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Abstract

®

CrossMark

The control of plasma instability of weakly ionized plasma in a reactive flow is of great
importance in plasma-assisted combustion, catalysis, fuel reforming and material synthesis.
In this work, we propose a new concept of plasma chemical instability and analyze the
mechanisms and impact of plasma chemical instability on the transition from a uniform
discharge to a contracted state of a self-sustained glow discharge in a reactive H)—O,—N,
mixture. A one-dimensional numerical model for plasma chemical instability was developed
which accounted for convective heat loss, Joule heating of plasma, and major non-equilibrium
plasma-assisted combustion kinetic pathways including electron-impact ionization, vibrational
energy transfer, electron attachment, combustion reactions, and heat release. The results
showed that plasma chemical instability significantly modified the onset plasma current of
plasma thermal instability. Specifically, the critical condition of the instability transition was
strongly influenced by electron-impact reactant ionization, electron attachment to oxygen,
endothermic/exothermic chemical reactions, and the formation of reaction products.

Keywords: plasma thermal instability, plasma chemical instability, weakly ionized plasma,

reactive flow, hydrogen combustion
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1. Introduction

Weakly ionized plasma in a reactive flow has been widely
used in plasma-assisted catalysis [1, 2], fuel reforming [3],
chemical vapor deposition [4], and plasma-assisted combus-
tion [5-7]. The homogeneous state of weakly ionized plasma,
where plasma is distributed uniformly within a large volume,
is one common plasma phenomenon seen in convective flow
conditions. Another common plasma phenomenon is the con-
tracted or constriction state, where inhomogeneous filaments
are formed with much higher degree of ionization and local
gas temperature. The transition from homogeneous plasma
discharge to filamentary hot channels at sufficiently high cur-
rents is called plasma thermal-ionization instability or plasma
thermal instability [8, 9].

1361-6463/19/484001+9$33.00

Plasma thermal instability has been studied extensively in
noble gases and air. The occurrence of plasma thermal insta-
bility is explained by the thermal-ionization mechanism [9].
For example, at isobaric conditions, a temperature perturba-
tion from the local Joule heating induces thermal expansion,
decreases the gas number density (/V), and further increases
the reduced electric field (E/N). Consequently, the ionization
process controlled by the reduced electric field is amplified
exponentially to trigger higher production rate of electrons
and more intense heating. The positive feedback of the
thermal-ionization mechanism is expressed as

Tt—>N|—>E/NT=T. 1= v(T.) 1= n. t—jJEt—>TT.
(H

Previous experimental studies [10] about plasma thermal
instability were mostly conducted in a tube with diffusive or

© 2019 IOP Publishing Ltd  Printed in the UK
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convective cooling. It was observed that the discharge con-
tracted non-uniformly: the contracted channel was formed in
the vicinity of one electrode [11], then gradually grew toward
the other electrode. Shneider et al developed two-dimensional
modeling of the plasma thermal instability in nitrogen in a
planar geometry [12] and in air in an axisymmetric cylindrical
geometry [13]. The results showed that transition of the uni-
form plasma to the contracted state had a hysteresis cycle,
which allowed the coexistence of both homogeneous and con-
tracted states. By applying a sufficient perturbation, the volu-
metric plasma could abruptly transform into an unstable or
contracted state. However, previous studies of plasma thermal
instability were mostly limited to noble gases and air. How
plasma instability would occur in reactive mixtures is not well
understood.

In the reactive flow of weakly ionized plasma, with plasma-
generated energetic electrons and reaction-generated active
radicals and excited species, the plasma-enhanced decompo-
sition and oxidation reactions will have strong kinetic effects
on plasma instability. For instance, chemical reactions can
release or absorb heat, which modify the system temper-
ature, and further influence gas number density, reduced
electric field, electron energy and electron number density.
Chemical reactions can also change the mixture composition.
As the ionization, attachment and other plasma kinetics vary
greatly among different species, varying mixture composition
brings more complexity. Therefore, in addition to the classical
plasma thermal instability, the plasma-assisted chemical path-
ways may trigger a new plasma chemical instability (PCI) via
a chemical kinetic mechanism. Unfortunately, to the authors’
knowledge, few studies have been attempted to understand the
plasma instability affected by chemical kinetics.

The objective of this work is to present a new concept of
plasma chemical instability caused by chemical reactions.
At first, a set of one-dimensional simplified self-consistent
governing equations for the reactive flow of weakly ionized
plasma is formulated. Then, numerical simulations are con-
ducted to understand the couplings between plasma chemical
instability and thermal instability in H)—O,—N, mixtures in the
DC discharge. Several possible coupling mechanisms between
plasma kinetics and combustion chemical kinetics for plasma
thermal-chemical instability will be identified. Finally, the
effect of critical parameters for the onset of plasma chem-
ical instability will be discussed. The present analysis will
advance the understanding of the kinetic and thermal interac-
tion between plasma and chemical reactions and lay founda-
tions for the future development of plasma-assisted aerospace
propulsion systems as well as plasma-assisted processing and
synthesis of chemicals and materials.

2. One-dimensional model for spatial-temporal
dynamics of plasma chemical instability

Plasma instability is intrinsically three-dimensional due to
the presence of the plasma-induced flow motion. As this
work focuses on exploring the plasma chemical instability
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Figure 1. Schematic illustration of the computational domain for
the plasma thermal-chemical instability in H)—O,—N, mixtures. The
geometry is axisymmetric cylindrical. Some important combustion
and plasma species are listed. Combustion chemical kinetics will
influence the original thermal instability thermally and kinetically.

via the couplings between plasma and combustion chem-
ical kinetics, we only analyze the instability in the initially
homogeneous quasi-neutral axisymmetric positive column
by using a simplified radial-dependent one-dimensional
model [13] shown in figure 1. In the current analysis, the
plasma sheath layers serve as the perturbation sources for the
entire plasma volume [11].

The governing equations relate the densities of electrons,
n., positive ions, n,, and negative ions, n_, electric field, E,
translational gas temperature, 7, and the vibrational temper-
ature, T,. The continuity equations for n,, n_, and n_. are,

on, 10 on,

o " rar |[WenErt D) =0 @
on_ 10
o ror [r(u-n_E)] =0 (3)
8n+ 1 3 o o
o T ror [r(pynyE)] =04 = Q.+ 0. 4)
Here Q., O and Q. are source terms as Q, = (Vipn—
Va)ne + vgn_ — ﬂeJrnenJr - ne/TvQ7 = Vaglle — Vg — Biin7n+

—n_/T. Vion, Vg, Vg are, respectively, ionization, attachment
and detachment frequencies. 3.+ and [3; are the reaction coef-
ficients for the electron—ion and ion—ion recombination. g,
p— and (4 are the mobilities for electrons and ions. D, is the
electron diffusion coefficient, and 7 is the characteristic time
for effective removal of charged particles and heat from the
discharge due to the gas flow. The characteristic time 7 is fre-
quently introduced to simplify a multi-dimensional problem
and make calculations more tractable (see [9]). Since we focus
mainly on the instability mechanism, we follow this simplified
representation for the transverse gas flow. As quasi-neutrality
of the plasma is assumed, i.e. n, =n_ + n,, it follows from
equations 2—4 that

on,
or

10
ror r(pene + p-n— + pyny )E, + rD, =0 (5
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Figure 2. The schematic of the coupled plasma thermal-chemical mechanism in a plasma-assisted reactive flow. Black arrows (solid) refer
to the original feedback in the plasma thermal instability. Red arrows (dotted) are some new couplings from the plasma chemical instability.
Q is the heat absorption or heat release from chemical reactions. Ty refers to the timescale of the V-T relaxation process. v; and v, refer to
plasma kinetic processes including ionization or attachment of combustion species.

from which the radial component of electric field, E,, can be
determined. The axial component, E., which is the bulk elec-
tric field between the two electrodes, can be calculated as

E, = I// 2nrodr. (6)
0

Here the discharge current, I, is determined by the external
electric circuit. o is the conductivity of the quasi-neutral
plasma as 0 = e(p.ne + p—n_ + ppng).

As the pressure is equalized quickly, we can assume that
the gas is heated under isobaric conditions. By applying the
ideal-gas law, the gas density, p, and temperature, 7, are
related as p oc T~!. The governing equation for the gas trans-
lational temperature is

or 10 A@T
Pr o v or [“ ar)]
where  Q; = nyjE + (E, — EO)/7vr + hwll — pc, (T — To)/
T+ Q. ¢y is the specific heat of the mixture at the constant
pressure; A is the heat conductivity; 7, is the fraction of Joule
heating (jE) responsible for the direct heating of the gas. Q.

accounts for the heat release or absorption during the plasma-
assisted fuel pyrolysis and oxidation process, calculated as

=0 (N

O = ZJN:I Hjw;. H; is enthalpy of individual species while w;
is the rate of change of concentrations resulting from chemical
reactions.

Another two terms from vibrational to translational (V-T)
energy relaxation are also included, since a significant frac-
tion of the deposited power in molecular discharges is pumped
to the vibrational degrees of freedom and then released to
translational degrees of freedom. EY(Ty) is the equilibrium
value of E; Tyr is the V-T relaxation time; 7, is the fraction
of Joule heat responsible for the translational excitation. fuwII
accounts for the flow of vibrational quanta in the vibrational
energy domain due to V-V energy relaxation. The calculation
follows previous studies [12, 13]. The balance equation for
vibrational energy, E_, is

OE, 10
T 0] = e ®

where Q, = —hwIl — (E, — E9) /v + nijE — (p/po) (Eo — Ey
(Ty))/ 7. Dis the diffusion coefficient, 1, is the fraction of Joule
heat responsible for the vibrational excitation. Combustion
species are also updated by calling the CHEKMKIN II
package [14]. Equations (2)—(8) form the simplified gov-
erning equations for the plasma instability.

We use the symmetrical boundary conditions for the above
system, i.e. On,/Or = 0n_/0r = 0T /0r = OE,/Or =0 at
the center (r = 0) and the edge of the domain (r = 7,,4,). The
set of equations is discretized by the finite volume method on
the uniform grid (#,,,c = 2cm). The grid size is 0.01 cm as it
provides sufficient resolution of the instability phenomenon
while reducing the computational time. To obtain the final
time-invariant solutions, i.e. /9t = 0 for major variables
(densities of charge particles, the electric field, and transla-
tional gas temperature), the simulated time (7,,4) exceeds 0.5
s for all the cases. Time steps range from 10~7 s to 107 s,
which ensure the convergence and save on the computational
resource.

3. Results and discussions

The dynamics of the above reactive plasma system is highly
dependent on its source terms, which contain both plasma
kinetics and chemical kinetics. Those reaction kinetics deter-
mined by the mixture composition, electron and gas temper-
atures create the couplings between plasma thermal instability
and plasma chemical instability (shown in figure 2)

In the current work, we choose H>,—O,—N, as the reactive
mixture for two reasons. First, H, is a major fuel source and
a key component for hydrocarbon heat release, which will
potentially have impact on the classical plasma thermal insta-
bility. Second, the oxidation mechanism of H, is relatively
small and well studied previously [15, 16], which allows for
isolating specific species that play a major role in this pro-
cess. In summary, understanding the plasma thermal-chemical
instability in the H,—O,—N, system is a cornerstone for more
complex fuel oxidation cases.

Two sets of conditions are mostly discussed, one at room
temperature (7p =293 K) and the other at a high ambient
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Table 1. Reduced H,—N,—O, combustion kinetics [19]. Nine species and 20 reactions are considered. M is a third-body (see supplementary
material for more details about plasma and combustion kinetics (stacks.iop.org/JPhysD/52/484001/mmedia)).

1 H+0, — 0+ OH 2 O+H, — H+OH

3 H, + OH — H,O+H 4 OH + OH — O + H,O

5 H,+M —H+H+M 6 0O+0+M —0,+M

7 H,0+M —H+OH+M 8 O+H+M—OH+M

9 H,O0 + H,0 — H + OH + H,;0 10 H+0,+M — HO, +M

11 HO, +H — H, + O, 12 HO, + H — OH + OH

13 HO; + 0 — O, + OH 14 HO,; + OH — H,0 + O,

15 HO, + HO, — H,0, + O, 16 H,0,+M — OH+ OH + M

17 H,0, + H — H,0 + OH 18 H,0, + H — HO, + H,

19 H,0, + O — OH + HO, 20 H,0; + OH — HO; + H,0
temperature (7, = 800 K). For the room temperature case, the r N2:I 0, - 80: 20 o T T
pressure is set as 50 Torr and the convective time scale 7 is 1400 —=— Contracted State —®— Homogeneous State
1073 s. For the high temperature case, the pressure is raised to No: Hy = 80: 20
250 Torr and the convective time scale 7 = 1072 s. We adjust £ 1200 | —.A- Contracted State  —A— Homogeneous State |
those two values to keep the critical current /., in a reasonable >
range (10-100 mA). For all calculations, number densities of 11000 | m-m-m-my -
electrons, negative ions and positive ions are set to 101 cm™3, 2 : e At Ameee A A—— A
10" cm—3, and 2 x 10'% ¢cm—3. The initial molar fraction of E 800 ; v : 4
N3 is 0.8 and the equivalence ratio of Hy~O>-N, mixtures is g \ AA\ I I
below unity. The selected values of pressures, temperatures S 600 |- | % 1 ! 4
and number densities of charged and neutral species result 3 N !
in the calculated reduced electric field between 10-80 Td 400 | x\-\lkk'A : -
and the calculated electron temperature between 0.8-1.5€V, A, A
which can further simplify the kinetics involved in modeling 200
the thermal-chemical instability. 0 30 60 90 120 150

For plasma kinetics, we consider direct electron-impact
ionization, electron attachment and detachment, electron—ion
and ion—ion recombination, and V-V and V-T energy relaxa-
tion related with major species as H,, N», O, and H,O. Other
charged particles including OH~ and H*, produced either from
intermediate radicals or dissociative plasma reactions, were
ignored due to low concentrations of intermediate radicals and
low energy input into the discharge during the whole process
of plasma thermal-chemical instability. Electron attachment,
detachment and the presence of negative ions are highly associ-
ated with electronegative gases in the mixture. Since in all the
cases presented in this work the value of electron temperature
does not exceed 0.8—1.5eV for the entire range of E/N, we con-
sider only the electron attachment in the three-body collisions
ase + Oy + M — O, +M (M is a third-body). Although the
vibrational-translational (V-T) energy relaxation time scales are
different among species, in the H)~O,—N, mixture, we assume
most vibrational energy is stored in the nitrogen molecules in
view of rapid V-T relaxation of oxygen molecules [13]. The set
of parameters are obtained via various literature [12, 13, 17, 18].

For combustion kinetics, we use the sub-mechanism for
H,-0,-N; kinetics adapted from the well-validated HP Mech
at Princeton [16, 19, 20], which includes 20 elementary reac-
tions and nine species shown in table 1.

3.1. Effect of fuel pyrolysis

We first investigated the effect of plasma-assisted fuel pyrol-
ysis on the onset of plasma instability by comparing the

Current I, mA

Figure 3. Comparison of current—voltage characteristics with
different compositions at Ty = 293 K. (Squares correspond to
N»—O; and triangles correspond to N,—H; mixtures.)

current—voltage characteristics £ = E(I) in N,-O, and N,-H,
mixtures shown in figure 3. The hysteresis curve was calcu-
lated using the continuation method. For each branch of the
curve, an initial point, either clearly homogeneous or clearly
contracted, was chosen and the dynamics were simulated to
obtain a stationary solution. Then the current was slightly
increased or decreased, and the previous stationary solution
was used as the initial condition to restart the simulation for
a new current.

The top (blue) traces in figure 3 correspond to the uniform
state of the volumetric plasma discharge while the bottom
(red) symbols correspond to the contracted state after plasma
instability. The vertical dashed lines represent the onset or
transition limits between volumetric and contracted plasma
states. Clearly, one can see a large shift of the critical current
of the onset of plasma instability from the N,—O, to N,—H,
system. The N,—H, mixture system is more stable than the
N,—O; system. The higher ionization potential (H,: 15.40¢eV,
0;: 12.06eV [21]) of H, and the endothermic H, decomposi-
tion reaction H, + M — H + H + M make it more difficult
for the N,-H; system to produce electrons and suppress the
growth of the reduced electric field. The final distributions of
the reduced electric field of the contracted states for two mix-
tures are also shown in figure 4. The presence of H, lowers
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Figure 4. Comparison of the final distributions of reduced electric
field (Td) of the contracted states for different compositions at
To=293 K. I =35 mA.
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Figure 5. Time histories of key species and temperature at the
center (r = 0) at 0.02 s—-0.03 s at Tp = 293 K.

the peak reduced electric field, which controls the plasma
kinetics. As a result, the plasma combustion chemistry inhibits
the plasma instability. Therefore, the increased fuel ionization
potential and the endothermic fuel decomposition process is
one mechanism of the plasma chemical instability.

3.2. Effect of exothermic fuel oxidation

Now we consider a H)-N»—O; system to examine the effect
of fuel oxidation kinetics on the plasma instability at two dif-
ferent ambient temperatures as 7y = 293 K and 800 K.

3.2.1. Case 1:Tp =293 K. First, we consider the process of
combustion initiation in the hot contracted channel devel-
oped by plasma thermal instability. Time histories of temper-
ature and species at the center of the computational domain
(r = 0) are presented at figure 5. The initial mixture compo-
sition ratio was H,—O,—N, = 80:10:10 at room temperature

T.K n,, cm™ j, mA/cm?

1200
3x10"" 4300

900
2x10"

600
1x10"

300

0.0 0.5 1.0 15 2.0

Radius, cm
—o— Temperature, K

—o— Elecrtron number density, cm 3 —a—Current density, mA/cm 2

Figure 6. Final distributions of temperature, electron number
density and current density of the contracted states at 7p = 293 K.

1600 — T T T T T T T
N2 02=80 20
1400 | —m— Contracted State —B— Homogeneous State
e No: Op: Hy=80:6.7:13.3
1200 | b
§ —-A—- Contracted State —-4—- Homogeneous State
|_|_|N 1000 | —R n n —n 4
ke} 1 1
2 . :
o L ! I -
5 800 A — A A—-—. -A-A-4 1
@ r \ I !
[} 1
% 600 Iy : | b
om A .\ 1 !
~, |
400 F A\.\'\.\ .'I\.\* 4
TAA._ . _ . —n
-————a
200 C 1 1 1 1 ]
5 15 25 35
Current I, mA

Figure 7. Comparison of current—voltage characteristics with and
without fuel oxidation. Squares correspond to non-reacting N,—O,
mixtures, triangles correspond to N,—O,—H, mixtures. Initial
composition is No—Oy—H; = 80:6.7:13.3. The N,—O,—H, flows
continuously into the system with speed of 1.17 x10~7 mol s™".
To =293 K.

(T = 293 K). The current is 30 mA. From figure 5, the ther-
mal instability began with a sharp energy release and a rapid
temperature increase from Joule heating and V-T energy
relaxation within ~1073 s. The heat generated from plasma
thermal instability raised the mixture temperature and decom-
posed fuel molecules and subsequently initiated combus-
tion chemical kinetics. Combustion intermediates including
OH and H were formed and the plasma-assisted ignition
process occurred promptly within ~1072 s. The concentra-
tions of intermediate species were decreased and the prod-
uct such as H,O gradually reached its chemical-equilibrium
state. Several key reactions were involved in the plasma-
assisted fuel oxidation process as H+ O, — O + OH and
H+ OH + M — H,0 + M. After chemical equilibrium was
reached, there is no further effect from chemical kinetics on
the plasma instability as the mixture was no longer reactive.
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Table 2. Peak vibrational and translational temperature in 1D T.K n, cm?® . mA/em?
domain with or without fuel oxidation. Ambient temperature 1200 T T T b
T =293 K. Jaxt0m 16
I=10 I=20 I=29 1100
Mixture compositions T, K mA mA mA Jax100 4 12
N,—O, = 80:20 T3 max 4365 5209 5688 1000
Tnax 623 850 997 +2x10" 48
Nz—Oz—Hz =80:6.7:13.3 Tv,max 4428 5275 5765
Tax 632 864 1018 900 H1x10% 44
N2—02—H2 = 8067 133 Tv,max 4428 5256 5741
(Set Q. = 0) Tonax 632 854 1006
800 g 0 40
=30 mA ' ' 075 170 175 2.0

10°

1400

102
1200

-
o
IS

3
>
Mole Fraction
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8
800 10

10710

107 102 Time, s 10"
—4&—Hyr=0 —e—Electron r=0 —a— OH r=0

—&—Hy r=r,,, —©Electronr=r ., o OH =

——H,0r=0, r=r
N,

max

max r:0‘ r=r max

Figure 8. Time histories of key species and temperature at both
ends (r =0 and r = rp.). To = 800 K.

The final distributions of electron number density, current
density and temperature of the contracted states are shown in
figure 6. Note that away from the center (r = 0), the mixture
is too cold and no combustion reactions are activated.

The comparison of current—voltage characteristics between
the non-reactive (N,—O, = 80:20) and reactive mixture (Np—
0,-H; = 80:6.7:13.3) in the same system is shown in figure 7.
The lower branch represents the hot contracted channel. Since
the combustion reactions release heat and change the mixture
compositions, the system with plasma-assisted fuel oxida-
tion becomes more unstable and the electron number density
increases. Following equation (6), the bulk electric field E,
will decrease for the given current in the fuel oxidation case.
The upper branch is the volumetric diffuse plasma discharge
in which the plasma is maintained at room temperature homo-
geneously. Even though the chemical reaction at this low
temperature is negligible, plasma chemical properties and the
bulk electric field E, still change due to different composi-
tions. As a consequence, the critical current for the transition
from the upper branch, i.e. homogeneous plasma state, to the
lower branch, i.e. contracted plasma state is decreased and
the resulting hysteresis region becomes more narrowed, indi-
cating that chemical reactions in the hot contracted channel
developed by plasma thermal instability makes the system
more unstable.

Radius, cm
—o— Temperature, K

—o— Elecrtron number density, cm 3

—a— Current density, mA/cm 2

Figure 9. Final distributions of temperature, electron number
density and current density. 7 = 800 K.

1200 ; . : . : :
Ny: O, =80: 20
1100 L —o— Contracted State —®— Homogeneous State
Noy: Oy: Ho = 80: 19: 1
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>
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® ! |
© |
4
3 700 | ! |
o |
|
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D‘D
500 . 1 ! L . 1 . 1 . ]
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Figure 10. Comparison of current—voltage characteristics with

and without fuel oxidation. Squares correspond to non-reacting
N»—O, mixtures, triangles correspond to N>—O,—H, mixtures (initial
composition is No—Oy—H;, = 80:19:1). Solid points correspond to
the homogeneous state. Dotted points correspond to the contracted
state. 7o = 800 K.

Clearly combustion heat release can influence the stability
boundary by increasing gas temperature and further increasing
the reduced electric field. Moreover, the plasma-assisted fuel
oxidation process changes the compositions and therefore the
mixture plasma properties. To further evaluate the individual
contribution from combustion heat release and the change
of mixture properties by combustion, we run one extra case,
where we artificially remove the combustion heat release by
setting O, = 0. Even though the energy is not conserved for
this case, the influence of combustion heat release on the final
state can be observed and analyzed (shown in table 2).

From table 2, at a high current, i.e. a high temperature
(over 1000 K), without considering the combustion heat
release, there is a temperature drop from 1018 K to 1006 K.
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Time, s
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Figure 11. Comparison of time histories of (a) electron number density, (b) reduced electric field and (¢) OH mole fractions at both
ends (r = 0 and r = r,,,,) with and without fuel oxidation. Blue solid lines correspond to reacting mixtures. Red dash lines correspond to
reacting mixtures without considering combustion heat release. The initial composition for both cases is N,—O,—H, = 80:19:1. Dotted lines

correspond to the non-reacting mixture. 7y = 800 K. / = 13 mA.

The peak vibrational temperature also decreases from 5765 K
to 5741 K, indicating a lower degree of plasma non-equilib-
rium. However, at a low current, i.e. low temperature (lower
than 800 K), the effect of combustion heat release on plasma
properties from the H,—O, mixture is negligible. Nevertheless,
the peak temperature in the oxidation case is still higher than
the non-oxidation N,—O, mixture case, indicating that the
change of mixture compositions due to fuel oxidation is the
dominant mechanism for plasma chemical instability at low
temperature.

3.2.2. Case 2:Tp =800 K. Preheating is a common approach
to increase the system reactivity for various applications in
combustion, fuel reforming and catalysis. To further demon-
strate the chemical effect on the plasma instability, we preheat
the mixture to 800 K, at which temperature the timescale of
the combustion reactions may be comparable or shorter than
the timescale for the formation of hot contracted channel
by plasma thermal instability. In this case, it is combustion
chemical kinetics that play the dominant role in triggering the
instability.

The system dynamics are presented in figure 8. The ini-
tial composition is Np—O,—H, = 80:10:10. The current is
I =30 mA. The Joule heating first increased the temperature
uniformly from 800 K. At ~ 1072 s chemical reactions were
triggered homogeneously with a sharp temperature rise and
composition change. At ~ 107! s, the weakly ionized plasma

Table 3. Reaction rate coefficients of electron attachment to oxygen
molecules at room temperature and different third body partners.

Three-body attachment to oxygen Rate coefficient [22]

e+0;+H, — O; +H,
C+OZ+N2—>02_ + N,
e+0;+0, — 0O; +0,
e+ 0, + H,O — O, + H,0

2.0x 1073 cm®s™!
1.6 x 1073 cm®s~!
2.5x 10730 cm® 57!
14 x 1072 cm®s7!

began to transit from a homogeneous state to a contracted state.
N, was the major non-reactive species. The mole fraction of
N varied from 0.8 to around 0.85 during the whole process,
while the mole fractions of highly-reactive electrons and com-
bustion radicals increased sharply for orders of magnitude.
The above discussion clearly shows the multi-scale nature of
the plasma thermal-chemical instability. Nonuniform distribu-
tions of electron number density, current density and electric
field are observed in the radial direction when time exceeds
0.3 s (shown in figure 9). However, unlike the case where
combustion is triggered only after the contracted channel is
developed by plasma thermal instability, in the present case,
chemical reactions happen in the whole domain and the devel-
opment of plasma instability is dominated by the thermal-
chemical effects from combustion kinetics.

The critical current for plasma instability is also
decreased compared with the air case at the ambient temper-
ature of 800 K. As shown in figure 10, the presence of
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Figure 12. Comparison of the final distribution of charge particles of the constracted states for k, ~ 1073 ¢cm® s~ and k, ~ 10732 cm® s~ 1.

I=30mA. Ty =293 K.

only one percent hydrogen shifts the critical current from
I =14 mA to I = 11 mA. The classical hysteresis curve for
non-reacting case is degenerated into a single-valued curve
in the reacting case, indicating that the contracted state can
sustain at high electric field. To explain this, we compare
the evolution of electron number density, reduced elec-
tric field, and OH mole fractions at both ends in reacting
and non-reacting cases at the same condition (shown in
figure 11). From figure 11, we find that combustion heat
release triggers the plasma chemical instability at high
ambient temperature. Firstly, the combustion heat release
accelerates the chemical reaction rates. As a result, com-
bustible mixtures react more promptly into products (see
figure 11(c)) and the plasma chemical properties change
rapidly during the reaction process. Secondly, combus-
tion heat raises the temperature, thus increases the reduced
electric field (E/N) (see figure 11(b)) and therefore increase
the ionization rates. More importantly, the temperature rise
increases the specific volume and directly reduces electron
and species number density (see figure 11(a)). Therefore, the
plasma conductivity o decreases and the bulk electric field
E. can be maintained at a high level (see equation (6)) in
the case of plasma chemical instability. It should be pointed
out that if we artificially set the combustion heat release
term Q. = 0 in the modeling, then combustion products are
formed more slowly and the reduced electric field and elec-
tron number density gradually reach the similar levels as
those of the homogeneous air plasma case. In that case, the
homogeneous state can be maintained and no plasma con-
traction is observed for the initial ~0.3 s.

To summarize, the exothermic fuel oxidation not only
affects the final contracted state of plasma instability, but also
modifies the initiation of plasma instability. In addition to
Joule heating, combustion heat release and combustion chem-
ical kinetics play an important role in the plasma chemical
instability.

3.8. Effect of electron attachment

Electron attachment is another key kinetic process in plasma
chemical instability. Combustion mixtures typically have
higher concentrations of water and oxygen. As shown in
table 3, the rate coefficients of attachment reactions for O, and
H,0 is more than one order of magnitude higher than those
for N,. As a consequence, reactive mixtures may have a higher
attachment rate by orders of magnitude compared with air or
other diluents.

To explore the influence of high attachment rate on the
plasma instability, we artificially perturb the overall attach-
ment rate in the N,—O, mixture. The different distributions
of charged particles at the contracted state are shown in
figure 12. With a higher attachment rate, more electrons were
attached to molecules, yielding a higher population of nega-
tive ions. When the plasma chemical instability was triggered,
the increase of negative ions and decrease of electron number
density reduced the overall charge particle mobility and thus
stabilized the system. Therefore, high electron attachment
rate to oxygen and water will suppress the electron production
and plasma chemical instability. With the increase of oxygen
concentration in a reactive mixture, there is a competition
between plasma-assisted heat release and election attachment
to oxygen in PCI. Higher oxygen concentrations lead to strong
electron attachment, which stabilizes PCI. Meanwhile, higher
oxygen content also enhances the oxidation process, which
would promote radical production and heat release processes,
resulting in destabilization of the system.

4. Conclusion

A new concept of PCI caused by coupled plasma-combus-
tion chemistry is presented and analyzed in a reactive flow
of weakly ionized plasma. The results show that the plasma
chemical instability affects the critical plasma current for the
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transition between the homogeneous state and the contracted
state originally triggered by the plasma thermal instability.
The plasma chemical instability can couple with the plasma
thermal instability via the endothermic and exothermic
plasma-assisted combustion reactions by changing the local
temperature. Moreover, the electron attachment to oxygen
and combustion products as well as the change of plasma
properties by chemical reactions also contribute to the plasma
chemical instability without plasma-assisted reaction heat
release. Specifically, the results reveal that the endothermic
electron-impact fuel dissociation and excitation reactions
and electron attachment processes will increase the plasma
stability. Moreover, plasma-assisted combustion heat release
will promote the plasma instability. Understanding the impact
of chemical reaction kinetics on plasma instability will open
more new applications for efficient ignition and material syn-
thesis. Future modeling with detailed chemical kinetics is nec-
essary for quantitative studies of plasma chemical instability
with strong non-equilibrium of plasma energy distributions at
high electric field strength.
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