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OCHOBHOM OCOOCHHOCTBIO IBYMEPHOTO TYpPOYJICHTHOTO TEYCHHSI, TOCTOSHHO BO30Y)KIAeMOTO
BHEIITHEH CHWJIOH, SIBIISICTCS BOSHHMKHOBCHHE OOpPAaTHOTO KacKaaa dHEPTruHd. 3a cUeT HEIMHEHHBIX d(¢-
(heKTOB TPOCTPAHCTBEHHBIN MacImTad BUXPEH, CO3MaBaeMbIX BHEIIHEH CHIION, YBETUIHBACTCS IO TEX
TTop, TIOKa POCT HE OYIET OCTAHOBJICH pa3MepoM SUCHKH. B mocieaHem ciaydae SHeprHsl HaKarTiBaeTCs
Ha 3TOM MacmTaboe. [Ipu onpeneneHHbIX YCIOBUAX TaKOe HAKOIUICHNE YHEPTHU IPUBOANT K BO3HUKHO-
BEHHIO CHCTEMBI KOTePEHTHBIX BUXpel. HabmomaeMbie BUXPH HMEIOT pa3Mep SYCHKU B B CPEIHEM H30-
TpOTHBL. YHCICHHOE MOACTUPOBAaHHE SIBIIACTCS 3(D(OEKTHBHBIM CIIOCOOOM H3YUEHUS TAaKUX MPOIIECCOB.
OcoObIfi MHTEpeC MPEICTaBIsET 3aJada HCCICAOBAHUS TypOYJICHTHOCTH BS3KOW JKHUIAKOCTH B KBAall-
paTHOU SYeHKe TPH BO30OYKICHHH KOPOTKOBOJHOBOW M UIMHHOBOJIHOBOH CTAaTHYCCKUMU BHEITHUMH
cunamu. UwciieHHOe MOACITHPOBAHKE MPOBOAMIOCH CO CIA00CKUMAEMON KUIAKOCTHIO B JIBYMEPHOMH
KBaJIpaTHOU sTueike ¢ HYJICBBIMH I'PAHUYHBIMH YCIIOBUAMU. B paboTe moka3aHo, Kak Ha XapaKTepUCTH-
KM TCUEHUS BIUACT MPOCTPAHCTBEHHAS YacTOTA BHEITHEH CHUIBI, a TaKKEe BEIIMYMHA BI3KOCTH CaMOM
JKUIKOCTH. YBEIHYCHHE IMPOCTPAHCTBCHHON YaCTOTHI BHENTHEH CHIIBI IPUBOIUT K CTAOMIIH3AIIAH U JIa-
MUHapHU3aluy TeYeHUs. B TO ke BpeMs Mpu YBEIUYCHUH HPOCTPAHCTBEHHOM YAaCTOTHI BHEITHEH CHITBI
YMEHBILICHUE BS3KOCTH MPUBOJAMT K BO30OHOBICHUIO MEXaHH3Ma MEPEHOCA SHEPTHH M0 O0paTHOMY
KackaJy 3a CYeT CMEICHHS 00IacTH JUCCHUITAIUN SHEPTHH B 00JIACTh MEHBIIUX MACIITA00B IO CpaB-
HEHHIO ¢ MAcCIITaOOM HaKayKH.
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The main feature of a two-dimensional turbulent flow, constantly excited by an external force, is
the appearance of an inverse energy cascade. Due to nonlinear effects, the spatial scale of the vortices
created by the external force increases until the growth is stopped by the size of the cell. In the latter
case, energy is accumulated at these dimensions. Under certain conditions, accumulation leads to the
appearance of a system of coherent vortices. The observed vortices are of the order of the box size
and, on average, are isotropic. Numerical simulation is an effective way to study such the processes.
Of particular interest is the problem of studying the viscous fluid turbulence in a square cell under
excitation by short-wave and long-wave static external forces. Numerical modeling was carried out
with a weakly compressible fluid in a two-dimensional square cell with zero boundary conditions.
The work shows how the flow characteristics are influenced by the spatial frequency of the external
force and the magnitude of the viscosity of the fluid itself. An increase in the spatial frequency of
the external force leads to stabilization and laminarization of the flow. At the same time, with an
increased spatial frequency of the external force, a decrease in viscosity leads to the resumption of the
mechanism of energy transfer along the inverse cascade due to a shift in the energy dissipation region
to a region of smaller scales compared to the pump scale.
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1. Introduction

Turbulence in liquid and gas is the most common type of flow in the nature. Such a flow is,
of course, a three-dimensional phenomenon. However, for example, in the Earth’s atmosphere, such
three-dimensional flows can be considered as quasi-two-dimensional flows. This can be done quite
rightly because of the small height of the troposphere compared to both the dimensions of the formed
vortex structures and the distances over which they move.

It was found that the nature of the two-dimensional turbulent flows differs significantly from the
three-dimensional turbulence [Kraichnan, 1967; Batchelor, 1969]. In the latter the energy is transferred
from the larger vortices to the smaller ones, while in the two-dimensional turbulence, on the contrary,
the transfer cascade leads to an enlargement of vortex structures. A typical example is the formation of
cyclones, anticyclones, hurricanes in the Earth’s atmosphere.

It would be more natural to consider the two-dimensional turbulence in an unlimited space.
Of course, during modeling it is impossible to provide exactly such conditions, but one can imagine
the unlimited space with the periodic boundary conditions. This kind of modeling was carried out
in [Chertkov et al., 2007; Laurie et al., 2014]. With this approach, a dipole consisting of two vortices
rotating in the opposite directions is ultimately formed.

When setting up a real experiment, it is also impossible to provide the periodic boundary
conditions. Usually, the experiment is conducted in a closed volume — an experimental cell, which
is bounded by walls [Sommeria, 1986]. In order to bring the calculations closer to the experiment
during modeling, it is necessary to set zero boundary conditions (with adhesion to the walls), since in
the experiment a viscous fluid acts as the medium under consideration.

To observe the reverse cascade in an experiment, it is necessary to act on a viscous fluid with an
external periodic force. Usually the spatial frequency is such that the width of the experimental cell is
equal to several wavelengths of the external force. In the general case, the nature of this external force,
changing over time, determines the energy input into the system and, accordingly, the parameters of
vortex formation in liquid. However, in many experiments [Gledzer et al., 2011; Xia, Shats, Falkovich,
2009] the external exciting force, intended for studying the appearance of coherent structures in the
two-dimensional system, is constant over time. In [Kolokolov, Lebedev, 2017], the characteristics of
large-scale turbulent motion are analyzed through the parameters of static, i. e., time-invariant exciting
force.

In experimental studies, in general, just one conductive fluid is used. Even if the fluid is
another one, neither the considered density nor the viscosity will change dramatically. In addition,
in the experiment it is possible to adjust the amplitude of the external force and its spatial
frequency, but also in a rather narrow range. The aim our work is, firstly, to obtain results that
correspond to those obtained in the experiment. They validate our numerical algorithm. And,
secondly, to carry out calculations with parameters that are obviously beyond the scope of the
experiment. This is necessary to understand, for example, under what parameters a transition
from laminar to turbulent flow can occur. Actually, this is the novelty of the study: consideration
of a pseudo-two-dimensional flow, taking into account different combinations of the external force
amplitude, its spatial frequency and fluid viscosity. All these have a rather significant effect on
the nature of the resulting of two-dimensional flow.

2. Description of the experiment

The numerical simulation presented in this paper is an interpretation of the experiment, which
can be found in [Gledzer, Dolzhanskij, Obuxov, 1981]. The experimental design is shown in Figure 1.
In this experiment, a planar horizontal rectangular cell was filled with the aqueous solution of
electrically conductive electrolyte (CuSO,). Using electrodes mounted on the longitudinal side walls
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Figure 1. Schematic diagram of the experiment

of the cell, direct current was passed through electrolyte in the longitudinal direction. This cell with
electrolyte was fixed on a sheet of magnetoelastic rubber, which served as a source of the external
magnetic field (see Figure 1). Sources of the magnetic field were located so the magnetic field was
created with a profile close to sinusoidal. Thus, the Lorentz electromagnetic force acted on the moving
fluid in the transverse direction.

The present work has to simulate this kind of experiment with the parameters closest to those
used. To do this, simulation results are presented for problems starting with simple ones, gradually
complicating them with changes in the characteristics of both the external force and the properties of
liquid itself.

3. Statement of the problem

Consider the problem of the plane flow of a viscous weakly compressible fluid under the action
of an external periodic force directed along the Ox axis, periodical along the Oy axis and equal
to pG sin(ky). Here G = 0,01 (N/kg) is the Lorentz force caused by the motion of electrically conductive
fluid under the influence of an electric field and the action of an external magnetic field. The magnetic
induction vector is perpendicular to the fluid motion. k is the wave number that determines the period
of that magnetic force in space. The magnitude of the force G was obtained in experiments with
conductive fluid, conducted by other researchers. This force remains constant over time.

The motion of the liquid medium in this case is described by the Navier — Stokes equations:

a—p+V-(pV)=0,

ot
WU g ouVy = 2P & G sinky + A,
ot ox 0
dpv ap
iV (V) = —== 4 A
Y + V- (ovV) 8y+ﬂ v,
ap _ 1
dp  pB

Here V = (u, v)T is the vector whose components are equal to the projections of velocity on the
coordinate axis Ox and Oy, respectively; p is the pressure; p is the fluid density, and 3 is the artificial
compressibility factor.
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The fluid flow is considered in a square area of 128 x 128 computational cells. The length of the
side of this area is L = 2. The boundary conditions are the conditions of adhesion to the walls:

Vigo =0,

where 0Q is the entire boundary of the computational domain Q.

The initial conditions are:

P(t=0) =P, = 10’ Pa,
p = 1000 kg/m?,

u=2Pa-s,
u(t = 0) = 0,1 sin(kyy), 2)
v(t = 0) = =0,1 sin(ky,x). 3)

Conditions (2) and (3) on the initial perturbation of the velocity field satisfy the condition of
field divergence div(V) = 0. As further calculations showed, the initial field practically does not affect
the nature of the steady flow. The latter is determined by the amplitude of the external force and its
frequency.

4. Numerical method

The numerical calculation method used to simulate a viscous liquid medium is based on the
explicit MacCormack method, which has a second order of accuracy in time and space. This method
has proven itself in solving the hyperbolic equations of gas and hydrodynamics. In this problem, the
Navier — Stokes equations are solved by the method of artificial compressibility [Anderson, Tannehill,
Pletcher, 1984]. In this case, the hyperbolic part of the equations is solved by the MacCormack
method, and the parabolic part is solved by the standard finite difference method. In this instance,
there are no difficulties arising in solving the equations of an incompressible medium. Moreover,
the degree of compressibility is a variable quantity that directly affects the propagation velocity of
disturbances. This speed should be greater than the possible maximum flow velocities that arise during
the simulation.

Every calculation stage on each time step in the MacCormack scheme is divided into 4 steps:
forward differences and backward finite differences at the predictor stage along the Ox direction, and
forward differences and backward differences at the predictor stage along the Oy direction. At the
corrector stage, it is similar, except that the step «forward» changes to «backward» one. These steps
cyclically change each other with each time step. Thus, the spatial symmetry of the solution along both
axes Ox and Oy is observed.

We have used a rather coarse mesh with the size of 128 x 128 cells. Of course, such a coarse
grid is not enough to model turbulent flows — in this case, resolutions on a small scale are usually
implied. We are, on the contrary, interested in the large scales. But in this case pictures of the flow as
a whole and the main integral characteristics will be approximately the same. For example, in Figure 2
one can see how the kinetic energy and enstrophy are changed with time using different meshes with
the conditions under consideration. Here one can see the moment (time equals 5 s.) of destruction
of the laminar flow and its transition to chaotic. So, calculations with the mesh used gives results
corresponding to the finer grids.
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5. Results

In the simplest formulation of the problem, the external force G sin(ky) along the Ox axis is equal
to 0,01 sin(2y). The perturbation of the initial velocity field corresponds to equations (2) and (3). The
amplitude values of the initial velocity field are shown in Figure 3, a. The initial vorticity distribution
is shown in Figure 3, b.

As a result of the flow development, a quasi-stationary flow arises, which is a single vortex. The
center of this vortex oscillates around the center of the cell with a period of T, ~ 38 s. The distance
from the center of the vortex to the center of the cell is 18 calculated cells or 0,88 m (see Figure 4). In
this case, the vortex itself rotates about to its center with a period of 35,6 s. Thus, the rotation period
of the vortex itself almost coincides with the period of rotation of the vortex around the center of the
cell under consideration.

The dependence of the tangential velocity of the vortex on the radius is shown in Figure 5. Here
one can see the velocity profile in the numerically created vortex (blue triangles and red circles) and
theoretical prediction, marked as black solid line.
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Figure 4. Vorticity distribution during quasistationary motion with the external force along the axis Ox
equals 0,01 sin(2y) at k,, = 2 under the initial conditions (2) and (3). The intersection of white lines indicates the
center of the cell
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Figure 5. Dependence of the total and tangential velocities of the elementary volume fluid in the vortex on the
radius, averaged over four mutually perpendicular directions

The Reynolds number is calculated as

VoL
Re = p&, (4)

J7i
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nax ~ 0,5 m/s is the maximum fluid flow rate at the end of the calculation. The Reynolds
number will be Re ~ 1570. In this variant of calculation, the artificial compressibility is taken to be

dp kg s?
P =05 0,5 (=),
dp Pp (Pa-m3) or (m2

which provides the local sound speed equal to

where V.

d
c= _p, cz1,42.
dp s

In this case, the kinetic energy and the enstrophy, normalized to their maximum values, oscillate
with the same period 7}, = 64 s at steady flow (Figure 6). The ratio of the kinetic energy oscillation

. . . T,
period and the rotation period of the vortex around the center of the cell equals —=* ~ 1,68.
\4

1,2 1,2
1 1
0,8 0.8

Kinetic energy
o
>
o
>
Enstrophy

0,4 0,4
0,2 0,2
0 1 I I I 1 I I I 1 I I I 1 I I I 1 0
0 200 400 600 800

Time

Figure 6. The kinetic energy and the enstrophy graphs normalized to their maximum values during quasi-
stationary motion with the external force along the Ox axis equals 0,01sin(2y) and k, = 2 under the initial
conditions (2) and (3)

If the wave number k, = 2 is increased under the initial conditions (2) and (3) to, for
example, k;, = 20, then the steady-state form of the flow will be similar to that which occurs when k,, =
= 2 and the remaining parameters are unchanged. The same thing happens with any other wave number.
Thus, steady motion is determined by the external force, and not by the initial velocity distribution.

With an increase in the amplitude of the external force (which can be associated, for example,
with an increase in the magnetic field induction), the period of the vortex rotation around the cell center
decreases, and the distance from its center to the cell center slightly increases.

For example, when the amplitude of the external force increases to G = 0,02 N/kg and the
remaining parameters are fixed, according to the initial conditions given above, the period of revolution
of the vortex around the center of the cell is T, ~ 24 s, the distance of its center from the cell center
is 22 numerical cells or ~ 1,08 m. The Reynolds number at steady state flow determined according to
equation (4) is Re ~ 2638. The frequency of fluctuations of the kinetic energy and the enstrophy values

increases (see Figure 7), and their period T, = 11,6 s. The ratio of periods is % ~ (0,48.
Vv
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Figure 7. The kinetic energy and the enstrophy graphs normalized to their maximum values during quasi-
stationary motion with the external force along the Ox axis equals 0,02sin(2y) and k,, = 2 under the initial
conditions (2) and (3)
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Figure 8. The kinetic energy and the enstrophy graphs normalized to their maximum values during quasi-
stationary motion with the external force along the Ox axis equals 0,05sin(2y) and k,, = 2 under the initial
conditions (2) and (3)

With an increase in the amplitude of the external force to G = 0,05 N/kg, the rotation period of
the vortex around the cell center will be equal to T\, ~ 12 s. The distance of its center from the cell
center will be 21 numerical cells or = 1,03 m. In this case, the frequency of fluctuations of both the
kinetic energy and the enstrophy will increase slightly and their period will be Ty ~ 10,4 s. The ratio
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will be %‘ ~ 1,5 for the enstrophy and ~ 1,15 for the kinetic energy. The graph of changes in these
quantities over time can be seen in Figure 8. The Reynolds number at steady state is Re ~ 5340.

If we increase the spatial frequency of the external force and put in the equation of motion
along the Ox axis k = 20, and leave the value k;, = 2 in the equations describing the initial velocity
distribution, then no vortex is formed over time, but a laminar flow is observed from the beginning
to the very end of the calculation (Figure 9). On the pumping scale, when 20 characteristic structures
fall on the cell width, the viscosity of liquid already has a significant effect. The mechanism of energy
transfer from the small structures to the large ones is violated, and vortex formation does not occur.
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Figure 9. The velocity field (a) and the vorticity field (b) in the case of laminar fluid flow with the external force
of high spatial frequency and G = 0,05 at the final stage of simulation
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Figure 10. The velocity field (a) and the vorticity field (b) in the case of laminar fluid flow with the external force
along the Ox axis equals 0,05 sin(5y), k, = 10 under the initial conditions (2) and (3), viscosity equals u = 2 Pa-s

If we increase the amplitude of the external force and make it equal to G = 0,05 N/kg, while
lowering its frequency to k = 10, then the streamlines repeating the lines in Figure 9, a begin to
deform, bend, but the flow does not cease to be laminar (see Figure 10). Such initial conditions are, in
a sense, the boundary between the laminar steady motion and turbulent. As noted above, viscosity is
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the limiting factor that limits the flow of the kinetic energy along the inverse cascade and leads to its
dissipation on smaller scales.

Let’s consider equations (1) and the initial conditions (2) and (3) as, say, «standard» for the
problem under consideration. In this formulation we use G = 0,05 N/kg, p8 = 0,5 (s*/m?) is the
artificial compressibility factor, k = 5 is the wave number for the external force, k,, = 10 is the wave
number for the initial perturbation of the velocity components (the initial perturbation does not affect
the final steady flow indeed).

When viscosity decreases, compressibility has to be reduced, because, firstly, the observed
maximum velocities become comparable with the local speed of sound, and, secondly, the numerical
scheme loses its stability. So when viscosity equals u = 1 Pa - s, the parameter of artificial
compressibility pB = 0,001 (s>/m?), and the speed of sound becomes equal to ¢ ~ 31 m/s. With steady
motion, the formation of any stable vortex structures is not noticeable (Figure 11). The Reynolds
number is Re = 4712.
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Figure 11. The velocity field (a) and the vorticity field (b) in the case of fluid flow with the external force along
the Ox axis equals 0,05 sin(5y), k,, = 10 under the initial conditions (2) and (3), viscosity equals u = 1 Pa-s

When viscosity equals u = 0,1 Pa - s, the compressibility factor remains equal to p8 =
= 0,001 (s*/m?). In this case, the nucleating central vortex and a multitude of vortices rotating in
the opposite direction at the cell periphery are observed at relatively large times (Figure 12). The
Reynolds number in the last stages of calculation is Re ~ 11 938.

In Figure 13 one can observe the vortex pattern formed upon a further decrease in viscosity
to u = 0,01 Pa-s, and the compressibility factor to 0,0001 (s*>/m?). In this figure, one can see one
centered vortex and the absence of small vortices located on the periphery of the cell, as it was seen in
Figure 12. At the final stages of the calculation the Reynolds number is Re ~ 8168.

6. Conclusion

1) The vortex rotates with the frequency equal to the frequency of the vortex revolution around
the center of the cell.

2) The steady quasistationary flow does not depend on the initial velocity distribution, but is
determined by the parameters of the external influence.

3) An increase in the amplitude of the external force leads to an increase in the velocity of
rotation of the vortex around the center of the cell.
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Figure 12. The velocity field (a) and the vorticity field (b) in the case of fluid flow with the external force along
the Ox axis equals 0,05 sin(5y), k,, = 10 under the initial conditions (2) and (3), viscosity equals u = 0,1 Pa-s
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Figure 13. The velocity field (a) and the vorticity field (b) in the case of fluid flow with the external force along
the Ox axis equals 0,05 sin(5y), k,, = 10 under the initial conditions (2) and (3), viscosity equals u = 0,01 Pa - s

4) An increase in the spatial frequency of the external force leads to stabilization and
laminarization of the flow. The mechanism of energy transfer through the inverse cascade of kinetic
energy ceases due to its dissipation via the action of viscosity.

5) With an increased spatial frequency of the external force, a decrease in viscosity leads to the
resumption of the mechanism of energy transfer along the inverse cascade due to a shift in the energy
dissipation region to a region of smaller scales compared to the pump scale (frequency).
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