Kilaccu4eckoli modenu mennonpogodHocmu, aunepbosnuyeckoli modenu mennonpogodHocmu u Modesnu co
epemeHem 3adepixku. [MokaszaHoO, 4YMO Mpu ycr08UU COU3MepPUMOCMuU AnumensHOCMU MeMrepamypHbIX UMIYIbCO8 CO 8peMeHeM pesnakcayuu cpedsbl e
HEecmayuoHapHbIX MOJesIsX 803MOXHO pacrpocmpaHeHue memrnepamypHbIX )POHMOS, YMO M0 CEOEMY XapaKmepy CyujeCmeeHHO omiuvaemcsi om
Ougbgpy3uu menna e kraccuyeckoli Modesiu u Moxem 6bImb UCMOL308aHO 0715 Nepedayu UHGhopMayuu, 8 YaCMHOCMU 8 JIUHUSIX 3a0epPXKKU.
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