49

EAsT EurOPEAN JOURNAL OF PHYsICS

East Eur. J. Phys. Vol.1 No.4 (2014) 49-56

PACS: 44.25.+f, 47.20.Bp

FORMATION OF ELEMENTARY CONVECTIVE CELL IN HORIZONTAL LAYER OF
VISCOUS INCOMPRESSIBLE FLUID

L.S. Bozbey ™, B.V. Borts”, A.O. Kostikov * , V.I. Tkachenko ™
Y «Kharkov Institute of Physics and Technology» NAS of Ukraine
Akademicheskaya str. 1, 61108, Kharkov, Ukraine
") V.N. Karazin Kharkiv National University
Svobody sq. 4, 61022, Kharkov, Ukraine
" « A.N. Podgorny Institute for Mechanical Engineering Problems» of NAS of Ukraine
Pozharsky str. 2/10, 61046 ,Kharkov, Ukraine
E-mail: tkachenko@kipt.kharkov.ua
Received October 5, 2015

It is experimentally shown that with the increase of temperature of the vessel bottom with horizontal oil layer, separately placed
convective cells appear in the quantity from one-two at the beginning of the process and till full fill-up of the oil volume at the end.
On the basis of the obtained experimental data the theoretical model describing a cylindrical convective cell is offered, for which the
structure of space speed distribution and temperature is calculated. Energy substantiation of the principle of pavement (coating) of
the liquid surface with cylindrical convective cells is presented.
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®OPMHUPOBAHME JIEMEHTAPHOM KOHBEKTUBHOM SIYEMKH B TOPU30HTAJIbHOM CJIOE BA3KOM
HECKUMAEMOM KUJKOCTHU
JI.C. Bo36eii "™, B.B. Bopu*), A.O. Kocrukos ™™, B.U. Tkauenko™
Y «Xapvrosckuii usuro-mexuuyeckusii uncmumymy HAH Ykpaunol
ya. Axademuueckas, 1, 61108, . Xapvros, Ykpauna
™ Xapvroeckuil Hayuonanvnvill ynusepcumem umenu B.H. Kapasuna
nin.Ce0600v1,4, 61022, 2. Xapvros, Yxpauna
Y «Hncmumym npobnem mawunocmpoenust umenu A.H. I[loocoprocoy HAH Yxpaunwvl
ya. [loacapcroeo, 2/10, 61046, 2. Xapvkos, Ykpauna
OKCHEpUMEHTAJIbHO II0KAa3aHO, YTO C IOBBIIICHHEM TEMIEpPaTyphl JHA €MKOCTH C TOPU3OHTAJIBHBIM CJIOEM Macia BO3HUKAIOT
OTZENBHO PACMOJIO0XKEHHBIE IUIMHIPUYECKHE KOHBEKTUBHbIE S4YEHKH B KOJIMYECTBE OT OJHOM-ABYX, B Hadajle Ipolecca, U 10
MOJTHOTO 3alONHEHUs] UMM o0beMa Macia - B KoHIe. Ha OCHOBE MONydeHHBIX SKCIIEPHMEHTAIbHBIX HAHHBIX IpPEIIOKEeHa
TEOpeTHYecKass MOJENb, OMNHCHIBAIOMAS IWINHAPHYECKYI0O KOHBEKTHBHYIO SUEHKy JUIi KOTOPOH paccuWTaHa CTpyKTypa
IIPOCTPAHCTBEHHOTO pacIpe/eNIeHus] CKOPOCTH MaccorepeHoca M TemmepaTypsl. ChopMymupoBaH >HEPreTHYECKHH NPHHIINAI
(opMHpOBaHUS KOHBEKTHBHBIX CTPYKTYp B CIO€ BS3KOH, IIOJOrPEeBacMON CHH3Y HEC)KHMAeMOH XHMAKOCTH. JlaHO sHepreTmueckoe
000CHOBaHHE NPUHINIIA 3aMOLIEHHS (TOKPHITHS) TOBEPXHOCTH JKUIKOCTH HWIMHIPHICCKUMI KOHBEKTHBHBIMH sTYCHKaMU.
K/IFIOYEBBIE CJIOBA: sneMeHTapHas KOHBEKTHBHAs s4elKa, KOHBEKTHUBHBIC IIPOLECCHI, NEPEHOC TeIUla, TeMIepaTypHBbIH
IpajlueHT, CKOPOCTh MacCOIepeHoca

®OPMYBAHHS EJJEMEHTAPHOI KOHBEKTUBHOI KOMIPKHA B TOPU30OHTAJIbHOMY ILAPI B’SI3KOi
HECTHCJIOBOI PLIUHA
J.C. Bos6eii™", B.B. Bopu”, A.O. Kocrikos™ """, B.A. Tkauenko™""
*) i . p. i . .. i .
«Xapxkiscokuil pizuxo-mexuiunuti incmumymy HAH Yxpainer
syn. Axademiuna, 1, 61108, m. Xapxis, Vrpaina
) Xapkiecokuti nayionanvhuti ynisepcumem imeni B.H. Kapasina
matioan Ceob6oou,4, 61022, m. Xapkis, Yrpaina
" «Inemumym npobnem mawunodyoyeanns imeni A.H. Ilooeipnocoy HAH Vkpaunol,
eyn. Ilooicapewrozo, 2/10, 61046, m. Xapxis, Vkpaina
ExcriepuMeHTanbHO MOKA3aHO, IO 3 MiJBUIIEHHAM TEMIIEPaTypH JHA €EMHOCTI 3 TOPU3OHTAIBHIM IIAPOM Macia BUHUKAIOTh OKPEMO
pO3TalIoBaHi IWIIHAPUYHI KOHBEKTHBHI KOMIPKH B KUJIBKOCTI BiJ] O/IHI€I-IBOX, Ha IOYATKy MPOIIECY, 1 JO TOBHOTO 3aIlIOBHEHHS HUMH
obcary macnma - y kinmi. Ha oCHOBI OTpHMaHHX €KCIICpHMEHTAJIbHUX IAaHHX 3allpOIIOHOBAHA TEOPETHYHA MOJENb, IO OMHCYE
IUTIHJAPHYHY KOHBEKTHUBHY KOMIpDKY, [UIS SIKOI pO3paxoBaHa CTPYKTypa IPOCTOPOBOTO DO3INOJUTY IIBHAKOCTI MacoNepeHocy i
temneparypu. ChopmyTbOBaHUH eHepreTHYHMI PUHIUT (OpMyBaHHS KOHBEKTHBHHUX CTPYKTYp y IIapi B'I3KOi, IO MigirpiBaeThCs
3HU3Y, HECTHUCIMBOI pianHK. JlaHO eHepreTH4yHe OOTPYHTYBaHHS TNPHHIMIY 3aMOIICHHS (TOKPUTTS) IIOBEPXHI pPiIUHU
WITIHAPUYHUMHU KOHBEKTHBHHMH KOMipKaMH.
KJIFOUYOBI CJIOBA: enemeHTapHa KOHBEKTHBHA KOMipKa, KOHBEKTHBHI MPOLIECH, IEPEHECCHHS TeIJIa, TeMIIepaTypHHUI TPali€eHT,
IIBUIKICTH MacoIepeHocy

The French physicist Henri Bernard conducted the experiment on the research of mass-transfer in the heated from
below layer of spermaceti oil, where appearance of hexagonal cells was observed in 1900. Subsequently such type of a
cell began to call by his name [1l; 2], although as Relay mentioned in [3], it looks like Hendri Bernard was not
©Bozbey L.S., Borts B.V,, Kostikov A.O., Tkachenko V.I., 2014
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acquainted with James Thomson paper [4], where he describes similar structures in the layers of soap water, cooled
from above (honeycomb structure in emulsions).

Most often the ordered structures in the form of Bernard cells are met in nature. It can be for example multi-layer
systems of granulation on the Sun [5], cells on clouds [6], one-layer structures on the surface of saline lakes [7],
hexahedral columns on islands and in caves [8], structures of ice peaks and cavities under uneven melting of soils [9],
ordered convective cells in the upper mantle of the Earth. [10].

As far as the granulation on the Sun, it is observed in convective zone on the distance approximately 2x 10° km,
forming 20-27 layers, consisting of Bernard cells [11]. Proceeding from observations, there are three different scales of
granulation: granulation (with typical diameter 150 - 2500 km), mezogranulation (5.0 - 10.0)x 10°> km) and super-
granulation (more than 2X 10* km). Lower layers of granulation of convective zone can be characterized as super-
granulation, since the granule size changes within the limits (2 - 4)x 10* km, and thickness - (3 - 8)x 10° km [12, 13].
Life period of granules depends on the size and placement in the convective zone: the biggest (super-granules) exist
about 20-36 hours, the smallest, which are located in the outer layers of the zone, about 2 minutes. Speed of the fluxes
on the axis of such cells is directed for the Sun center. Value of typical horizontal speed in cells, measured on Doppler-
grams, is determined by value v, = 205 m/s. In other publications its value is in the interval from 170 m/s to 360 m/s.
[14]. Average density of the substance, which forms the convective cells on the Sun in convective layer is of order p =
1.4x10° kg/m’, and distribution of the temperature in the layer and characteristic coefficients have the following
meanings [12-14]: T, =2x10°,7; =5x10’ K — temperature of the upper and lower layer, correspondingly; g*=273.1

m/s® acceleration of gravity; v =635 m/s’ - kinematic viscosity; y =705.6 m/s* — thermal conductivity factor;

B=342x10" K" — volume thermal expansion factor.

It is known that solutions describing horizontal and vertical speed components of the speed inside of the cell, as a
result of geometrical transformations, can form such structures, as convective horizontal shafts, square convective cells
and regular polygons (triangles and hexagons) [3, 15 - 17]. These structures are fully filling the volume of convective
layer and thus provide maximal transfer of heat between the layer boundaries.

However, in our opinion, main principle of forming the polygonal convective structures in temperature-tensed area
should be not the geometric constructions but energy principle. This principle is visually demonstrated on the
appearance of Bernard cell in the layer of viscous fluid: with the increase of vessel bottom temperature, progressive
increase of quantity of convective cells till the point of full filling of the whole volume is observed.

In other words, this principle reads: the more the temperature of the vessel bottom under correspondent
temperature gradient, the more convective cells appear, form of which, while vessel volume is filling, is reached to
polygonal (including hexagonal), and the more effective heat exchange between the heated lower border of the
environment with upper takes place.

For realization of such energy principle of formation of convective cells introduction of idea of elementary
convective cell is needed, from a large number of which, under their tight packing, polygonal convective structures can
form [18, 19]. Thus for example, selection of cubic convective cell with free boundaries as the elementary cell turned to
be productive under description of processes of Langmuir circulations (LC) [20].

Purpose of this paper is experimental observation and mathematical description of elementary convective cell in
the layer of viscous incompressible fluid, determination of its characteristic physical parameters.

EXPERIMENTAL DATA ON PARAMETERS OF BENARD CELLS
One of the questions arising during the research of Bernard cells is the question on the value of aspect number,
which determines ratio of Bernard cells diameter to the depth of liquid depth layer. Experimental data of these values,
taken from different scientific publications and obtained by authors in laboratory conditions are presented in Table 1,
where 4 =d/h local aspect number, equal to ratio of cell diameter D to the layer thickness /.

The error of the presented experimental data constitutes the value 5 - 10 %.

Table 1.
Geometrical sizes of Bernard cells
Source Diameter D, mm Thickness 7, mm A,
M. Van — Dyke [21],
Koschmieder E.L. [22] 6.25 1.9 3.3
E. D. Eidelman [23] 3.0 1 3.0
Experimental dada [18] 3.2 1.0 3.2

EXPERIMENTAL TECHNIQUE
Experimental data, presented in Table 1, are obtained with use of vacuum oil BM - 5 (2 ml) with addition of small
quantity of aluminum powder (0.056 g). Conditions of experiment were the following. Oil with thickness layer about
1 mm was pored into cylindrical vessel with radius 26 mm and height 2.5 mm. Heating of the vessel was conducted
from below from electric furnace, temperature of oil on the vessel bottom was on the level 120 = 1 °C. Kinematic
viscosity of oil under mentioned temperatures was estimated in the value 10 mm?*/s [24].
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It was shown in the experiments, that when reaching the temperature of the vessel bottom 7 = 120£1 % °C, in
vacuum oil with layer thickness about 1.0 mm Bernard cells appeared with diameter 3.2 mm.

Dependence of quantity of convective cells in the liquid layer on the temperature vessel bottom
temperature. In order to research the dependence of quantity of convective cells on the temperature value of the vessel
bottom, a number of experiments was conducted, conditions of which correspond to those which are described in
experiments on determination of local aspect number of Bernard cell (see Table 1).

Fig.1 shows photos of cylindrical convective cells, number of which increases with the increase of vessel bottom
temperature from 44 °C to 120 °C starting from one — two cells and ending with their tight packing of oil surface with
appearance of polygons including hexagons. Temperature gradient d7/dz remained on the same level 10 -13 °C/mm

with the increase of the vessel bottom temperature.

a) 1)=44 °C 6) T,=45 °C B) 1,=50 °C v r) 1,=56 °C
T\=34°C T\=35°C T\=40°C T\=43°C
Fig.1. Change of number of cylindrical convective cells depending on the vessel temperature 7, change (7, — temperature
of the upper oil layer). Local aspect number of cells about A" =3.2.

Proceeding from results of the experiments, presented on Fig. 1, it can be concluded that with the increase of the
vessel bottom temperature, number of convective cells increases under insignificant increase of temperature gradient.
The cells observed in experiment until full filling of the oil value with them, create circles with diameter about 3.2 mm
on the upper surface of the oil and are characterized with separate mutual position.

MATHEMATICAL MODEL OF DESCRIPTION OF CONVECTIVE PROCESSE IN VISCOUS
ENVIRONMENTS WITH FREE BOUNDARIES
In Rayleigh problem [3, 17, 18] infinite in the direction of axes x and y layer of viscous liquid with thickness #

is studied. z axis is directed upwards, perpendicular to the borders of the layer z=0 and z=# Distribution of
temperature inside the layer 7, (z) is given so that the temperature of the lower border is more than the temperature of
the upper border: T,(0)=1T7,, I,(h)=1, (I,>1)). We assume that in condition of equilibrium, distribution of
temperature in the layer is described with linear function from the coordinate z :

VI, ()= -7 v

where ©® =T, -7, - difference of temperatures between lower and upper planes, €, - unit vector, directed along the

axis z .
The initial system of equations for dimensionless disturbances constitutes Navier-Stokes equation in the
Boissinesq approximation and has the view: [15 - 17]:

‘;—‘t’ = —Vp+ AV+RTE. @
poL_ v.=AT )

ot
div(v)=0, Q)

where A - Laplace operator, V - gradient operator a, R = gﬁh3®/ ( v;() - Rayleigh number, g — acceleration of gravity,
directed against axis z, P=v/y - Prandtl number, v and y - coefficients of kinematic viscosity and thermal
diffusivity of the liquid correspondingly, £ - coefficient of volume thermal expansion of the liquid,

v E(VX,V V. ) ,p,T - velocity, pressure and temperature disturbance, correspondingly.

While diverting the system of equations (2) - (4) to dimensionless form the following measurement units were
used: length unit — thickness of the layer 4 ; time unit - 7 = #>v™"; temperature unit - ©.

In order to determine “normal” disturbances in viscous heated from below liquid layer, equation system (2) - (4)
can be used, on condition that it should be filled with boundary conditions.

The task with free boundary conditions when the tangent tensions and temperature disturbances on the layer
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boundaries z=0 and z =1 are equal to zero:

’ 6]
v.=0,. 2o r=0.
0z

System of equations (2) - (4) and boundary conditions (5) determine identically the spectrum of characteristic
equilibrium conditions of the viscous, incompressible, and heated from below liquid, which can form such structures as
convective shafts and regular polygons [15 - 17].

It should be noted that observed data on the Sun granulation, apparently indicate that the equations system,
describing convective mass-transfer of the solar matter in gravitation and temperature fields [14], in linear
approximation, neglecting rotation of the Sun and generation of magnetic field, can be brought to equation system (2) -
(4) and boundary conditions (5).

Thus Navier-Stokes equations system in Boissinesq approximation (system of equations (2) - (4) with boundary
conditions (5)) can be used for research of spectrums of convective disturbances and conditions of stable existence of
layer of viscous, incompressible fluid, including solar substance, earth clouds, frozen ground and Earth mantle.

THEORY OF ELEMENTARY CONVECTIVE CELL WITH FREE BORDERS

Reference equations and boundary conditions. Taking into account the fact that view of the presented on Fig.1
convective cells has cylindrical form, we can find the solution of the task on the stability of equilibrium of heated from
below layer of viscous, incompressible fluid in cylindrical geometry, assuming the boundary conditions are free.

Free boundary conditions in the cylindrical coordinate system ( 7,¢,z ) correspond to the demand of absence of the
layer on borders underz=0 and z=1 tangential stresses, i.e. OV, / 0z=0. This demand follows from boundary
conditions in rectangular coordinate system dv _/0z=0 and ov, / 0z =0 where variable z, after becoming non-
dimensional on the layer depth /4, changes in the limits from 0 to 1.

It is easy to show that for cylindrical cell boundary conditions coincide with conditions (5).

Based on experimental results presented on Fig.1, it can be concluded that structure of convective cells does not
depend on azimuth angle ¢ . That is why we will study all disturbed values in axial-symmetrical approximation, which

is we assume everywhere 0/0¢ =0 .
In this case for layer with free plane boundaries, after action of the operator rot(rot(...)) on equation (2) and its
record of z - projection, equations (2) - (3) take the view:
0 (6)

—Av_=AAv_+RA T
ot

Pa—T:AT+v, )
ot -

o 10( 0 .
where A=A +—, A, =——| r— | - transverse Laplacian.
0z ror\ or

Solution of initial system of equations. The equations (6), (7) have particular solutions, which describe the time
dynamics of disturbances of vertical speed and temperature in axially-symmetric cylindrical cell:

v, (r,z,t)=v(z)J, (kr)exp(—4t) (®)
T(r,z,t)=9(z)J, (k,r)exp(-4t) (€]
where A - eigenvalues, which characterize attenuation (1>0), rise (1<0) or stationary condition (4=0) of

disturbances (5), (6); V(Z) and 19(2) - are amplitudes of disturbances of vertical speed and temperature

correspondingly; J, (x) - Bessel functions of the first type of zero order from argument x; k, - radial wave number,

which characterizes dependence of disturbances on transverse coordinate r .
For free boundary conditions in cylindrical cells, determined by expression:

v(0)=v(1)=0, 8*v(0)/z’ =&°v(1)/oz* =0, 9(0)=9(1)=0, (10)
values of disturbance amplitude of vertical speed v(z) and temperature J(z) can be presented by simple harmonics
[15, 16], and the solutions can be presented in the following way:

v_(r,z,t)= A-sin(nzz)J, (k,r)exp(-At),
T(r,z,t)=B-sin(nxz)J,(kr)exp(-At)
where n=1,2,3,... - integral numbers, 4 and B - constant coefficient.

an

Expression for radial liquid speed in convective cell V,,(r,z,t) can be obtained from the condition of its

incompressibility (equation(4)):
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v, (r,z,t) =—Anzk;" cos(nzz)J, (k,r)exp(-Ar) 12)

Thus, parameters of cylindrical convective cell with free boundaries are determined in this part.

Determination of radial wave number of perturbed velocity. Solution (12) corresponds to physically
substantiated boundary conditions: on cell axis (»=0) and on its external border (7 =R ) — radial speed should be
equal to zero. Radial wave number value can be determined from this:

k., =o, R

c

(13)
where R, - radius of convective cell, o, - i - zero of Bessel function of the first type of the first order (J, (au) =0),

i=1,2,3,..... In particular, first five Bessel function zeros have the following meanings [25]: ¢,, =3.832; 0, =7.016;
0,;=10.173; 0, =13.324; 0,,=16.471.

It should be noted that solution of the type (8) is presented in [20, 26, 27] where on its basis current lines were
built and axial-symmetric location of concentric convective shafts was analyzed. However usage of physically
substantiated boundary conditions, which determined radial wave number of the obtained solutions is not mentioned in
these papers.

Fig. 2 shows isolines (relative unit) of velocities projections in convective cells, described by solutions (8), (9)
taking into account (11) undern =1. As it follows from figures, despite the cell of rectangular geometry [15], maximal

v, (r,z,t)| on the axis is more of its meaning on the outer

border, and maximums of radial speed |V,, (r, Z,t)| on the lower and upper borders of the cell are equal and are equally

dislodged to its axis. Calculations show that isolines of distribution over coordinates of the relative temperature of the
cylindrical cell 7/B correspond to the distribution of relative vertical speed with opposite sign.
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Fig. 2. Isolines of relative vertical and horizontal projections of speeds in convective
cell.

Determination of the eigenvalues of cylindrical convective cell. In order to determine the spectrum of the
eigenvalues for solutions (8), (9), their placement into input equations (2), (3) is needed. Such placement results in two

equations, connecting the amplitudes of disturbances 4 and B :
(72'21’12 +kii)[l—(ﬁ2n2+kii)JA+Rk,i,B:O, (14)
A+ AP—(z'n* +K,) | B =0.
For existence of nontrivial solution of system of equations (14) its determinant should be compared to zero. As a

result of this we will get the square equation relatively to the proper numbers A . Roots of this equation li . are

determined with following expressions:

. _ P+l P-1Y RE:, T
ﬂ,’;, —%( +k2 ) [[7) (}1272'2+k3’i)2+m . (15)

Spectrum of the eigenvalues (15) turns to be discrete not only on the mode of disturbances 7, but also on radial
wave of the cylindrical cell k,,, which receives discreet meanings, depending on the radius of cell R, and roots of

Bessel function o .
Fig 3.a,b shows diagram of the surfaces, describing dependencies of real parts of the eigenvalues /Li . on Rayleigh
number R Prandtl number P for the main mode n=1 at i=1 and R =3. While constructing the surface, the

following change ranges R and P: 0.1<P<3.0; —5000< R <5000 were set, and cell radius meaning R was
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selected in accordance with experimental data, presented in Table 1. On Fig. 3 to the left from diagram of surface of
dependency of real parts of the eigenvalues from Rayleigh numbers and R Prandtl numbers P their levels lines are
shown.

Fig. 3. Dependence of real parts of the eigenvalues Re(ﬂl’l) on the Rayleigh numbers R and Prandtl numbers P .

a— overall view, b — top view

It should be noted that imaginary values of solutions (15) provide oscillations of solutions (8), (9) which do not
result in growth of their amplitudes.

Calculations show that real part of the eigenvalues Re(/lfl) is positive. For the such the eigenvalues, solutions
(8), (9) attenuate exponentially.
Real part of other type of solutions Re(ﬂ{l) (see Fig. 3) has areas either of positive or of negative meanings. As it

follows from this there are meanings equal to zero in the spectrum of the eigenvalues Re(ﬂ.,]) This fact means that

under Re(ﬂ{l) =0 in the cell, described by solutions (8), (9), stable condition of convective mass transfer is observed.

Determination of radius of cylindrical convective cell. Due to the fact that, for researched in the paper oil, the
characteristic time turns to be about 7=0.1s, then based on proportionality of disturbed vertical speed to the

exponential multiplier exp(—i(r/ ‘L')) , stable existence of cylindrical cell is only possible at Re(ﬂlfl) ~0. From thism
for the main mode (7 =1), incomplete cubical equation can be written for determination of cell radius R, :
f(x)=x’-Rx+ R’ =0, (16)

where x=7"+(0,, /R, )2 :

We will study only real solutions of equation (16). Under R > 277" / 4 equation has three real solutions, two of
which under R=R_ =277z*/4 are equal to [28]:

X, (R)= —(a+ (R) +a_ (R))/Z F i«/g(a+ (R) —-a_ (R))/Z
X (R) =a, (R)+a7 (R)
rre a, (R)=-7'R/2+ JO(R) . O(R)=—(R-277*/4)R*/27.

Radius of convective cell, based on solutions of equation (16) can be determined by one of the following

expressions:
(R), =R/ (3 (R)) .

where k=1,2,3, x, (R) -solution of equation (16).

In order to select from expressions (17) of the physically substantiated meaning of convective cell radius we will
proceed from the following experimental fact: with the increase of oil layer thickness cell radius in increasing. That is

why as the results of numerical calculations show, in the expression (17), solution X, (R) should be used.
Qualitative estimation of heat power of the convective cell W under z=0.5,n=1,1 =0 shows proportionality to
the radius R, :
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W=aACpS, (T,-T)), (18)
where a - coefficient of proportionality is about one, C - specific heat capacity of the liquid, S; =27R A - area of
down flow liquid flux; A << R, - thickness of liquid boundary layer, transferring the heat.

As the cell radius corresponds to the thickness of the layer (solution xl(R) is selected on this principle),

expression for the power (18) can be brought to the value, which is proportional (x1 (R))3 .
For analyses of conditions of appearance of convective cell we will study the dependency of solution x, (R) on the

R number. This solution has maximal meaning x, (R)=+/R/3 at R, =27-4"'z* and with growth R is decreasing.

Lets note that minimal meaning of Rayleigh number corresponds to minimal Rayleigh number of the main mode [13].
As it follows from solutions (17) and (18), with the increase of Rayleigh number from R _. to infinity, the radius

‘min
of elementary convective cell in increasing, and heat power is decreasing o (x1 (R)) . Thus maximal power of the cell

is reached under its minimal radius. Value of minimal radius can be determined by substitution of the obtained values

x (R,,) and R into expression (17):

n

1 (19)
R =027 ~0450,,.

For the first zero of Bessel function o, ~3.83 cell radius is equal to R, ~1.72, which if calculated on diameter,

quantitatively corresponds to experimental data, presented in Table 1.
Thus for main disturbances mode (n =1), maximal power of the cell is reached under minimal radius value.
Radius value of cylindrical convective cell can receive discrete values, determined by zeroes of Bessel function of the

first type of the first order (J, (o-l,l.) =0).

Substantiation of the cell size and forming of polygonal structures. As it follows from the described
experiments (see Fig.1), with the increase of temperature of the vessel bottom, number of cylindrical convective cells of
minimal diameter is increasing from one-two till filling of the whole surface of the vessel.

On our opinion, phenomenon of initiation of one cell and further appearance of the same second is stipulated by
the fact that, they transfer more heat in the time unit between the liquid borders, than in case of elementary increase of
cell diameter to the value, determined by second zero of Bessel function o, . In the second case, as it is shown in

[22, 26 ,27], concentric convective shafts rotating towards can be created. However for creation of such structure,
provision of special boundary conditions is needed, moreover they are unstable to discretization on hexagonal
convective cells of smaller diameter [15].

Advantage of appearance of two similar cells is confirmed by the fact that power of convective liquid flux (18) is
proportional to the radius either as to the perimeter of the cell. Consequently, forming of two similar cylindrical cells is
energetically more profitable, than of one cell, but with larger radius. Energetic advantage is confirmed by
correspondent inequality: 20, =7.664 > c,, =7.016.

Based on the presented above statement, principle of pavement (coating) of the liquid surface with polygonal
structures [29] can be formulated. As the increase of temperature of vessel bottom results in growth of a number of
elementary cylindrical cells, there should be a moment when they start contacting each other and in the result of dense
packing will start creating polygons, which cover (without gaps and coverings) the liquid surface. At this, the polygons
structure with minimal radiuses of convective cells, and correspondingly with large total cells perimeter, provides
maximal transfer of heat. In ideal case such polygons are hexagons. Further increase of temperature of the vessel
bottom, as experiments show, will destroy the existing order and liquid layer is transferred into the stage of random
boiling.

CONCLUSIONS

The paper is directed on make up for this deficiency. Paper demonstrates that with the increase of temperature of
the vessel bottom with horizontal oil layer 1 mm, appearance of cylindrical convective cells in the quantity from one -
two till full filling of the oil volume is observed. At this, the difference of temperatures between the oil borders remains
on the level 10 — 13 °C/mm.

Cells appearing during the heating of the vessel bottom are characterized by distinct mutual position. On the upper
surface of the oil they create similar circle with diameter about 3.2 mm. For free boundary conditions solutions were
obtained which describe cylindrical convective cell. For such cell space distribution of the perturbed velocity and
temperature was determined, and also its diameter was calculated, the value of which corresponds to experimental data.
Based on the results of experiment and also based on the properties of the obtained solutions, cylindrical convective cell
can be considered as elementary, from all large number of which convective structures are formed.

Energy principle of appearance of convective structures in the layer of viscous, incompressible liquid heated from
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below was formed. Energy substantiation of the principle of pavement (coating) of the liquid surface with cylindrical
cells was presented.
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