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Abstract. In the model of a compressible continuous mediwonitHe complete Navier-Stokes
system of equations, an initial boundary problemrigposed that corresponds to the conducted
and planned experiments and describes complex -thmeensional flows of a viscous
compressible heat-conducting gas in ascendingiegiflows that are initiated by a vertical
cold blowing. Using parallelization methods, thdimensional nonstationary flows of a
polytropic viscous compressible heat-conducting @@s constructed numerically in different
scaled ascending swirling flows under the conditidgren gravity and Coriolis forces act. With
the help of explicit difference schemes and thepgpsed initial boundary conditions,
approximate solutions of the complete system ofi&fa8tokes equations are constructed as
well as the velocity and energy characteristicthode-dimensional nonstationary gas flows in
ascending swirling flows are determined.

1. Introduction

The proposed gas model, as a moving compressitiinoous medium possessing dissipative
properties of viscosity and thermal conductivity, (b numerical simulation of complex swirling air
flows arising during cold vertical blowing [2], gi¢ the main gas dynamic characteristics that atenci
with the results of field experiments [3]. Comparisof calculated numerical values of geometric
characteristics and kinetic energies [4] led to thaclusion that the energy of rotational motion
obtained from the energy of the Earth's rotatioouad its axis will exceed the half of the kinetic
energy of the entire flow only for the diameterttoé vertical part of the flow of not less than 5Stens
and blowing velocity not less than 15 m/s. In tbise, the main contribution of 97% to the total
kinetic energy of the ascending swirling flow ivgh by the kinetic energy of rotational motion. It
was this part of the energy that was obtained bysaending swirling flow from the energy of the
Earth's rotation.

In this paper, the developed method for parallejizthe numerical algorithm for solving the
complete system of Navier-Stokes equations is usedumerically study the dependences of the
energy characteristics of an ascending swirlingflaw on the velocity of a vertical blowing. In
particular, the aim of the paper is to establishhgynumerical experiments the character of theagha
in the velocity and energy characteristics of thenfed swirling air flow at a sudden step-like desee
in the velocity of the vertical blowing.
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2. Materials and methods

To describe complex nonstationary three-dimensidloals of a compressible continuous medium
with dissipative properties of viscosity and thekmanductivity, the paper uses the complete system
of Navier-Stokes equations, which, being writtendimensionless variables taking into account the
action of gravity and Coriolis forces in vectorrgrhas the following forn4-10]:
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where the values of dimensionless coefficientsis€osity and thermal conductivity are as follows:
M, =0.001, «, = 1464,.

In system (1)1 is time; X,Yy, z are Cartesian coordinateg; is gas density}\7 = (u,v, W) is gas
velocity vector with projections onto the corresgimg Cartesian axes] is gas temperature;
g= (O, 0,- g) is acceleration vector of force of gravity, g=const>0;
-2QxV = (av - bw, —au, bu) is Coriolis forces’ acceleration vector,
a=2Qsiny, b=2Qcosy, Q= ‘f)‘ Q is angular velocity vector of Earth's rotatiog; is

latitude of point; O is the beginning of the Cartesian coordinate systetating together with the
Earth.

As initial conditions for describing the corresporgl flows of a compressible viscous heat-
conducting gas in the case of constant valueseotdlefficients of viscosity and thermal conduciiyit
functions determining the exact solution of [11}oé system (1) are taken as follows:

u=0 v=0 w=0 T,(2=1-kz, p,(2=@Q-kz)"", (2)
where
k = IX& | =0.0065K/m, X, =50m, T, =288K, V= kg =const>0. (3)

00
Numerical experiments were carried out in the caiapanal domain in the form of a rectangular
parallelepiped (Fig. 1), which side lengths in melsionless form arex 1 x 0.04 (in a dimension
form they are 50m 50mx 2m). Blowing the gas through a vertical pipe isdeled by setting vertical
gas flow ratew as a time function in the form:

w(t) =M [[1-exp(-10t)] , ) (4
through a square hole of siZ&1x 0.1 (in dimensional form 5m x 5m) in the center of tngper
bound of the computational domaill is the maximum blowing velocity.

For the density on all six bounds of a paralleledipthere is the condition of the flow continuity

[12: x =0, x =x°, y=0, y=y°, z=0, z=2". The boundary conditions for the
components of the gas velocity vector correspondh® non-flow conditions for the normal

component of the velocity vector, and the symmetmditions for the other two components of the
velocity vector. For the temperature on all sixelgahe thermal insulation conditions are set [12].
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Figure 1. Computational domain

Calculations were carried out with the followingpint parameters: scale size values of density,
velocity, distance and time were equal, respegtivel
Do = 129 kg/im®, Uy, =333 mis, X, =50m, ty, =Xy,/ Uy = 015s.

Difference steps in three spatial variables &e = Ay = 0.005 (dimensional value 0.25 m),

Az = 0.004 (dimensional value 0.2 m), and the time step wds= 0.001 (dimensional value
0.00015 s).

3. Results of calculations
The essence of the numerical experiments carriedsoteduced to the following. Each separate
calculation was started with the simulation of tiradual acceleration of the emerging ascending
swirling flow with vertical air blowing through thepper opening at constant velocity = 20m/s.

With the passage of time, the airflow velocity mngputational domairD , and, consequently, its
total kinetic energy:

W =;j”,o(u2 +y2 +W2)dXdde :;Zzzpi,j,k(uiz,j,k +vi2ijk +wi2’jyk)AxAyAz. (5)
b i ]k

At the same time, the velocities of the circulatdtional) motion of the swirling flow also grows,
as a result of which the kinetic energy of rotagilomotion increases

W¢ = ;jjjpv;rdrd ¢dZ = ;ZZ;,O.H( V;i,j,k r AFA¢AZ. (6)
D o

The increase in the velocities and energies oafitending swirling flow occurs until it reaches the
steady mode of its operation, in which all thermuaiyic, velocity and energy characteristics stop to
change. Since the parameters of all ascendingisgvair flows, for which this series of computatibn
experiments were carried out, were the same, te tth enter the steady mode was the same for them.

After reaching the steady-state regime, a diffemmitinuation of the numerical experiment was
chosen for each variant of the calculation. Nana¢lthe same time, the value of the blowing velocity
suddenly decreased to a lower value, in compangtnthe initial one. A further description of the
computational experiments is devoted to the reatfilthe changes in the functioning of the ascending
swirling flow after such jump in the blowing veltgin each of the calculation options.

Fig. 2 shows the dependency plots of the totaltkinenergy of the ascending swirling airflow
versus time.

On the left-hand side of the figure, the plots bhamrging the total kinetic energy of the flow
coinciding with each other, right up to reaching titeady mode (poinfA on the plots) at a
dimensionless vertical blowing velocity of 0.06r(ginsional valuev = 20m/s). In the steady mode
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(point A ), the maximum value of the total kinetic energ®i801417 (dimensional value 25392640 J
= 25.39 MJ), and the time to enter the steady nwd&.5 minutes.
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Figure 2. Dependences of the kinetic energy of a swirlingvfbn time

The right-hand side of the figure shows the depecygl@lots of the total kinetic energy on time
after an step-like decrease in the velocity of weetical blowing at pointA up to velocities:
w, =195m/s — plot 1; w, =19m/s — plot 2; w, =185m/s — plot 3; w, =18m/s — plot 4;
w, =17.5m/s — plot 5; w, =17m/s — plot 6; w, =15m/s — plot 7; wg, = Om/s — plot 8.

Plot 1 shows a gradual decrease in the kineticggnafrthe flow and its entering the steady mode
up to value 0.001354 (dimensional 24.26 MJ) dutiregtime oft, = 437 minutes.

Plot 2 reflects a gradual decrease in the kinetargy of the flow and its entering the steady mode
to value 0.001217 (dimension value 21.81 MJ) dutivggtime oft, = 6.25 minutes.

Plot 3 represents the decrease in the kinetic gradrthe flow and its entering the steady mode to
value 0.001142 (dimensional value 20.46 MJ) dutirggtime oft, = 851 minutes.

Plot 4 shows a gradual decrease in the kineticggnafrthe flow and its entering the steady mode
to 0.0009686 (dimensional value 17.36 MJ) duriregttime oft, = 11.25 minutes.

Plot 5 reflects a gradual decrease in the kinetergy of the flow and its entering the steady mode
to value 0.0008578 (dimensional value 15.37 MJ)nduthe time oft, = 13.75 minutes.

Plot 6 represents a gradual decrease in the kieetegy of the flow without its entering the
stationary mode. Extrapolation of the dependendbefotal kinetic energy on time shown by the plot
makes it possible to estimate the time until theplete flow stop, which id, = 35 minutes for a

given blowing velocity.
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Graph 7 visualizes the process of reducing the katatic energy of the flow to zero value, that is
the process of a complete flow stop occurs duiing t, =12.5 minute.

And, finally, plot 8 shows the process of suffidigrrapid reduction of the flow kinetic energy to
zero value, or the flow moving stop during the titge= 3.5 minute.

Further analysis of the calculation results presgin the figure can be carried out for two diffégre
ranges for reducing the blowing velocity. With &stike decrease in the blowing velocity in the
range from 20 m/s to 17.5 m/s, the swirling aimfldoes not collapse, but only smoothly enters the
corresponding steady mode with a reduced valubeof/¢locity characteristics, and, therefore, with a
smaller margin of total kinetic energy. Moreoveitha decrease in the blowing velocity in this rang
the time to reach the corresponding stationary mndesases almost linearly from 4.37 minutes to
13.75 minutes.

With regard to the step-like decrease in the blgwialocity in the range from 17 m/s to 0 m/s, it
follows from the calculations that with such chamge the blowing velocity, the swirling air flow
does not enter the steady mode, but gradually siipghe same time, the velocity, and, consequently
the energy characteristics are smoothly reducezeto values. The decay time of the flow reduces
with a decrease in the blowing velocity from 35 utes to 3.5 minutes.

A special case is a sharp decrease in the blowétaciy from 20 m/s to 0 m/s (plot 8). In fact,
such numerical experiment corresponds to a shamirtation of the blowing velocity. The boundary
conditions set in the numerical experiment do tiowaair to escape from the computational domain.
Therefore, the swirling flow quickly stops to existhis numerical experiment simulates the
destruction of a tornado by stopping the vertica fiow.

4. Conclusion

Detailed three-dimensional nonstationary calcutegisimulated the flows arising in experiments on
blowing air in the pipe from the bottom up. Numaticalculations of these flows set the boundary for
the velocity, geometric and energy characteristitshe flow, when the Earth rotation begins to
introduce an essential additive into the kinetiergy of the flow. Calculations of nonstationaryets
dimensional flows made it possible to determinetthree for these flows to enter the steady mode,
taking into account energy characteristics. Thigifigs the obvious idea from the physics point of
view: energy in tornadoes and tropical cyclonessdoet arise immediately and from nowhere. It
accumulates over time from an understandable atldgreeinded source — the kinetic energy of the
Earth rotation around its axis.
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