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will be
TEn
TV
≈ 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 kV = 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.

(a) (b)

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

(a) (b)

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), kV = 10 under the initial conditions (2) and (3), viscosity equals μ = 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, ρβ = 0,5 (s2/m2) is the
artificial compressibility factor, k = 5 is the wave number for the external force, kV = 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 μ = 1 Pa · s, the parameter of artificial
compressibility ρβ = 0,001 (s2/m2), and the speed of sound becomes equal to c ≈ 31 m/s. With steady
motion, the formation of any stable vortex structures is not noticeable (Figure 11). The Reynolds
number is Re ≈ 4712.

(a) (b)

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), kV = 10 under the initial conditions (2) and (3), viscosity equals μ = 1 Pa · s

When viscosity equals μ = 0,1 Pa · s, the compressibility factor remains equal to ρβ =
= 0,001 (s2/m2). 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 μ = 0,01 Pa · s, and the compressibility factor to 0,0001 (s2/m2). 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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(a) (b)

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), kV = 10 under the initial conditions (2) and (3), viscosity equals μ = 0,1 Pa · s

(a) (b)

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), kV = 10 under the initial conditions (2) and (3), viscosity equals μ = 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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