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Convection in a thin layer of liquid (gas) with temperature independent viscosity between poorly heat conducting boundaries is
studied within framework of the Proctor-Sivashinsky model. We have shown by numerical simulation of the Proctor-Sivashinsky
model that the state with certain topology can be described by the state function, which is the sum of squared mode of temperature
spatial spectrum on the surface. The transitions between these states are characterized by splashes in time-derivative of this function
and different meta-stable structures, corresponding to different values of the state function have different visually distinguishable
topologies.
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®YHKIIAA COCTOSIHAS B HECTABMJIBHOM KOHBEKTUBHOM CPE/IE
NU.B. I'ymun, A.B. Kupuuok, B.M. Kykaun
Xapvroeckuii Hayuonanvuwiti ynusepcumem umenu B.H. Kapaszuna

61022, 2. Xapvros, ni. Ceo600wl 4, Yrpauna
KoHBeknus B TOHKOM CJO€ KHIKOCTH (rasa) MEXAy IUIOXO MPOBOIAIIMME TEIUIO MOBEPXHOCTSIMH PACCMOTPEHA B YCIOBHUSIX
npumeHuMocTd Monenu Ilpoxropa- CHBAaIIMHCKOTO INPM OTCYTCTBHH 3aBHCHMOCTH BSI3KOCTH OT TEMIIEpaTypbl. MBI MOKaxkeM C
MTOMOIIBIO YHCIEHHOTO aHainu3a mozaenu [IpokTopa —CHBAIIMHCKOTO, YTO KaXI0€ COCTOSHHE MOXKET OBITh OMHMCAaHO C IOMOILBIO
(YHKIUH COCTOSHUS, KOTOpasi paBHa CyMMeE KBaJIpaTOB MOJ CIIEKTpa MPOCTPAHCTBEHHOTO paclpeleieHHs TeMIepaTrypel Ha
MOBEPXHOCTH. [lepexoibl MeXIy COCTOSHHSAMH XapaKTepH3YIOTCS M3MEHEHHEM IPOM3BOAHOW MO BPEMEHH OT 3TOW (DYHKIUH.
Paznmume mexmy MeTacTaOWIBHBIMH COCTOSHHSIMH, KOTOpPBIC OTJIMYAIOTCS TOIOJOTHEH, OMpPEAessieTcsl Pa3HbIMH 3HAYCHHUSIMH
(YHKIUH COCTOSTHHUS.
KJIFOUYEBBIE CJIOBA: xouBekiust Penes-benapa, monens I[Ipokropa-CHBAmIMHCKOTO CTPYKTYpHO-(A30BBIX MEPEXOJIOB,
HE3aBHCHUMOCTb BS3KOCTH OT TEMIIEPATYPHI

®YHKIIi CTAHY Y HECTABLJIbBHOMY KOHBEKTUBHOMY CEPEJOBHIIII
L.B. I'ymiun, O.B. Kupuyok, B.M. Kykiain
Xapxiecvruil HayionanvHuil yrieepcumem imeni B.H. Kapaszina

61022, m. Xapxie, nn. Ceoboou, 4, Yrpaina.
KonBekmito y TOHKOMy MIapi pinuHHU (Ta3y) MiX HOBEPXHSMH, IO HEJOCTATHBO TapHO IPOBOJATH TEILIO, PO3TISTHYTO B YMOBax
npupatHocTi Mozeni [Ipokropa-CiBalIMHCHKOT0, MPUYOMY IPH BiJICYTHOCTI 3aJIe)KHOCTI B’SI3KOCTI Bil TeMuepaTypu. Mu mokaxeMo
3 BUKOPHCTAHHSM YHCIIOBOTO MOJISIIIOBAHHS, 110 KOXKHUI CTaH, MOXe OyTH HpencTaBieHO (piKCOBAaHMM 3HaYeHHSM (YHKLIi cTaHy,
II0 JTOPIiBHIOE CyMi KBaJpaTiB MOJ IPOCTOPOBOrO CHEKTpA TEMIEpaTypu Ha moBepxHi. [lepexiq MiK CTaHaMH XapaKTepU3YEThCS
3HAUSHHSIM TIOXI/HOI 1Mo Yacy BiA QyHKUii cTaHiB. Pi3HMII MiXK CTaHaMH, 1[0 BiAPI3HSIIOTHCS TOIMOJIOTIC0, BiAMOBIAAE PI3HULI MiXK
Bi/IMTOBIZIHUMU 3HAYEHHAMU (QYHKIIT CTaHIB.
KJIIFOYOBI CJIOBA: «konBekuis Penes-benapa, wmomens IIpoktopa-CiBallMHCEKOTO —CTPYKTYpHO-(a30BUX IEPEXOJiB,
HE3aJISKHICTh B’SI3KOCTI BiJl TEMIIEpaTypH

The issues of structural transformations, structural second-order phase transitions, resulting in the changes of the
symmetry and some characteristic scales of spatial structures always be of great interest to researchers and developers
of technologies for example for description of the convection [1-3].

The Proctor-Sivashinsky model is found to be very attractive [4,5] for studying the processes of pattern formation
in systems which possess a preferred characteristic spatial scale of interaction between the elements of future structure.
This model was developed for description of convection in a thin layer of liquid between poorly conducting horizontal
boundaries. Authors of [6] have found the stationary solutions with a small number of the spatial modes, one of which
(convective cells) was steady and the second one turned out to be unstable (convective rolls). A particular future of the
model is that it forces a preferred spatial scale of interaction, leaving the system a chance of selecting the symmetry
during evolution. It was found, that the type of symmetry and hence the characteristics of the structure are determined
by the minima of the potential of interaction between modes lying on a circle in k-space. Even within the Proctor-
Sivashinsky model not all processes and the phenomena were studied. The detailed analysis of instability leading to the
formation of a metastable structure (convective rolls) will be presented below. Earlier, it was found that at first stage of
the instability evolution the metastable long-lived state (the curved quasi-one-dimensional convective rolls) arises. And
later, after a lapse of time (which is considerably greater than the reverse linear increment of the process), the system
transforms to the steady state (square convective cells) [7,8]. The detailed treatment of the Proctor-Sivashinsky model
presented below shows that this structural transition demonstrates all the characteristics of the second order phase
© Gushchin 1.V, Kirichok A.V., Kuklin V.M., 2015
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transition (the continuity of the sum of squared mode amplitudes over the spectrum that the same, the continuity of
density of this value and discontinuity of its time derivative. The existence of preferred scale (the distance between the
regular spatial perturbations) and the possibility to select the type of symmetry (the regular spatial configuration)
motivate the interest to this physical model, particularly for description of processes in solid state physics, where the
characteristic distance between elements of spatial structures (atoms, molecules) in their condensed state is almost
invariable. The objective of this work is investigation of the mechanisms of pattern formation and mode competition in
convective medium. The nature and evolution of structural phase transitions between patterns of different topology are
considered.

MODEL DESCRIPTION
When the Rayleigh number Ra exceeds the critical value corresponding to the onset of convective flow, the three-
dimensional convection begins in a thin layer of liquid between poorly conducting horizontal plates heated from below
[2], which can be described by the Proctor-Sivashinsky equation [4,5]. This equation determines the dynamics of
temperature field in the horizontal plane (x,y):

CfD=g2<D+7/-V(CDVCD)—(I—VZ)ZCD+§V(VCD|CD|2)+€2f, 1

where f'is the random function describing the external noise, and the quantity & determines the convection threshold
overriding, which is assumed to be sufficiently small (0 <& <1). The term W(O®PV®D) describes the temperature

dependence of viscosity. Further, we assume y =0 for simplicity. In this case we shall find the solution in the form

o= gz a; exp(ilzj?) 2)
j
with | lg ; [F 1. Renormalizing the time units oc &”, we obtain the evolution equation for slow amplitudes a;
g 2
a;=a, =3 V,la,la, A)
m=1
where interaction coefficients are determined as follows
Vit o)
- = \2
V,.j=(2/3)(1—2(kikj) ):(2/3)(1+20052 9). (5)

Here & is the angle between vectors IEI and lgf. .

The instability interval in k-space represents a ring with average radius equal to unit and the width is order of
relative above-threshold parameter ¢, i.e. much less than unity. During the development of the instability, the effective
growth rate of modes that are localized outside of the very small neighborhood near the unit circle will decrease due to
the growth of the nonlinear terms and can change sign which will lead to a narrowing of the spectrum to the unit circle
in the k-space. Since the purpose of further research will be the study of stability of spatial structures with characteristic
size of order 27 /k o« 27 and the important characteristic for visualization of simulation results will be evidence of
these structures, so we restrict ourselves by considering some idealized model of the phenomenon, assuming that the
oscillation spectrum is already located on the unit circle in the k-space.

SIMULATION RESULTS
Development of perturbations in the system shown by the numerical analysis. Starting from initial fluctuations, the
modes over a wide range of 4 begin grow. The value of the quadratic form of the spectrum [ :ziaf can be

estimated to obtain as result a value close to 0.75. It was shown that in the absence of temperature dependence of
viscosity and when the number of modes is sufficiently large, the system delayed the development while remaining in a
dynamic equilibrium. For further development - "crystallization", one of the modes must get a portion of the energy,
which excesses some threshold value. That is, in these case, it is necessary a certain level of noise (fluctuations).

If one of the modes gets the proper amount of energy, then the process of formation of a simplest convective
structure — rolls begins (Fig. 1a). Note that in the nature, the thin clouds also can form the roll structure. The value of /
in this case tends to unity (/ — 1). However, this state is not stable and then we can see the next structural transition:
convective rolls are modulated along the axis of fluid rotation, and the typical size of this modulation phases down. In
this transition state, the system stays for a sufficiently long time (which slightly increases within some limits with
increase in the number of modes), and the value / ~1.07 remains constant during this time. After a rather long time,
ten times more than the inverse linear growth rate of the initial instability only the one mode “survives” from newly
formed “side” spectrum, which amplitude is comparable with the amplitude of the primary leading mode. In the end, the
stable convective structure — square cells is generated (Fig. 1b), and the quadratic form / reaches the value of 7/ =1.2.

Further researches of this process have found the following dynamics of quadratic form 7= Zjaf with time
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(Fig.2). Exact after the first peak of the derivative, the metastable structure — a system of convective rolls is formed, and
up to the moment when the second burst have appeared with value of /=1 it remains unchanged. The next burst
indicates the onset of a secondary metastable structure with a new value of 7 ~1.07 .
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Fig.1. Convective structures: rolls (a) and square cells (b).

After the second burst of the quadratic form derivative, a stable structure of squared convective cells is started to
build up. Such behavior proves the existence of structural-phase transitions in the system.
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Fig. 2. The evolution of the derivative dI / dt (in relative measuring units) of the integral quadratic form [ = Zj ajz.

After the second splash of the time-derivative, a stable structure of squared convective cells is started to build up.
Such behavior proves the existence of structural- phase transitions in the system. Generally speaking, the characteristic
times of relaxation processes during evolution of the system to more equilibrium state are determined as usual by the
difference of the state function values before the transition and after it. The greater this difference, the faster the
transition from one state to another. It is important to keep in mind that the sequence of state transitions is determined
by the characteristic times of instabilities (which play the role of relaxation processes) that provide a cascade evolution
of the system to the most equilibrium state. Initially, the most fast relaxation processes take place that associated with
large difference of the state function values corresponding to different equilibrium states.

Let us verify that in this case all the phenomena occur in the same order and within the framework of the
foregoing scenario. The numerical analysis of the model allows confirming these considerations.

It can be seen that the times of state formation 7z, are inversely proportional to I = ZA2 the difference between

the values 1" = (). 4’ )" after n-th structural phase transition /{” =(D>_4° ){"” and before it I\ =(D>_4° )’
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7, ~{Q A ) =D Ay =AL (©6)

It follows from this that
/7, = Al /AL, @)

Thus, we have shown by numerical simulation of the Proctor-Sivashinsky model that the state with certain
topology can be described by the state function, which is the sum of squared mode amplitudes. The transitions between
these states are characterized by splashes in time-derivative of this function and different meta-stable structures,
corresponding to different values of the state function have different visually distinguishable topologies.

The fact that the metastable states are characterized by fixed values of the state function was highlighted in our
earlier works [9-11]. The numerical study, presented in this paper, confirmed two observations: 1. the difference
between the values of the state function before and after the structural phase transition is inversely proportional to the
characteristic time of the corresponding structural-phase transition; 2. the evolution of the planar convective structure
under consideration demonstrates all the features of a relaxation process, i.e. the fast structural-phase transition is
succeeded by more slow ones. Thus, a fuller picture of the process becomes clear.

CONCLUSION

The special feature of the Proctor-Sivashinsky model with temperature independent viscosity is the existence of
three possible metastable states. The times of structural transitions between these metastable states are much less than
the times of their existence. Each state has a definite topology and can be characterized by definite steady value of the
state function. The metastable states are destroyed with time for the instabilities, the growth rate of which can be
evaluated from the amplitude of splashes of time-derivative of the state function. It is shown, that the characteristic
times of the instabilities, which destroy the previous state and form a new one are inversely proportional to the
difference between the values of the state function before and after the structural phase transition. In addition, we show
that the faster relaxation processes, i.e. structural phase transitions take priority over more slow ones.
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