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Abstract: The specifics of a shock wave propagation down a positive column of a dc discharge in
molecular chemically inert gases has been investigated. It was shown that axial gradients caused by
the imbalance in the charged particle momentum transfer to the gas molecules can be a reason for
the shock velocity dependence on the electric field direction. In the pure nitrogen gas, the calculated
shock velocity difference up to 13.5% is in good agreement with 12% value obtained in the
experiment. A returning gas flow organizing in the discharge as a possible mechanism for an
extended shock structure, and a number of kinetical factors capable of affecting the shock motion
are discussed.

Keywords: discharges; plasma dynamics; shock waves

I. Introduction

The motion characteristics and the structure of a shock wave are inherently determined by the
properties of the medium through which it propagates. For example, a shock encountering a glow
discharge experiences an acceleration, its intensity visibly decreases, and the front undergoes
continuous distortions [1]. In case of significant heating or due to the fast-evolving processes in the
presence of radiation or fast expansion, non-equilibrium states established in the flow past the shock
wave promote an extended shock structure. It forms as a result of a relative delay between different
terms contributing to the energy content of the gas [2]. The presence of substantially strong transverse
thermal gradients in the gas and the wall friction have been in discussion as other causes affecting
the shock’s propagation mode. In experiments, the discharge effects on the shock structure are
observed in the form of deflection signal weakening and widening that, upon the exit from the area
of perturbation can be reversed. The electric double layer set at the shock front due to presence of
electric charges in the afterglow of a dc discharge is among other effects on the shock structure [3].

Another remarkable feature that did not receive much attention yet is the electrode polarity
dependence of the shock velocity when it propagates through a positive column of a dc discharge. In
the experiments [1,4] carried out in pure nitrogen, in certain interval of discharge currents, the
measurements showed an around 12% effect of electric field orientation on the average shock
propagation velocity. In the experiment, the shocks were always produced at the same end of the
discharge tube, while the electrode polarity was switched for each pair of measurements. It was
found that when the electric field was aligned in the direction of the shock propagation, the shock
slowed down, and when the electric field was in the opposite direction — the shock accelerated. In the
report, an additional effect of local minimum of the average shock velocity observed near the cathode,
with no such minimum near the anode, was explained with electrostatic interaction between the
shock and the cathode-adjacent sheath, or due to local temperature gradients. It was also reported
that, for the discharge currents of 10 mA, 30 mA, and 50 mA, the recovery length for the shock front
was noticeably longer when the electric field was in the direction of the shock propagation. In an
attempt to explain the shock velocity difference, it was admitted that the data cannot be totally
attributed to a heavy particle single collision energy transfer process or described by a modified van

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202410.1185.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 15 October 2024 d0i:10.20944/preprints202410.1185.v1

der Waal’s equation of state. An interaction between the shock induced double layer and the electric
field in the positive column [2] was mentioned as one of possible mechanisms.

In further search for feasible mechanisms of the shock acceleration, the ability of discharges to
modify the state of the gas is one to explore. The effects of discharges on the gas have been known at
least back to 1895, and an extensive review of the studies of pioneer researchers of that time was done
in [5]. The main observation of the researchers was that a passage of a discharge through a pure gas
results in a pressure difference between the two electrode regions. In air and nitrogen at low pressures
below 0.1 Torr, the pressure at the cathode was found greater than that at the anode. Using the
techniques accounting for gas absorption at electrodes and walls, the phenomena was explained by
a drift of ions to the cathode where they are neutralized and build up a gas pressure.

At higher pressures of p > 0.1 Torr and current densities j = 1 A/cm?, in Ar, Ne, He, N2, and Hz, the
effect was found much larger in magnitude and in the opposite direction, namely with the pressure
being considerably larger at the anode. In narrow, capillary tubes the effect was much stronger
reaching up to 30% of the total pressure. The effect increased with the total current, and it was
stronger in gases of larger molecular weight. In wider tubes (0,45 to 2 cm?) an empirical formula for
pressure difference was introduced by Ruttenauer [5]. Later experiments [6] with noble gases at
pressures less than 10 Torr in capillary tubes with radius of 1.25 to 6 mm, report pressure differentials
on the level of 10-4to 10-2 Torr at currents less than 1 Amp, and they were in the interval 10-1- 1 Torr at
larger currents of 1 to 6 Amp. At later times, with the invention of chemical lasers, those processes
were found detrimental to laser’s operation and forced the use of bypasses equalizing pressure
between the ends of the tube. Significant pressure difference on the level of Ap =0.25-1.2 torr was also
measured in the 30-cm length and 1.25 mm radius positive column [7]. Experimenting with various
discharge parameters, it was determined that Ap ~ ip,/ \/T_g and 4p ~ i/(poR*), where i, po, To, and
R are the discharge current, gas pressure, temperature, and the tube radius accordingly.

In reference [8], the effect was explained with diffusion of electrons to the tube walls. It was
assumed that the axial motion of gas particles is due to the force on the neutral component from the
charged particles, often termed in the literature as Langmuir and Dryvesteyn force,

F_W) =e(n; —n,)E 1)

For uniformly ionized gas, when the number of charged particles of both signs is equal, the net force
is zero, because the momentum attained by the charged particles in electric field of the discharge and
transferred to the neutral component is equal in both axial directions. The balance between the
number of charged particles in the positive column becomes broken if there is a sink mechanism to
which the charges of one sign are lost. For example, in the presence of electron diffusion to the walls,
the ionized gas looses those charges from its volume. The wall becoming negatively charged will
repeal most of the electrons and attract the ions. Because of slowdown for electrons in the electric
field of walls, the momentum transfer to the walls from the ions will prevail over that from electrons.
This causes the imbalance in the axial momentum transfer, when a portion of the momentum that
could be passed to the neutrals by the ions is lost at the walls, while the contribution from the
electrons is almost unchanged. Broken balance in the momentum transfer results in the net force on
the neutral component pointing in the anode direction [5].

The key role of the wall effects on the neutral flow has been cited in other related fields of
research. Among them, the Dielectric Barrier Discharge (DBD) experiments for flow generation,
where the charges of a certain sign are collected on a dielectric surface separating two electrodes to
which RF electric field is applied. In Electro Hydro Dynamics (EHD) research, the gas flow induced
by a DBD applied in the gas across the dielectric take place in a close proximity to the wall.
Historically, the phenomena of flow generation was first observed in a corona discharge and was
termed at that time as an electric wind. The importance of a surface charge deposited on the dielectric
in DBD discharges for effective force production on the neutral component by electric space charge,
was also pointed out in [9], and the leading role of charging the dielectric surface in DBD for the
neutral gas acceleration was also stressed in [10]. Although the type of discharge (RF) used in this
research is periodic, some of the insights on the role of the processes that occur during one-half period
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of alternating polarity can be still found useful to borrow, provided that there is enough time for the
system to come to a steady state. Similarly to what occurs at the walls in a dc discharge tube, the
particles of one sign in the gas volume attach to the dielectric. Because of the imbalance in the force
exerted on neutral gas due to particles of both signs, the neutrals are pushed along the dielectric
surface. Within one of the two phases (forward and backward strokes during one alternating electric
field period), in case the under-dielectric electrode is negative, a cloud of excessive negative charge,
electrons or negative ions, forms in the gas volume above the dielectric. The net momentum
imbalance, with the lack of momentum transfer from the positive charges, results a non-zero net force
on the neutral component of the gas toward the anode, creating the “electric wind” flow. It is the
distinct feature of the DBD that the force is always pointing in the same direction during both the
forward and backward strokes of the discharge. The plasma based method in aerodynamic flow
control [11] employs the ion drift induced by RF electric fields imparting momentum transfer to near-
surface fluid and thus generating a wall jet. Similar flow producing mechanism was found to be
dominant in the generation of plasma jets used in EHD thrusters in [12], and in DBD actuators for
propulsion and boundary layer control [13]. Magneto Hydro Dynamics (MHD) methods is another
branch used for flow control by removal of electrons from plasma volume to the wall surface,
resulting in body forces exerted by electric or magnetic fields on charged particles that are coupled
to the neutral component of the gas. The main advantage of the techniques is the absence of moving
parts, and thus it is found useful in aerospace applications for controlling near-surface flow within
laminar or turbulent boundary layers, thus affecting the flow separation, the drag, and the shock-
boundary layer interaction.

The achieved upper values of the induced gas flow velocities in the EHD applications employing
the DBD are typically on the order of several meters per second, and the numbers are strongly
dependent on the experimental arrangements. In numerical calculations [14] carried in the air at
atmospheric pressure and ambient temperature, the ONERA in-house Navier-Stokes solver CEDRE
has been used to compute averaged over one period flow created by the DBD discharge. The
discharge-induced neutral gas flow in very close proximity to the dielectric wall (0.2 cm) was
determined up to 6 m/s near the anode tip for the parallel velocity component, and the perpendicular
component a little over the exposed electrode reached about 1.8 m/s. It was found that the effect of
the actuator quickly fades as the distance from the dielectric increases.

Qualitatively the phenomenon of gas pumping was first described by Langmuir in [8], and
Dryvesteyn in [5]. An empirical formula was derived there for the case when the free paths of
electrons and ions are much less than the discharge tube radius. The unbalanced force component
due to the wall effect pushes the neutral component toward the anode mainly in the wall region.
Near the axis, the gas was found moving back, toward the cathode. The net transport of gas as
positive ions was still toward the cathode, because the number of ions n: was slightly greater than
that for electrons rne. The empirical relation for the pressure difference derived for various gases in
wider tubes of 0.45 to 2 cm? cross section, and 40 to 150 cm long, obtained in [5] has the following form

2.41076 iEVML

= M @
where p — gas pressure in Torrs, R - radius of discharge tube in cm, [ - length of the discharge positive
column in cm, i - discharge current in Amps, M — molecular weight in mass units, E - electric field in
Viem.

The mechanisms underlying the gas pumping can be found described in detail in [15]. In
addition to the force (1) on the gas due to wall effects, the volume force Fv pointing in the opposite
direction was introduced there, making the total force

Ap

F =e(n,—n,)E —F, 3)

The volume force component arises due to ambipolar diffusion and consequently it is maximal at the
center and minimal near the wall. The volume force absolute value was found to be much larger than
that for the wall-effect component, and thus stronger gas pumping and induced flow velocities are
expected. An expression for the volume force associated with the charged particle density gradients
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in the radial electric field was derived in [16] by applying the laws of mass and momentum
conservation for electrons, ions, and neutrals. The total force on neutral component (termed there as
the charged-particle momentum transfer diversion force)

F, = —(Mevge — mvg)R2 4)

where vde and vai are the drift velocities and Q is the total rate of charged particle production in
ionization and recombination processes, 2 = ; — 2,. Assuming that disappearance of electrons and
ions from the volume is determined by the ambipolar diffusion to the wall, taking into account that
MeVge K Myvy;, Te >>Ti, that the electron temperature and the drift velocities vde and vai are
independent of the axial and radial coordinates, and expressing the rate as 2 = n,(D,/A?), the axial
component of the force was obtained as follows

=g D,
E, = —myn, A_; Vai, (5)

Here, A is the characteristic diffusion length in the discharge tube corresponding to fundamental
diffusion mode, and D. is ambipolar diffusion coefficient. For the electron density distribution given
by the fundamental diffusion mode, the force (5) has maximum at the center of the tube and
minimum at the wall. In case the discharge is confined by a solid wall at which the electrons and ions
recombine and dissipate their momenta, the force profile has a parabolic shape with the force
direction toward the anode and the zero value at the wall. However, when the wall is at some distance
from the active discharge region, the force vanishes at the location where the total rate of charged
particle production Q is zero. As it goes further toward the wall, the force reverses its sign as
recombination outside of the active region prevails over ionization, so the total rate turns negative.
The force still vanishes at the wall as no charged particle can reach it. Thus the gas flow in the center
of the tube will move toward the anode, and the flow will be in the opposite direction in the region
closer to the wall, as shown in the schematic diagram of Figure 1. Thus the presence of the walls is
not actually required for generation of the volume force, and the direction of this force is opposite to
the Langmuir and Dryvesteyn force.

Since the volume force is in addition to the wall force (1), the total force obtained by integration
over the plasma volume should include both components. With that said, it can be then supposed
that a competing balance between the wall and ambipolar diffusion effects described with the two
force components in the expression (4), could probably explain the mentioned above “contradicting”
pressure differences of opposite signs found by the pioneer experimenters.

A number of other fine physical mechanisms participating in the gas pumping were discussed
in [17]. In this approach, special attention to the momentum transfer to neutral particles during the
ion motion in the radial field set in the discharge was given. The resulting corrections to the volume
force (1) were based on the fact that, in an elastic collision with a neutral particle at rest, it is only on
the average all the momentum an ion gained in the electric filed is transferred to the gas molecule.
Actually, an ion exiting the collision will still possess some axial momentum, then gains more during
its free motion in the field and looses about half its total axial momentum upon next collision with a
gas molecule. Then, assuming no charge-exchange processes, the difference in the momentum
exchange with neutrals for the following two types of ions was considered. The so called “old” ions
begin with some momentum and then gain more before their next collision, while the “new” ones
just born in an ionization begin with zero momentum and later gain some more energy. Then the old
ions arriving at a specific radial location r after a previous collision will possess a larger amount of
momentum compared to that of a “newly” created ion and arriving at the same location. Therefore
the “new” ions give much less momentum to the gas on the average than the “old” ions do. This
reduces the contribution to the force due to new ions by an additional factor. In the high pressure
approximation, when the thermal velocity vy, = /2k T;/m;determines the time between collisions
and the free path length, i.e. when the drift velocity va << vm, the correction factor was found to be
1/6, yielding for the force due to the new ions,

1
Frew = ZeEdn (6)
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while in the low pressure approximation, var >> vs, the correction factor to the force is predictably less
significant,

Frow = 2\3eEdn; 7)

The expression for the axial neutral particle flow velocity induced by the forces and the velocity
radial distribution were determined in [15] from the solution of the mass and momentum
conservation equations applied to a cylindrical positive column of a dc discharge. Particularly,
considering the problem in a cross section of a closed (no by-pass) discharge tube as a function of the
radial coordinate r, and assuming quasi-neutral positive column where the loss of electrons and ions
is governed by ambipolar diffusion toward the walls, the force was obtained as follows

Fv) = -—-mvgd = _k]o(jo,1p) 8)

Here the dimensionless coordinate p = #/R, J, (joy1 p) is the zeroth-order Bessel function distribution

a

of electron density and jj, is its first root, k = m;n,(0,0)vy; yeL and the characteristic diffusion

length is given by A = R/jj,;. The expression for the axial component of the flow velocity
Vi (0) = mine (0,0)v4 22 f,(p), where  f,(p) = 222 (1 — p2) — 1, (o p) ©)

was obtained assuming that: the volume force F. () is independent of the axial coordinate z, i.e. when
the electric properties of the discharge are independent of z, g—: « % the flow is laminar, i.e. when the

Reynolds number Re <2000, or the flow Mach number Mn << 1; and the neutral particle flow velocity
is much less then the axial ion drift velocity, Vy < vg;. The radial profile of flow velocity determined
by the function £ (p) in (9) is shown in the schematic diagram of Figure 1.

fV Cathode
0.05
0 0.5 10/ P
-0.15
Anode

Figure 1. Schematic diagram for the function fo vs. the dimensionless radial coordinate p obtained in
[15.Ve fo p.

The diagram demonstrates that the induced gas flow moves toward the anode at the tube center,
and its motion reverses in the area near the wall.

In summarizing the above research and applying it to the problem of shock propagation, it can
be concluded that the two effects of discharges on the gas, namely the induced neutral particle flow
and the axial gas parameter gradients, are among the factors capable of influencing the shock motion.
It is still a question whether the effects are strong enough to affect the shock velocity on the levels
observed in experiments. The first factor associated with the neutral gas flow in the axial direction
will cause the shock to propagate locally either with the flow or against it, that, in the laboratory
reference frame, will either add to or subtract from the shock velocity. However, taking into account
that the flow velocities, being typically between few cm/s to a few m/s, are incomparably smaller then
that for the shock, they cannot attribute to the shock acceleration to the observed levels. As to the
second factor, in the presence of gas pumping in a discharge the shock will propagate under
nonuniform gas conditions, the condition known of strongly affecting the shock motion. In the next
section, this factor will be tested to see to what degree it is capable of causing the shock acceleration.
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All relations for the shock propagation velocities in the discharge will be derived for the specific
conditions of the experiment [1], further referred to as “the experiment”. Based on the relations,
numerical estimations will be done for the purpose of matching the results with the measurements.
In the experiment, a shock wave was generated in a spark gap, always at one end of a 3 ¢ diameter
pyrex tube (next to the cathode) filled with pure nitrogen gas at up to 30 Torr pressure. The reported
values of the stored pulse energy in a HV capacitor between 7 and 144 ] will be utilized to estimate
the explosion energy used for the shock production, assuming that a significant portion of it was
invested in the shock. A longitudinal plasma column was created in a dc discharge with a pair of
cylindrical electrodes separated by 20 cmm. The measurements of local shock velocity moving through
the discharge was done using the laser beam deflection technique. It was arranged with two laser
stations placed at x1 = 5.3 cm (pos.1) and x2 = 15.8 c¢m (pos.2) mean positions from the cathodic
electrode, with lasers in each pair of the stations being separated by 2.59 ¢cm. Thus a portion of the
positive column was used to determine the average shock velocity at two locations separated by the
base distance Ax = 10.5 cm. Simultaneously, the discharge-current dependent gas temperatures were
spectroscopically measured at both locations. At 20 Torr gas pressure and 50 mA discharge current,
the temperature values were determined as T1 = 542.8 K at pos.1 (cathode side) and T> = 772.3 K at
pos.2 (anode side). The shock velocity was measured twice, second time with the polarity of the
electrodes switched, and then the measurements were compared. It was found that when the shock
was moving from cathode to anode, its final velocity V+was higher compared to the value V- at the
start of motion. At 20 Torr gas pressure and the discharge current I = 50 mA, the shock accelerated
from V-=590 m/s to V.= 630 m/s, thus gaining the velocity difference V: - V. =40 m/s, that is 6.5%
increase. When the polarity of the electrodes was switched, the effect was opposite: the shock’s
starting velocity at pos.l was higher than its final value at pos.2. The corresponding shock
deceleration by approximately V- - V+ = 550-520 = 30 m/s was recorded (decrease by 5.5%), thus
yielding the total two-way velocity difference of 12%.

II. The Effect of Axial Gas Parameter Gradients

In this section, the shock velocity will be determined at two positions inside the positive column
assuming the presence of an axial gas parameter gradient. The calculations will be done treating the
gas as radially uniform, and the effects of radial gradients will be discussed later in the conclusion
section of this article. In trying to reconstruct the state of the gas that could be established in the
experiment, the difference in the gas temperature measurements at the two ends of the testing section
will be used. Since the temperature was higher at the anode side, the local heating typically observed
near the cathode can be ruled out, and therefore the presence of volume distribution will be
supposed. A number of specific parameter gradients will be tested for their ability to affect the shock
motion to the levels close to those observed in experiments.

Using the relation (2) at the conditions of the experiment, the obtained gas pumping value of Ap
= 2.8:107 Torr can be found rather negligible. The reason for this could be that the empirical formula
(2) was deduced for tubes of relatively smaller diameters of up to 2 cm?, while that in the experiment
is well outside of the interval. The tube dimensions of a larger ratio R/L appear advantageous in
equalizing the pressure along the tube thus making the pressure difference insignificant. Then,
considering the value of gas pressure p fixed throughout the positive column and taking different gas
temperatures at the two locations, T1 = 542.8 K at pos.1 and T2= 772.3 K at pos.2, in the ideal gas
approximation the densities at the cathode and anode sides are

pPor =p/RT; and py, = p/RT, (10)

accordingly. At the above temperatures and p = 20 Torr, the density values are po1 = 1.656:10-2 kg/m?
and po2=1.160-10-2 kg/m?. Thus the density is higher at the cathode side, and it continuously decreases
in the direction toward the anode. Therefore, depending on the electrode polarity, the shock
propagates in the gas of either increasing or decreasing density. In the experiment, the measured
shock velocity was found increasing when it moved from cathode to anode, and it was reversed in
the opposite direction. Therefore the shock was observed accelerating when moving through the gas
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of decreasing density and slowing down in the opposite direction at the 5-6% levels in each direction,
the facts to be verified in this section below.

The problem of a shock wave propagating through the media of varying density has been
studied before, particularly for the exponential [2,18] and the power law [19,20] density distributions,
the latter also including the linear type of it. Since the distribution established in the discharge was
not specified in the experiments, all the three types will be considered.

For a shock wave propagating through a gas with density changing exponentially, a solution for
its coordinate as a function of time was obtained in [2,18]. It was supposed that the shock was
produced in an explosion with the energy E at a point located in a medium of changing density.

First, consider a shock moving in the direction of decreasing density

p = poexp(=x/2o) (11)
where zo is the scale of the density gradient and po is the density at the start of the shock’s travel. The
parameter zo can be estimated using the experimental data for the temperatures T at pos.1 and T2 at
pos.2, with the separation between the positions Ax. In case of equal pressures at the two positions,

70 = Ax
0 7 n(ry/m)

(12)

that, for the gap width Ax =10.5 cm yields zo = 28 cm. This value is comparable to Ax and therefore a
noticeable influence of the gradient on the shock propagation should be expected.

The first part of the solution applicable to the initial times immediately after the explosion was
obtained in an analytical form. In accordance to this solution, during the time interval fo < 57, where

t

T= ’Zg po/E, the dimensionless flow velocity U, (;) is a sharply decreasing function of time. For

the times ¢ > to, the solution was obtained in a numerical form that shows continuous acceleration of
the shock. Among the reasons for the transitional behavior of the solution, one can expect the
influence of a rarefaction wave that quickly ceases as the shock moves further from the explosion
point. Given that in the experiment the shock produced under the explosion-like conditions (arc
discharge) develops in an environment closely limited with the tube walls, and that prior to entering
the testing section it propagated significant distance through the gas, the effects at the initial times
after the shock production can be disregarded and the solution for times ¢ > to will be utilized. At this
stage of motion, the solution for the flow velocity

U, (5) = ®)3; 13)

T

obtained in a numerical form, can be approximated with the exponential function
t t
U, (;) = Uyexp (a ;) (14)

where a is the numerical factor determined from the data. Taking into account the scaling factor in
(13), the solution (14) transforms to the following form for the dimensionless flow velocity

u-(t) = u, exp(aup t) (15)

where the parameters uo = 0.0475(z0/7) and aw = In(8)/(157) are determined from the fit to the data
(13). In the strong shock approximation, the velocities for the shock and the flow behind it are related
as

Vow =57y (16)

from which we obtain the velocity function for the shock propagating through the decreasing density
gradient

Vow = erexple(t +ty)] 17)
Here, y is the specific heat ratio,

£ = 0.0474(1 +7) (27") and &, = 0.1386/1 (18)
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The parameter ¢ in relation (17) is introduced to match the function to the specific value of the shock
velocity at the beginning of its motion through the testing gap. For this, the boundary condition {¢ =
0, Vs, = Vilis used together with the eq. (17), from which

yan). ]

B _hr
t; = 7.2150tin [0,047380""1)20

(19)

Here V@)1 is the experimental value of the shock velocity Vi =590 m/s at the beginning of its travel (at
pos. 1).

The shock travel time through the discharge over the base distance Ax can be determined by
integrating eq. (17) over time for x, that gives

x = Zexple(t + )] — xg (20)
2
From the boundary condition {t = 0, x = 0}, the integration constant in (20)
xo = explesty] 1)

Then the travel time f,is determined by applying the boundary condition {t = t,, x = Ax} to eq. (20),
from which

t, = —t; + é In [i—j (Ax + xo)] 2)
Finally, using (17), the shock velocity V,*P(t = t,)at its final location (pos.2),
Vz(up) = g exple,(t, + t3)] (23)

The graph in Figure 2a presents numerical values of the shock travel time tp from (22) vs. the
explosion energy E, between locations at pos.1 and pos.2, i.e. over the testing distance Ax =10.5 cm.
The corresponding shock velocities (23) are shown in the graph in Figure 2b. Since the exact value of
the explosion energy at which the data was obtained in the experiment was not reported, the
calculations were performed in the whole interval of energies, up to E =150 J.

222 615 4
610 3

220
605 !

tp, mks Ve, mis aVv, % 2

- 600
595 .

216 550 0

0 50 100 150 0 50 100 150 0 50 100 150
E J EJ EJ
(a) (b) (c)

Figure 2. (a) Shock travel times tp over the testing distance Ax vs. the explosion energy E. (b) Shock
velocity V2 = V) at the end of testing gap. (c) Relative difference in the shock velocities AV in
percents. The shock moves in the direction of exponentially decreasing density.

The graph in the Figure 2(b) shows that the shock starts its motion down the decreasing density
path with the velocity V) =590 m/s (as measured at pos.1), and accelerates up to V2= 611 m/s when
reaching pos.2 (at the maximum value of the explosion energy, E = 150 ]). The relative increase in the
velocity AV®P) = (Vz(up) - Vl(up)) JV.¥P) acquired by the shock between pos.l and pos2 is
demonstrated in the Figure 2c. It is non-linearly dependent on the shock strength and increases with
its value reaching 3.5% at the maximum energy of 150 J. The corresponding experimental value for
the shock propagating in this direction is 6.5%.

In case the shock propagates in the opposite direction, i.e. down the increasing density path
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p = poexp(x/zy) (24)

the corresponding numerical solution for the flow velocity obtained in [2,18] is the decreasing
function of time. As in the previous case, we approximate it with an exponential function for the flow
velocity U: (t/T)

Ur (%) = Upaexp (_ad %) (25)

where the parameters Uoa = 0.7478 and a4 = 0.4024 are obtained from the fit to the data, and the scale
of the density gradient is determined by the same relation (12). Using the scaling factor for the

velocity
t
0, (5) = w; (26)

and relation (16) between the flow and shock velocities, we obtain for the shock

Vi = 8,exp[—68,(t +t,)] 27)
where

_ (v+1 Zy _aq
o= () () Vo 0, =% (28)

The parameter #; in (27) is similarly introduced to match the function to the particular value of
the velocity V@1 measured at the beginning of the shock’s motion through the testing gap. For this,
the boundary condition {t =0, Vsw = V@1} is used together with the eq. (27), where V@1 is the measured
velocity with which the shock starts its travel through the testing gap at pos.1. From this condition,
we obtain

t, = tin (ﬁ) (29)

nT s, 85

The shock travel time in the discharge can be determined by integrating the eq. (27) over time
for x, from which we obtain

xg = 52 exp[=8,(t +£,)] + (30)
The integration constant in (30) is obtained from the second boundary condition, {t =0, xa= 0},
5
x(® = S—:exp(—éztn) (31)

Then the shock travel time over the base length Ax is determined by applying the third boundary
condition {t =y, xa = Ax} to eq. (30), from which

@ _ _ @ _ 1 =$ (@)
) ==ty —5-ln [5—12 (4x — x; )] (32)
Finally, in accordance to eq. (27), the shock velocity at the end of the testing gap
D (t =t,) = 8,exp[~6, (£ + t{)] (33)

Numerical results for the travel times t, over the propagation distance Ax =10.5 cm are obtained
from (32) and plotted in Figure 3a as a function of the explosion energy E. In the graph, the slowing
down action of the increasing density gradient is demonstrated with longer travel times. The
corresponding shock velocities (33) acquired for the times #p are plotted in the graph of Figure 3b. It
shows that the shock starts its motion at pos.1 with the velocity V@: = 630 m/s, as measured in the
experiment, and decelerates non-linearly to V@, = 550 m/s (at E = 150 J) when reaching the location
at pos.2. The relative change of the velocity AV® = (Vz(d) - Vl(d)) / Vl(d)over the testing gap length Ax
=10.5 cm is shown in Figure 3c. It is is non-linearly dependent on the shock strength and reaches 12%
at the maximum energy E. In the experiment, the corresponding measured value of the velocity
difference is 6.5%. Combing the results into two-way effect, i.e. for the shock velocity difference when
the electrode polarity is switched, the value AV = 3.5% in case of decreasing density is added to
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AV@=12% for the case of increasing density, yielding the total maximum velocity difference AV =
15.5% (at E =150 J). The result is higher than the corresponding experimental value of 12%. However
in comparing the values, it should be noted that the maximum equivalent of the explosion energy
used in the experiment was 120 J. At this energy, the calculated value taken from the graphsis AV =
13.5%. Also, there are always unavoidable losses causing only a portion of the spark energy to be
invested in the shock wave. This requires the calculated velocity change to be taken at some lower
energy E <120 ], thus bringing it further down, closer to the experimental measurements.

220 650

0 50 100 150

0
625

210 600 -5

Va2, m/: o

tp, mks e 4V, %
575

-10
200 550

0 50 100 150

0 50 100 150
E J E J E J

(a) (b) (©)

Figure 3. Shock parameters acquired over the testing distance Ax. (a) Shock’s travel time tp vs. the
explosion energy E. (b) Shock velocity V2= V(dy(tp) at the end of the testing gap. (c) Relative difference
in the shock velocities AV in percents. The shock moves in the direction of exponentially increasing
density.

The problem of a shock propagating through a medium with the density increasing in
accordance to the power law

p(x) = §x* (34)

was considered in 1950s by a number of authors in [19-21]. The solution for the shock velocity v as a
function of travel distance x was obtained in the form of numerical exponents f

v=_{_xF (35)

The solution covers linear distribution at o = 1, quadratic at & = 2, and parabolic at @ = %4. The
numerical parameters § obtained for each distribution case are presented in the first column of the
Table I.

Table I. Summary for solutions obtained for the shock propagation velocity in references [19-21] in
the form of exponents  vs. the exponent a, and the relative shock velocity difference Av/v obtained
in this work.

B a Av/v, %
0.44 2 8.01
0.22 1 8.21
0.11 ) 8.4

Applying the solution to the conditions of the experiment, we use the boundary conditions at
pos.1,{x =x1, p=p1, v =01}, and at pos.2 {x = x2, p = p2, v = v2}, from which

1

£ _ () (36)

X1 P1

and
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_B
v2 _ (p_z) a (37)

V1 P1

Then the velocity decrease Av = v2— v1 associated with the density increase by Ap = p2 - 01 over the
distance Ax = x2 -x1

B
v _ (o Ap\Ta _ 38
Z=(1-2) "1 (38)
Using the values of § from the Table I, we obtain the final forms of the expression (38) for each
distribution type,
sy (o ap\T021779 ~
2=(1-%) 1, a=2 (39)
av_ (o ap\T022335 ~
o (1 pl) 1, a=1 (40)
o _ (. ap)T022820 »
== (1 pl) 1, a=Y% (41)

In the pure nitrogen gas, for particular value of the density change % = 0.2977 corresponding to the
1

temperatures T1 and T2 measured at the two ends of the testing gap, the relative velocity difference

2 — 0.08005, a=2 (42)
V1
Y~ 0.08213, a=1 (43)
V1
2 = 008399, a=1% (44)

V1

The results (42-44), also summarized in Table I, show that the velocity difference is on the level of 8.0-
8.4%, while the corresponding experimental value for this direction of the electric field is 5.5%.

The solution (38) does not give a dependence on the shock intensity and thus does not allow
analyzing the discrepancy on this factor. In discussing how close matching between the calculated
and experimental values can be expected, the following two major facts should be noted. First, in the
experiment the exact value of the stored capacitor energy used here as the explosion energy
equivalent, was not specified for the data on the velocity difference. Therefore, the calculation results
should rather be treated as obtained in the whole interval of energies, and, in comparison with the
data, the estimate of the ultimate precision is in limbo. And second, the shock velocity was measured
as averaged with laser separation of 2.5 cm in each station. This value is comparable to the base
measurement distance Ax =10.5 c¢m, and therefore this should add to the experimental uncertainty.
With this, and accounting that the calculated values were obtained slightly above the experimental
ones and the actual shock strength in the experiment could be only lower than that assumed in the
calculations, the estimated values can still be considered quite closely falling within the measurement
error of the experiment. Therefore, it can be concluded that the density gradients induced by the
discharge are fully capable of accelerating the shock to the levels observed in the experiments.

III. Conclusion and Discussion

The reasons causing a shock wave acceleration or deceleration in a positive column of a dc
discharge depending on orientation of electric field have been explored. Analyzing the existing
research on the gas state established by a discharge passing through it, two main properties
phenomenologically capable of affecting the shock motion were identified. At the conditions of the
experiment, the neutral gas flow induced by the discharge was found too weak to cause the observed
effect. However, the axial gas density gradients caused by the imbalance in the momentum transfer
to the neutral component in the discharge, have been shown fully capable of causing the shock
acceleration. Numerical calculations showed that the linear, exponential, and power law distributions
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can affect the shock motion at the levels observed in experiments. The gradient strengths were
estimated based on the difference in the gas temperature measured at the two ends of the testing
section in the positive column. The assumption of the gradient presence in the gas volume was
justified with the fact that the gas temperature near the anode was measured higher than that by the
cathode, and consequently the effects of local gas heating typically present in the cathode region
could be ruled out.

Applying the existing solutions for a shock wave propagating through a non-uniform medium,
the expressions for the shock velocities up and down the gradients were derived for the specific
settings of the experiment. Numerical calculations done for the base distance of 10.5 crn showed that,
for a two-way motion of the shock relative to the electric field direction, i.e. up and down the
exponentially decreasing density, the combined relative difference in the shock propagation
velocities amounts to up to 13.5% (at the explosion energy of 120 J). If unavoidable losses of the energy
of the spark generating the shock wave are taken into account, this value goes down bringing the
result closer to the corresponding experimental value of 12%. In case of density increasing with the
power law over the same base distance, the shock slows down by 8.0%, 8.2%, and 8.4% for the
exponential index a equal to 2, 1, and %2 accordingly. The result is still not far from the experimental
value of 5.5% and, accounting for the measurement technique uncertainty, it falls closely within the
measurement accuracy. Thus it can be concluded that, with a good accuracy, the gas gradients
induced by a dc discharge are capable of shock acceleration or deceleration observed in the
experiments.

Simultaneously with the shock acceleration, the changes in the shock structure such as small
bending and widening of the shock front are among other characteristics of the discharge effects.
Since positive columns of dc discharges are characterized by uniformity to a high degree, the absence
of strong local non-uniformities make such mechanisms as shock refraction or transverse density
gradients out of consideration. In trying to explain the phenomena, a returning gas flow organizing
in the discharge tube can be evoked. Induction of the flow is the consequence of the charged particle
radial distribution set in the positive column, in which the axial flow velocity component features the
two-way motion profile as in Figure 1. In the laboratory reference frame, when the flow velocity is
added to the shock velocity in one region and subtracted in another, those portions of the shock front
will be pulled in the two opposite directions. This results in the front’s continuously increasing
deformation as the shock progresses through the discharge. The effect is obviously very weak because
the flow velocities uupand uaare very small compared to that of the shock Vsw. However, noting that
the total widening AS of the front

A4S = (wyp + ua)ty, tp =L/ (Ve — up — uq) (45)

is time- (or the propagation length L) dependent, the deformation will accumulate. Similar
considerations apply when the shock is moving toward the cathode, in which case the signs of the
velocities Viw, uw, and uain (45) reverse to opposite, however the resulting shock profile will be
oriented same way as in the first case. In applying this to the experiment [1] however, where the
ring type of electrodes was used, the returning flow distribution is unlikely. In this case, the shock
front distortion should be expected of a parabolic shape, following the flow velocity distribution with
ua= 0. Assuming the flow velocity of 1 m/s and at the conditions of the experiment, the estimated
shock front widening is on the order of 0.2 mm over the testing gap length of 10 c¢m, the value that is
observable in experiments.

Next, interesting and relevant to this research effect to discuss is the electrode-polarity
dependent shock front recovery. The phenomenon takes place at the exit of the discharge, where PAD
signals first widened during the shock’s propagation through the positive column, return to its pre-
entrance delta-function shape. In the experiment, the recovery length was defined as the distance
from the edge of the ring electrode at the end of the glow discharge to the axial location at the end of
the tube where the PAD signals recovered. At discharge currents of 10 mA, 30 mA, and 50 mA, the
recovery length increased accordingly when the electric field was in the direction of the shock
propagation. In explaining the effect, it should be noted that, in the experiment, the shock exiting the
electrode area was entering a neutral, cooler, quiescent gas, thus making the plasma effects irrelevant.
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In this case, thermal gradients in the vicinity of ring electrodes featuring sufficiently strong
temperature steps at both ends of the positive column, could cause the front recovery difference. In
this case, the shock transitioning from a heated plasma of the positive column into a cooler neutral
gas behind the ring electrodes (supposedly of the same temperature at both tube ends), experiences
different temperature steps at the crossings: a larger one at the anode, where the plasma temperature
is higher, and a smaller one behind the cathode, where it is lower. Assuming the recovery proceeds
via the shock refraction mechanism, i.e. largely due to the acoustic impedance change in the two
media, the weaker temperature step in the cathode area results in a slower deformation of the front
back to its originally planar shape. Similarly, when the shock moves in the opposite direction, starting
at the cathode, upon reaching the anode it experiences a stronger temperature jump that supports a
faster front restoration, with a shorter recovery distance [22]. While the presence of sharp interfaces
at the end of a positive column may not be common, the interfaces of widths extended to some degree
are shown to refract the shocks as well [23].

Although the presence of axial gradients in the gas have been shown here as one of feasible
reasons for the shock acceleration, other mechanisms also capable of contributing to the phenomenon
to some degree should be mentioned. One of them is the electrostatic force taking place in the
presence of ionization and externally applied electric fields [24]. The fields of the magnitude on the
order of kV/cm present in the sheath region of the cathode can influence the charge separation layer
across the shock front that can affect the front structure and its recovery. The evidence and the
possibility of mitigating the strength of propagating detonation shocks by application of electric fields
was first suggested by J. . Thomson as early as 1910 [25]. The electrostatic forces acting on the double
layer caused by charge separation across the shock front were also cited as a reason for the
propagating shock structure alteration in the Direct Simulation Monte Carlo (DSMC) analysis [26].

In the next step aiming at possible applications of the findings, a number of key factors that can
be used to manipulate the effect strength may be derived from other research with overlapping
interests. DBD environment is one them, provided that major distinctions are kept in mind: a short,
nano- to microsecond pulse duration may result in nonequilibrium processes and thus timing in
kinetical processes is important; significant electric field component pointing toward the wall that, in
contrast to volume forces in dc discharge, keeps the effect localized in the immediate vicinity of the
wall; in DBD, no matter what the electrode polarity is, the gas will always be pushed to the same
direction along the wall [10].

Contrary to mostly pure gas environments used in the studies on the gas pumping in dc
discharges, the DBD research typically conducted in the air adds useful insights on contribution of
kinetical processes. Oxygen component abundant in the air, unlike the nitrogen, carries highly
electronegative properties thus allowing production of negative ions in the discharge. For air plasma
at atmospheric pressure and ambient temperature, three-body attachment of electrons to oxygen

e+202 = Or +O2 (46)

is a potent electron loss mechanism [27]. The reaction (46) is dependent on the square of O:
concentration and proceeds in two stages via the Bloch-Bradbury mechanism: first vibrationally
excited ions O2"are formed that later stabilized in a collision with another O: molecule. Thus the main
mechanism of negative ions is the 3-body two-stage electron attachment to the electronically excited
molecule, in which O2(a'Ag) molecule is extremely stable to deactivation by collision with other
molecules or walls. The attachment rates in a discharge are dependent on the E/N factor, and as the
electric field increases, the three-body electron attachment to oxygen rate increases, thus decreasing
the electron density number. With further increase in E/N, such processes as electron detachment
from Oz due to collision with N2z or with the exited state O2(a1Ag) molecules result in an increase in
the electron density as the attachment rates decrease. The dominant role of negative ions, Ox in the
actuation has been discussed in [28], and three-body electron attachment was also shown to be one
of more important processes for removal of low-energy electrons from the upper atmosphere [29],
and in the weakly ionized gas in DBD [30]. A number of interesting facts were found in the studies
[27] showing that water vapor may absorb electron energy thus reducing its energy in the flow.
Among the reactions found contributing to the balance are the increase of reaction rate for 3-body
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electron attachment to oxygen with electric field strength, and detachment of electrons from negative
ions that may occur due to acceleration of negative ions by electric field with a subsequent detaching
collision with N2, Oz, or O2(a'Ag) molecules. Accounting that the gas pumping force is dependent of
the charged particle number and the momentum transfer imbalances, introducing the kinetic factor
is one of the keys to control it.

Among other factors that might affect the imbalance in the momentum transfer to the neutral
component and consequently the gas pumping effect, are gas mixes and dosed addition of other
gases. Electrophoresis, the process of separation of heavy and lighter gases, is one of the obvious
ways of establishing desired density gradients if an appropriate mix is chosen. The gas addition effect
was studied in [31], using an asymmetrical DBD flow actuation. In the pure nitrogen gas, the positive
ions born during the first phase (forward stroke) of the RF-cycle drift toward the under-dielectric
electrode, producing strong ion wind suction through momentum exchange collisions with neutrals.
A lesser flow was induced during the reverse voltage swing, however it was significantly enhanced
by adding oxygen to the gas. The increase of total ion numbers, compared to pure nitrogen, was
attributed to lower ionization potential of O2[32]. Similar effects were also recorded in experiments
with EHD thruster using plasma jets at low pressure of 10 Torr in oxygen, argon, and nitrogen [12].
An EHD thruster uses externally applied electric field that generates plasma inducing the flow of
charged particles. It transfers its momentum to neutral component of the plasma, thus generating the
flow stream jetting out of the thruster. The experiments showed that using oxygen as propellants
resulted in much more efficient thrust and thrust-to-power ratio yielding the axial flow velocity about
15 cm/s, while in the two other gases it was limited with 5 cm/s. With relatively short duration of
electric field pulses, the inertia of a heavy negative ion in gaining energy in the electric field was
associated with the delay in gaining the drift velocity Vi until it is equal to that for a positive ion Vi
The evidence for this was also described in [33], where the effect of momentum transfer from ions to
gas molecules was negligibly small due to the short duration of the nanosecond pulses used to
generate plasma driving the helium jet. The effect of the delay can be accumulated thus creating a
disbalance in the force on the neutral gas relative to virtually instant energy gain by electrons.

Considering the presence of reaction (46) in dc discharges, the possibility of affecting the shock
motion is dependent on ability of the negative ions to change the momentum transfer balance. First
considering the force component on the charged particles due to wall effects, F = e(n-tni+ni-)E, the
production of negative ions does not appear influencing the force via the change in the number of
charges of one sign or momentum transfer rate. One of the reasons is that an increase in negative ion
number is compensated by the loss in the number of electrons. As to the momentum transfer, slower
and less frequently colliding negative ions should still transfer the same energy to the neutral
particles as the lost electrons did. If the ion drift velocity is much higher then that for the gas flow,
the gas molecules can be considered at rest and, on the average, all momentum of a charged particle
in a collision is given up to a neutral molecule. In an elastic collision, the momentum transfer Acg from
an electron to a neutral gas molecule

Aeg = VegmeVe (47)
and that from a negative ion to a molecule
Aig =vigm;V; (48)

where vegand vig are the momentum transfer collision frequencies, and Veand Vi are the electron and
the ion drift velocities accordingly. Using the definition of drift velocity V; = uE and for the particle
mobility u = e/vm, we obtain

Aea/dig =1 (49)

It follows then that, assuming that in the three-body collision (46) between two oxygen molecules
and an energetic electron the newly created negative ions have time to gain energy in the electric
field, the contributions from the two components to the wall force component are equal and occur in
the same axial direction. The disbalance due to non-equilibrium state that may be present in short
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pulse discharge plasmas will cease in the static settings of a dc discharge positive column and thus
will not contribute.

The above situation changes in the presence of charge transfer reactions, when fast ions hitting
neutral molecules exchange the charge but do not share kinetic energy, the reaction that results in a
slow ion and a fast neutral molecule. A fast ion becomes a fast neutral, and a slow neutral molecule
becomes a slow ion. Considering this reaction in an elastic collision, assume that on the average a
moving ion transfers all its energy to a gas molecule. In terms of momentum transfer, the reaction is
equivalent to elastic momentum transfer in a regular ion-molecule collision, and thus does not
introduce a change in the net force on the gas. However, if to take into account the fact that actually,
at random, an ion can still retain about a half of its momentum after an elastic collision with a neutral
molecule, the charge transfer reaction allows twice a net momentum transfer to the gas compared to
that in a regular elastic ion-molecule collision [17]. The reverse process occurs when a fast neutral
molecule picks up a charge from a slow ion and the pair become a fast ion and slow molecule.
Consequently, the momentum is transferred back from the neutral component to the ion resulting in
the momentum loss for this component. In a steady state attainable in dc discharges, and accounting
for the rates of the reactions in the presence of negative ions in the mix of gases, a desirable change
in the net force on the neutral component and consequently the induced gradients and the gas flow
can be expected.

The results obtained in this work can be found useful in the fields of research studying shock
waves interacting with discharge environments, particularly for manipulating of hypersonic flows.
Among them are the aerospace applications for flap-less flight control, wave drag and sonic boom
attenuation, or anywhere else where shock waves encounter areas of active discharges.
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