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The mechanism of formation of the experimemtally observed spiral structure of the discharge
filament in a swirling flow is proposed. With the help of numerical simulation, the appearance
of a spiral structure in an external flow is shown with the coincidence of the repetition rate of
the discharge pulses with the fundamental acoustic frequency of the discharge tube.
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1. Introduction

In [1], a possible mechanism for the formation of solitary spiral waves in the swirling flow in the
presence of longitudinal plasmoid has been presented. The longitudinal plasmoid was created by a
pulse repetitive capacity coupled HF discharge (CHFD) in the swirl argon flow at atmospheric pres-
sure in a closed quartz tube [2]. The experimental study [2] showed that for pulse modulation with
frequency range 850 - 875 Hz the plasma discharge structure transformed from a multifilament
form to a single filament with a large loop traveling along the tube axis and rotating in the same
time (Fig. 1). This frequency range is closed to the resonant frequency fg of acoustic standing

waves in tube fs =cg/2L ~ 870 Hz (where L is the tube length, cg is the sound speed in the argon

flow heated by CHFD). So, it is reasonable to assume that the formation of this loop is associated
with the CHFD excitation of a standing acoustic wave.

The proposed in [1] mechanism of spiral gas-dynamic structures forming involves the three-
wave interaction between the standing acoustic wave and two bending modes of perturbed swirling
flow with azimuthal wavenumbers m = +1[3]. However, the estimations of parametric increment
under conditions [2] lead to values that can’t explain the appearance of a non-linear loop structure
which matches the Hasimoto soliton [4,5].

In the present study, we have numerically simulated the gas-dynamic structure of the swirling
flow under experimental conditions [2] and have proposed a model of the observed phenomena of
acoustically induced formation of the spiral gas-dynamic flow structures.
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Figure 1: A longitudinal plasmoid created by pulse repetitive CHFD in the swirl flow. Multifilamental (a)
and loop (b) forms [2].

2. Mathematical model and numerical procedure

For modelling the unsteady flow structure, we use the Reynolds averaged Navier-Stokes equa-
tions
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supplemented by the equations for energy and state
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es, Vi, vi, o, T, and P are the mean and fluctuating velocity components, density, temperature and
pressure, respectively, J is the source power density, u, ut, ues are the molecular, turbulent, and
effective viscosity coefficients, respectively, c, is the molar specific heat capacity at constant pres-
sure, x is the thermal conductivity coefficient, Pr; is the turbulent Prandtl number. The action of an
external acoustic field was simulated by adding a source term S;(z,t) to the Navier-Stokes equations.
The non-dimensional parameters characterizing the flow are as follows:
Re=p(v)D/ u is the Reynolds number, S, =G,/ RG,, is the swirl number,
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R
Da=N/mgcpT is the Damkohler number. Here , G, = [v,v,22r%dr is the axial flux of the tangen-
0

R
tial momentum, G,, = [v;,2ardr is the axial flux of the axial momentum,
0

where (v)=m / 2R?p is the mass-averaged velocity, R and D are the radius and diameter of the

tube, v, Vax are the tangential and axial velocities, respectively, N is the heat source power. Condi-
tions [2] correspond to the Damkdhler number 0.1 < Da < 1 and Reynolds number 10% < Re < 10*.
The swirl number S, <1.5 can be changed by varying of mass flow rates across the tangential and

the axial inlets of the swirler.

We imposed the no-slip velocity and fixed temperature conditions along all tube walls and fixed
mass flow conditions at the tube inlets. The inlet turbulent intensity is set to zero based on the ex-
perimental data [2]." At the outlet, we impose the pressure outlet boundary condition with the static
pressure equal to the atmosphere pressure. The duct scheme and the description of experimental
conditions [2] were presented in [1].

The numerical simulation of the swirling flow made using the ANSYS FLUENT program pack-
age, which solves the governing equations (1), (2) using the finite volume method. For spatial dis-
cretization of density, momentum, energy and turbulent quantities, a second-order upwind scheme
is used. The diffusion terms are central-differenced and second-order accurate. The pressure values
at the faces are interpolated by use of the second order scheme.

For transient terms, we use the fully implicit scheme of second-order accuracy. As a pressure-
velocity coupling scheme, the SIMPLE method was used. The convergence was obtained when the
residual reaches 10° for the energy equation and 10 for the continuity equation, the momentum
equation, and the equations for turbulent quantities. The computational grid consists of 5.4-10° hex-
ahedral cells. The grid refinement from 5.4-10° to 1.2-10° did not significantly alter the time-
averaged velocity profiles.

3. Results of numerical simulation

Numerical simulation shows the presence of a non-stationary helical structure of the recircula-
tion zone in the near-axis flow of the tube. The near-wall region corresponds to a direct flow (Fig.
2,3).
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Figure 2: Profiles of tangential (a) and axial (b) velocities at different cross-sections. Mass flow rate m,, = 1.5
o/sec. Heat source power N = 150 W.
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Figure 3: Axial velocity isolines in different cross-sections z =1 ¢cm, 5 cm, 10 cm, 15 cm and 18 cm ob-
tained at a fixed time moment. The axial coordinate z increases left-to-right.

To visualize the flow structure the trajectories of test particles injected into the flow in the vicini-
ty of the duct axis near the outlet are built (Fig. 4). It is clearly seen that the particles initially move
in the opposite flow direction from outlet to inlet, rotating around the inner helix, then they pass to
the outer near-wall region and move to outlet. In the absence of the sound wave and in non-resonant
modes the particle lines are homogeneously distributed along the duct wall (Fig. 4(a)), whereas in
the resonant mode the majority of particles passes an almost similar way while moving toward the
outlet. These particles form a new spiral structure in the near-wall region (Fig. 4(b)). Comparing to
the experimental results, one can suppose, that these spiral pathlines in an acoustic field produce a
convective heat flux transferring heat from the hot inner discharge zone.

The physical mechanism of spiral flow formation is quite clear. The excitation of acoustic waves
leads to appearing of the pressure gradient which is directed upstream in one wave phase and down-
stream at the another phase.

Therefore, at a small pressure gradient AP

2
4P| < p%, 3)

which can formed at non-resonant conditions or in the absence of acoustic field, particles always
leaves the hot inner zone (Figs. 4(a), 5(a)). Here, va is characteristic axial velocity in the inner
zone.

At a significant pressure gradient directed against the direction of flow in the inner zone

2
|AP|>pV%, AP <0, (4)

which can formed at resonant conditions, particles do not leave the hot inner zone (Figs. 4(b), 5(b)).

Comparing to the experimental results (Fig. 1), one can suppose, that these spiral pathlines in an
acoustic field produce a convective heat flux transferring heat from the hot inner discharge zone.
The appearance of this flux leads to increase in the average ionization rate in the hot zones that
leads to a significant drop in the resistance of the channel and forms a new discharge channel,
whose shape follows the structure of the spiral flow.

However, the position of the discharge on the lower ring electrode varies randomly [1], so that
the process of forming a new discharge channel does not occur continuously and is of a local nature.
This can lead to the formation of a discharge region in the form of a solitary turn of a spiral propa-
gating along the discharge tube, which qualitatively coincides with the type of evolution of the loop
observed experimentally in [1] and close in form to the vortex soliton of Hashimoto [4,5].
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Figure 4: Particle trajectories at absence of acoustic noise or at non-resonant frequency (a) and at presence of
acoustic noise of resonant frequency (b). The arrows show the flow directions in the inner and outer zones.
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Figure 5: Pressure isolines at different phases of the standing acoustic wave of resonant frequency.
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4. Conclusion

A mechanism of the experimentally observed helical disturbances of a plasma filament in swirl-
ing flows is presented. The numerical simulation of the gas flow shows that the acoustic standing
wave forms a new helical structure in the near-wall tube region due to the appearance of a particular
spiral trajectory, which is followed by majority of test particles. In the flow with a gas discharge,
this pathline is supposed to carry the heat flux from the inner near-axis zone of discharge to the out-
er near-wall flow region. Heating of the gas flow causes an increase in the ionization rate and drop
in the channel resistance that leads to the formation of a new discharge channel taking a helical
shape of the gas flow pathlines. The shape of the simulated helical structure in the near-wall region
can be matched with the experimentally observed large-amplitude disturbances of the plasma fila-
ment in the swirling flow with an excited standing acoustic wave.

The obtained vortex filament shape and its dependence on the parameters can be related to the
so-called Hasimoto soliton [4,5]. Besides, the form of vortex line and its evolution during the mo-
tion are in qualitative coincidence with the experimentally observed behavior of vortex lines in a
rotating tank [6] and in the conical vortex formed in the swirling flow in a conical diffuser [7].
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