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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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Экспериментально показано, что с повышением температуры дна емкости с горизонтальным слоем масла возникают 
отдельно расположенные цилиндрические конвективные ячейки в количестве от одной-двух, в начале процесса, и до 
полного заполнения ими объема масла - в конце. На основе полученных экспериментальных данных предложена 
теоретическая модель, описывающая цилиндрическую конвективную ячейку для которой рассчитана структура 
пространственного распределения скорости массопереноса и температуры. Сформулирован энергетический принцип 
формирования конвективных структур в слое вязкой, подогреваемой снизу несжимаемой жидкости. Дано энергетическое 
обоснование принципа замощения (покрытия) поверхности жидкости цилиндрическими конвективными ячейками. 
КЛЮЧЕВЫЕ СЛОВА: элементарная конвективная ячейка, конвективные процессы, перенос тепла, температурный 
градиент, скорость массопереноса 
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Експериментально показано, що з підвищенням температури дна ємності з горизонтальним шаром масла виникають окремо 
розташовані циліндричні конвективні комірки в кількості від однієї-двох, на початку процесу, і до повного заповнення ними 
обсягу масла - у кінці. На основі отриманих експериментальних даних запропонована теоретична модель, що описує 
циліндричну конвективну комірку, для якої розрахована структура просторового розподілу швидкості масопереносу і 
температури. Сформульований енергетичний принцип формування конвективних структур у шарі в'язкої, що підігрівається 
знизу, нестисливої рідини. Дано енергетичне обґрунтування принципу замощення (покриття) поверхні рідини 
циліндричними конвективними комірками. 
КЛЮЧОВІ СЛОВА: елементарна конвективна комірка, конвективні процеси, перенесення тепла, температурний градієнт, 
швидкість масопереносу 

 
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 [1; 2], although as Relay mentioned in [3], it looks like Hendri Bernard was not 
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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 2×105 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)×103 km) and super-
granulation (more than 2×104 km). Lower layers of granulation of convective zone can be characterized as super-
granulation, since the granule size changes within the limits (2 - 4)×104 km, and thickness - (3 - 8)×103 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 vg = 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 ρ = 
1.4×103 kg/m3, and distribution of the temperature in the layer and characteristic coefficients have the following 
meanings [12-14]: 6 3

2 12 10 , 5 10T T= × = × К – temperature of the upper and lower layer, correspondingly; * 273.1g =  
m/s2 acceleration of gravity; 635ν =  m/s2 - kinematic viscosity; 705.6χ =  m/s2 – thermal conductivity factor; 

33.42 10β −= ×  К-1 – 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 /nA d h=  local aspect number, equal to ratio of cell diameter D to the layer thickness h.  

The error of the presented experimental data constitutes the value 5 - 10 %. 
Table 1. 

Geometrical sizes of Bernard cells 
Source Diameter D, mm Thickness h, mm Ап 

М. 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 ВМ - 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 °С. Kinematic 
viscosity of oil under mentioned temperatures was estimated in the value 10 mm2/s [24]. 
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It was shown in the experiments, that when reaching the temperature of the vessel bottom Т ≈ 120±1 % °С, 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 °С to 120 °С starting from one – two cells and ending with their tight packing of oil surface with 
appearance of polygons including hexagons. Temperature gradient dT dz  remained on the same level 10 -13 0C/mm 
with the increase of the vessel bottom temperature. 

 
а) Т2=44 ºС 
    Т1=34 ºС 

б) Т2=45 ºС 
    Т1=35 ºС 

в) Т2=50 ºС 
    Т1=40 ºС 

г) Т2=56 ºС 
     Т1=43 ºС 

Fig.1. Change of number of cylindrical convective cells depending on the vessel temperature Т2 change (Т1 – temperature 
of the upper oil layer). Local aspect number of cells about 3.2nA = . 

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 Rауlеigh problem [3, 17, 18] infinite in the direction of axes x  and y  layer of viscous liquid with thickness h  
is studied. z  axis is directed upwards, perpendicular to the borders of the layer 0z =  and z h= . Distribution of 
temperature inside the layer ( )0T z  is given so that the temperature of the lower border is more than the temperature of 
the upper border: 0 2(0)T T= , 0 1( )T h T=  ( 2 1T T> ). We assume that in condition of equilibrium, distribution of 
temperature in the layer is described with linear function from the coordinate z : 

( )0 zT z e
h
Θ

∇ = −
G G  (1) 

where 2 1T TΘ = −  - difference of temperatures between lower and upper planes, zeG  - 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]: 

v v+ zp RTe
t

∂
= −∇ + Δ

∂

G G G G  (2) 

v z
TP T
t

∂
− = Δ

∂
 (3) 

( )div v = 0,G  (4) 

where Δ  - Laplace operator, ∇
G

 - gradient operator а, ( )3R g hβ νχ= Θ  - Rayleigh number, g – acceleration of gravity, 
directed against axis z , P ν χ=  - Prandtl number, ν  and χ  - coefficients of kinematic viscosity and thermal 
diffusivity of the liquid correspondingly, β  - coefficient of volume thermal expansion of the liquid, 

( )v v , v , v , ,x y z p T≡
G  - 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 h ; time unit - 2 1hτ ν −= ; temperature unit - Θ . 

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 0z =  and 1z =  are equal to zero: 
2

2

v
v 0, 0, 0.z

z T
z

∂
= = =

∂
 

(5) 

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 ( , ,r zφ ) correspond to the demand of absence of the 
layer on borders under 0z =  and 1z =  tangential stresses, i.e. v 0r z∂ ∂ = . This demand follows from boundary 
conditions in rectangular coordinate system v 0x z∂ ∂ =  and v 0y z∂ ∂ = , where variable z , after becoming non-
dimensional on the layer depth h , 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 φ . That is why we will study all disturbed values in axial-symmetrical approximation, which 
is we assume everywhere / 0φ∂ ∂ = . 

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: 

v vz z R T
t ⊥

∂
Δ = ΔΔ + Δ

∂
 (6) 

v z
TP T
t

∂
= Δ +

∂
(7) 

where 
2

2z⊥

∂
Δ = Δ +

∂
, 1 r

r r r⊥

∂ ∂⎛ ⎞Δ = ⎜ ⎟∂ ∂⎝ ⎠
 - transverse Laplacian. 

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: 

( ) ( ) ( ) ( )0v , , v expz rr z t z J k r tλ= −  (8) 

( ) ( ) ( ) ( )0, , exprT r z t z J k r tϑ λ= − (9) 

where λ  - eigenvalues, which characterize attenuation ( 0λ > ), rise ( 0λ < ) or stationary condition ( 0λ = ) of 

disturbances (5), (6); ( )v z  and ( )zϑ  - are amplitudes of disturbances of vertical speed and temperature 

correspondingly; ( )0J x  - Bessel functions of the first type of zero order from argument x ; rk  - 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,= = ( ) ( ) ( ) ( )2 2 2 2v 0 v 1 0, 0 1 0,z z ϑ ϑ∂ ∂ = ∂ ∂ = = =  (10) 

values of disturbance amplitude of vertical speed ( )v z  and temperature ( )zϑ  can be presented by simple harmonics 
[15, 16], and the solutions can be presented in the following way: 

( ) ( ) ( ) ( )
( ) ( ) ( ) ( )

0

0

v , , exp ,

, , exp
z r

r

r z t A sin n z J k r t

T r z t B sin n z J k r t

π λ

π λ

= ⋅ −

= ⋅ −
 (11) 

where 1,2,3,...n =  - integral numbers, A  and B  - constant coefficient.  
Expression for radial liquid speed in convective cell ( )v , ,r r z t  can be obtained from the condition of its 

incompressibility (equation(4)): 
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( ) ( ) ( ) ( )1
1v , , cos expr r rr z t An k n z J k r tπ π λ−= − −  (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 ( 0r = ) and on its external border ( cr R= ) – radial speed should be 
equal to zero. Radial wave number value can be determined from this: 

1
, 1, ,r i i ck Rσ −=  (13) 

where cR  - radius of convective cell, 1,iσ  - i  - zero of Bessel function of the first type of the first order ( ( )1 1, 0iJ σ = ), 

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

1,3 10.173σ = ; 1,4 13.324σ = ; 1,5 16.471σ = . 
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) under 1n = . As it follows from figures, despite the cell of rectangular geometry [15], maximal 
meaning of module of vertical speed of the cylindrical cell ( )v , ,z r z t  on the axis is more of its meaning on the outer 

border, and maximums of radial speed ( )v , ,r 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 T/B correspond to the distribution of relative vertical speed with opposite sign.  

 
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 A  and B : 

( ) ( )
( )

2 2 2 2 2 2 2
, , ,

2 2 2
,

0,

0.

r i r i r i

r i

n k n k A Rk B

A P n k B

π λ π

λ π

⎡ ⎤+ − + + =⎣ ⎦
⎡ ⎤+ − + =⎣ ⎦

 
(14) 

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 λ . Roots of this equation ,n iλ±  are 
determined with following expressions:  

( ) ( ) ( )

1
2 22

2 ,2 2 2 2 2 2
, , , 2 2 2

,

1 1 .
2 2

r i
n i r i r i

r i

RkP Pn k n k
P P P n k

λ π π
π

±
⎛ ⎞+ −⎛ ⎞⎜ ⎟= + ± + +⎜ ⎟⎜ ⎟+⎝ ⎠⎝ ⎠

 (15) 

Spectrum of the eigenvalues (15) turns to be discrete not only on the mode of disturbances n , but also on radial 
wave of the cylindrical cell ,r ik , which receives discreet meanings, depending on the radius of cell cR  and roots of 
Bessel function 1,iσ . 

Fig 3.a,b shows diagram of the surfaces, describing dependencies of real parts of the eigenvalues ,n iλ±  on Rayleigh 
number R , Prandtl number P  for the main mode 1n =  at 1i =  and 3cR = . While constructing the surface, the 
following change ranges R  and P : 0.1 3.0P≤ ≤ ; 5000 5000R− ≤ ≤ were set, and cell radius meaning cR  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.  

 
a b 

Fig. 3. Dependence of real parts of the eigenvalues ( )1,1Re λ−  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 ( )1,1Re λ+  is positive. For the such the eigenvalues, solutions 
(8), (9) attenuate exponentially.  

Real part of other type of solutions ( )1,1Re λ−  (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 ( )1,1Re λ−

 
This fact means that 

under ( )1,1Re 0λ− =  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 0.1τ =  s, then based on proportionality of disturbed vertical speed to the 
exponential multiplier ( )( )exp /tλ τ− , stable existence of cylindrical cell is only possible at ( )1,1Re 0λ− ≈ . From thism 

for the main mode ( 1n = ), incomplete cubical equation can be written for determination of cell radius cR : 

( ) 3 2 0,f x x Rx Rπ≡ − + =  (16) 

where ( )22
1,i cx Rπ σ= + . 

We will study only real solutions of equation (16). Under 427 4R π≥  equation has three real solutions, two of 
which under 4

min 27 4R R π≡ =  are equal to [28]: 

( ) ( ) ( )( ) ( ) ( )( )1,2 2 3 2x R a R a R i a R a R+ − + −= − + −∓  

( ) ( ) ( )3x R a R a R+ −= +  

где ( ) ( )23 2a R R Q Rπ± = − ± , ( ) ( )4 227 4 27Q R R Rπ= − − . 
Radius of convective cell, based on solutions of equation (16) can be determined by one of the following 

expressions: 

( ) ( )( )3
1,c i kk

R R x Rσ=  
(17) 

where 1,2,3k = , ( )kx 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 ( )1x R should be used. 

Qualitative estimation of heat power of the convective cell W  under 0.5, 1, 0z n λ= = =  shows proportionality to 
the radius cR : 



55
Formation of elementary convective cell in horizontal layer... EEJP Vol.1 No.4 2014

( )2 1 ,W AC S T Tα ρ Σ= −  (18) 

where α  - coefficient of proportionality is about one, C  - specific heat capacity of the liquid, 2 cS RπΣ = Δ  - area of 
down flow liquid flux; cRΔ <<  - thickness of liquid boundary layer, transferring the heat. 

As the cell radius corresponds to the thickness of the layer (solution ( )1x R  is selected on this principle), 

expression for the power (18) can be brought to the value, which is proportional ( )( )3
1x R .  

For analyses of conditions of appearance of convective cell we will study the dependency of solution ( )1x R  on the 

R  number. This solution has maximal meaning ( )1 3x R R=  at 1 4
min 27 4R π−= ⋅  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 minR  to infinity, the radius 

of elementary convective cell in increasing, and heat power is decreasing ( )( )3
1x 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 
( )1 minx R  and minR  into expression (17): 

1
12

1, 1,2 0.45 .c i iR σ π σ−= ≈  
(19) 

For the first zero of Bessel function 1,1 3.83σ ≈  cell radius is equal to 1.72cR ≈ , which if calculated on diameter, 
quantitatively corresponds to experimental data, presented in Table 1.  

Thus for main disturbances mode ( 1n = ), 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 ( ( )1 1, 0iJ σ = ). 

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 1,2σ . 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: 1,1 1,22 7.664 7.016σ σ= > = . 

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 °С/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 



56
EEJP Vol.1 No.4 2014     L.S. Bozbey, B.V. Borts et al

below was formed. Energy substantiation of the principle of pavement (coating) of the liquid surface with cylindrical 
cells was presented.  

 
REFERENCIES 

1. Benard H. Les tourbillons cellularies dans une nappe liquide // Revue generale des Sciences pures et appliqués. - 1900. – 
Vol.11. – P.1261-1271 and P.1309-1328. 

2. http://www.gallica.bnf.fr/ark:/12148/bpt6k17075r/f1265.image 
3. Strutt J. W. (Lord Rауlеigh). On convection currents in a horizontal layer of fluid when the higher temperature is on the under 

side // Phil. Mag. - 1916. - Vol. 32. - P. 529–546. 
4. Thomson J.On a changing tesselated structure in certain liquids // Proc. Phil. Soc. Glasgow. - 1882. - Vol. 13. - P. 464-468. 
5. http://www.ivanov-portal.ru/astron/30.htm 
6. Shishkin N.S. The formation of cellular structures in the liquid or gas layers // UFN. - 1947. – Vol. 31. - Issue 4. - P. 462-490. 
7. http://www.lifeglobe.net/blogs/details?id=860 
8. http://www.p-i-f.dreamwidth.org/351593.html 
9. Ray R. J., Krantz W.B., Caine T.N. and Gunn R.D. A model for sorted patterned-ground regularity // Journal of Glaciology. – 

1983. - Vol. 29. - No. 102. - Р. 317–337. 
10. Rychkova E.V., Tychkov S.A. Numerical model of thermal convection in the upper mantle of the Earth under continental 

lithosphere // Computational technologies. - 1997. – Vol. 2. – No. 5. - P. 66 - 81. 
11. http://www.en.wikipedia.org/wiki/Supergranulation 
12. Pikelner S.B. The dynamics of the solar atmosphere // UFN. - 1966. - Vol. 88. - Issue. 3. - P. 505–523. 
13. http://www.opensky.library.ucar.edu/ collections/SOARS-000-000-000-268 
14. Rieutord M., Rincon F. The Sun's supergranulation // Living Rev. Solar Phys. - 2010. - Vol. 7. - P. 5 - 84. 
15. Gershuni G.Z., Zhuxovickij E.M. Convective stability of incompressible fluid. – М: Science, 1972. – 393 p. 
16. Chandrasekhar S. Hydrodynamic and hydromagnetic stability. – Oxford: University Press, 1970. - 657 p. 
17. Getling A.V. Formation of spatial structures of Rayleigh-Benard convection // UFN. - 1991. – Vol. 161. - Issue. 9. - P. 1–80. 
18. Bozbey L.S. Elementary convective cell in a layer of an incompressible viscous fluid // Col. of abstacts of сonference of young 

scientists and specialists of IMEP, IMEP of NAS of Ukraine, Kharkov, 2013. - P. 29. 
19. Bozbey L.S., Kostikov A.O., Tkachenko V.I. Physical properties of elementary convective cells // Materials of s-t conference 

"Physics and technology problems of energy and way of their solution" (FTP EPR-2014), V.N. Karazin KNU, Kharkov, 2014. 
- P.6. 

20. Neklyudov I.M.., Borts B.V., Tkachenko V.I. Description of the Langmuir circulations with ordered set of convective cubical 
cells // Applied hydromechanics. – 2012. - Vol. 14(86) – No.2 - P. 29–40. 

21. Van Dyke М. Atlas of liquid and gases flow. - М.: Mir, 1986. - 184 p. 
22. Koschmieder E.L. Bénard Cells and Taylor Vortices. – Cambridge: University Press, 1993. - 350 p. 
23. Eidelman E.D. The influence of the thickness of the liquid layer on the ratio of the size of the cell convection // Technical 

physics. - 1998. - Vol. 68. - Issue 11. - P. 7-11. 
24. Eckert K., Bestehorn M., Thess A. Square cells in surface-tension-driven Benard convection: experiment and theory // J. Fluid 

Mech. - 1998. - Vol. 356. - Р. 155-197. 
25. Royal Society Mathematical Tables. Vol. 7. Bessel functions. - Cambridge: University Press, 1960. – 140 p. 
26. Zierep J. Uber rotationssymmetrische Zellularkonvektionsstromungen // ZAMM. - 1958. - Vol. 38. - P. 329-333.  
27. Zierep J. Eine rotationssymmetrische Zellularkonvektionsstromung // Beitr. Phys. Atmos. - 1958. - Vol. 30. - P. 215-222. 
28. Corn G., Corn Т. Reference on mathematics for scientist and engineers. - М.: Nauka, 1968. - 720 p. 
29. Conway J. H., Lagarias J. C. Tiling with polyominoes and combinatorial group // Journal of Combinatorial Theory. – 1990. - 

Series A 53. – P.183-208. 
 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


