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Stability of ionizing shock waves in monatomic gases
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The stability properties of strong shocks propagating in monatomic gases are investigated. The need for
modification of the classical Dyakov-Kontorovich criteria for stability of shocks rose as the straightforward
application of the latter failed to explain the accumulating observations of irregular behavior behind strong
shocks. In the current work, it is shown that the thermal nonequilibrium between the electrons that are
produced by the electron-atom ionization process and the remaining atoms and ions plays a decisive role in the
onset of a particular type of instability, namely, spontaneous emission. For that purpose, a two-fluid model is
constructed in order to describe those perturbations whose frequencies are high enough so that a difference
between the temperatures of the electrons, atoms, and ions may be maintained over a single period of the
perturbations. Within the framework of this model, the energy losses due to the excitations of the electronic
levels of the atoms as well as the ionization processes are taken into account. The two-fluid model allows the
reformulation of the stability criterion in order to take into account the electronic temperature, as follows from
the dominance of the electron-atom collisions in the ionization processes. In addition, the sound velocity,
which plays an important role in calculating the stability criteria, is derived for the two-fluid system. It is
shown that the modified criterion for spontaneous emission from the shock’s front is satisfied for Mach
numbers beyond a certain threshold. Furthermore, it is shown that the main mechanism for that instability is
provided by the single ionization process, whereas the excitations of the electronic energy levels result in a
slight modification of the instability threshold. A parametric study is carried out in order to find the domains
in parameter space in which spontaneous emission occurs. It is shown that the parameters of available experi-
ments that exhibit irregular behavior behind strong shocks do indeed fall within the theoretical domains of
spontaneous emissiof51063-651X97)11511-3
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[. INTRODUCTION about phenomena ranging from the chemical composition of
large meteorites during their atmospheric enffy, through
Interest in hypersonic flow has risen dramatically sincethe distribution of radiation sources in stellar atmospheres
the transition to supersonic flights in the early 1960s. Thusaand wind[8], and to the determination of the structure of
modern day space shuttle reenter the Earth’s atmosphere iaterstellar and intergalactic mattgg].
Mach 25 and further space missions are planned for speeds A deep interest in the problem of shock waves instabili-
as high as Mach 501]. Unlike supersonic flow, within the ties has risen during the last two decades due to some ex-
hypersonic regime various physical processes become prgerimental evidence of irregular features of the flow behind
gresively important as the flow velocity as well as the tem-strong ionizing and dissociating shodkk0—14. The prob-
perature increases to higher values. Of particular importancem of shock wave instability belongs to the fundamental
and interest are the properties of the flow behind strongroblems of fluid mechanics alongside with the Rayleigh-
shock waves. The latter may appear either ahead of a hypefaylor and the Kelvin-Helmholtz instabilities. Unlike the lat-
sonically moving body or attached to its contour lines. Whenter whose linear stages were well investigated and under-
the shock’s Mach number is high enough, the flow behind itstood as early as the 19th century, the criteria for shock
is hypersonic at high temperature and hence significantly inwaves instability were first derived only in 1954 by Dyakov
fluenced by such real gas effects as excitations of electronid 5] who formulated the problem of corrugation instability
levels of the atoms, dissociations, and ionizatifihs3]. of the shock’s front. Under such an instability, sinusoidal
Over the last decades the interest in hypersonic, highdeformation of the initially planar shock front grows expo-
temperature, flows and in particular in high Mach numbementially in time. In addition, Dyakov and later on Kontor-
shock waves has considerably expanded beyond the fliglitvich[16,17] have also found the circumstances under which
applications and is now embracing a wide range of issues admall acoustic and entropy-vortex perturbations are emitted
technological as well as of fundamental nature. Thus ondrom the shock’s front. That phenomenon was terrapdn-
may point out the use of shock-heated gases as a source taheous emissionEven though the spontaneously emitted
UV [4], the shock wave formation of supersonic plasma jetgerturbations do not grow in time, their occurrence renders
for propulsion[5], and the acceleration of small projectile the flow behind the spontaneously emitting front unstable.
using the ram concegd6]. On the other hand, high Mach This is due to the loss of the shock’s energy that is continu-
number shock waves may play an important role in theoreteusly carried away by the outgoing waves and the subse-
ical physics. In astrophysics, for example, high Mach num-quent reorganization of the initial flow.
ber shock waves may provide an invaluable information Applying the Dyakov-Kontorovich criteria to shocks in a
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perfect polytropic gas results in absolute stability, a not todion Il contains the analysis of the generalized conditions for
surprising and a well-documented experimental fact. Furtherspontaneous emission from shocks. It is shown that two
more, the straightforward employment of the Dyakov-ranges of frequencies exist for which the various inelastic
Kontorovich criteria to strong ionizing shock has failed to processes behind the shock modify the classical Dyakov-
explain the experimentally recorded instabilitjds,18. As Kontorovich criteria in a different manner. For one of the
a result, various theories and models were constructed iffequency ranges a two-fluid model of the gas behind the
order to understand the observed spatial oscillations in th&h0Ck is constructed in Sec. IV. In Sec. V the criterion for
mass density and in the electrons concentration behingPontaneous emission is examined numerically and a com-
strong enough shocks in monatomic ga§#e,11. Thus, prehensive study of domains of spontaneous emission in pa-

Baryshnikovet al, in a series of workgsee, for example, '@Meter space is carried out.
[19]), suggested that even though the ionization process is
endothermic, a sufficiently energetic intermediate exother- II. HUGONIOT CURVES FOR STRONG SHOCKS
mic stage may be responsible for the observed instability.
Such a process was hypothesized to be the population of The Hugoniot curves provide a viable tool for studying
metastable electronic levels, above the atoms’ thermal erthe steady-state as well as the stability properties of shock
ergy, due to atom-atom collisions and the subsequent releagéaves. Plotted in th@-» plane(P=p,/p;, 7=p,/p, are
of the excess energy. Thus the released energy may amplithe pressure and density ratios across the shock, respec-
perturbations behind the shock. However, Houwigigal.  tively), they represent all possible states, characterized by
[13] have shown experimentally that the proposed atompressurep, and densityp,, behind a shock that propagates
atom collision mechanism for the creation of metastablgnto a given gas at pressure pressyieand densityp; .
states is not efficient enough and hence may not provide theurthermore, the shape of the Hugoniot curve plays a crucial
explanation for the observed instabilities. Other attempts td¢ole in determining the response of the steady-state flow in-
explain the flow irregularities invoked the effects of dissipa-duced by the shock to small perturbations. Therefore, the
tion processes such as viscous stf@f and upstream ra- investigation of the properties of the Hugoniot curve is a
diation[21] on neutrally stable flows. However, no successnecessary first step towards a comprehensive study of the
was reported in finding neutrally stable flows, and hence thehock’s stability.
dissipation effects remained largely irrelevant. Recently, In the current work, a planar shock wave is considered
however, 20 years after their observation, the irregular feathat propagates into a cold, uniform, and unbounded mon-
tures behind strong shocks were given theoretical explanatomic gas. When the shock’s Mach numlibég is not too
tion by Mond and Rutkevici{22]. In their work it was high, its width is of the order of few mean free paths and its
shown that the ionization by electron-atom collisions and theHugoniot curve is well known. In particular, the Hugoniot
thermal nonegquilibrium between the electrons and the heavgurve »(P) is a monotonically increasing function that is
particles(e.g., atoms and iongplay a decisive role in the bounded from above by the classical value oft+{1)/(y
onset of spontaneous emission. Thus it was demonstrated1), wherey is the specific heat ratio. However, as the
that those perturbations are responsible for the observed ishock’s Mach number rises, so does the temperature behind
regularities whose frequencies allow the thermal nonequilibit. Subsequently, inelastic processes such as excitation of the
rium between the electrons and the heavy particles. Conselectronic energy levels in the atoms and the single and mul-
guently, the classical Dyakov-Kontorovich criteria were tiple ionization of the gas atoms and ions begin to play an
modified with the aid of an appropriate two-fluidlectrons increasingly important role in determining the flow proper-
and heavy particlesnodel in order to account for the differ- ties behind the shock. Thus the classical gas-dynamical sharp
ence in the perturbed temperatures of the two species. Aphock gives way to a more complex flow pattern which is
plying the modified criteria, it was shown that, indeed, strongcomposed of four distinct areg§ig. 1: (1) the region
ionizing shocks spontaneously emit acoustic as well ashead of the shock in which the gas is in cold equilibrium
entropy-vortex waves as their Mach number crosses a certainegion 1, (2) the gas-dynamical shock3) the region along
threshold. The theoretical prediction of the latter was withinwhich the various inelastic processes are taking place, ac-
reasonable agreement with the experimental observations tompanied by a drop in the temperature and a consequent
[10]. increase of the densityn this region neither dynamical nor
The goal of the present paper is twofold: to examine thehermal equilibrium is yet established and it is called in the
effect of excitation of the electronic energy levels on theliterature the relaxation zomeand(4) the region in which a
stability under spontaneous emission and to carry out a conmew equilibrium state is established and consequently all the
prehensive parametric study that will shed light on the efphysical variables maintain a constant val(region 2.
fects of various parameters such as the upstream pressure dhus, for example, the concentration of electrons is zero
the occurrence of spontaneous emission. right behind the gas-dynamical shock which marks the be-
The structure of the paper is as follows: In Sec. Il, theginning of the relaxation zone and rises along it until it
concept of unified shock is introduced and subsequently theeaches a constant value at the verge of region 4. It should be
Hugoniot curves are constructed for strong ionizing shocksnoted that the flow variables in region 4 are only approxi-
For that purpose the Saha equation for the degree of ionizamately constants due to the radiation from the hot gas in that
tion is used as well as the Boltzman statistics for the excitedegion. However, the changes in the flow properties due to
electronic energy level. A numerical example of argon atradiation occur over a length scale that is much longer than
room temperature is provided in order to demonstrate théhe relaxation zone and hence may be ignored.
general features of Hugoniot curves for strong shocks. Sec- The steady-state properties of the flow pattern of strong
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wheree is the internal energy per unit mass of the gas and
Qion and Q. are the amounts of energy lost by the gas per
unit mass due to ionization and excitation of electronic lev-
els, respectively. The indices 1 and 2 denote the values of the
parameters ahead of the shdckgion 1) and behind it(re-

gion 2), respectively. The internal energy per unit mass is

J5!
p
e=———. 4
1 (y=1)p
For a monatomic gag=5/3, and so this value will be used
n=0 from now on. For single ionization processes, the energy-
loss terms are
_ Ma NEL(1- @)
FIG. 1. A sketch of the behavior of the temperatlirethe gas Qion=——: Qeye=c—, (5)
densityp, and the electron concentrationin the vicinity of strong M

shocks. Subscripts F, and 2 refer to upstream, frozen, and equi- \vhere \/

. ) . i is the Avogadro numbey, is the atomic weight of
librium states behind the shock, respectively. The relaxation zone |sh is the ionizati ial of th —
denoted byR. the gas] is the ionization potential of the gas atoms, &hd

is the average electronic energy level. The ionization degree

shocks that were discussed above are traditionally invest ' defined as

gated along two complementary parallel trends. Within the Ne
framework of the first one, the structure of the relaxation
zone is studied. The rate equations for the various species are

derived and integrated simultaneously with the gasyyheren. n;, andn, are the concentrations of the free elec-

dynamical conservation laws along the relaxation zone. Thgng ‘jons, and atoms, respectively. For single ionization, the
end of the latter is determined when the gradients of th%qualityn —n is satisfied
e | .

physical variables become sufficiently small0,23-23. The total pressure in the mixture is the sum the partial

This a}pproach results in the. profiles of the relevant physic ressures of the various species and is given by
guantities along the relaxation zone and hence enables the

investigation of the dependence of its length on the gas prop- p=kT(n;+ng+n,), (7)
erties ahead of the shock and on the shock’s Mach number.

In the current work the complementary approach is adoptedhereT is the temperature of the mixture. It should be noted
in which the gas-dynamical shock together with the relaxthat Eq.(7) is valid only in cases for which all species have
ation zone constitutes an effective surface of discontinuitjthe same temperature. Such is the case, for example, in the
that is treated as a single unified shock. It is this unifiedsteady-state flow. However, as will be shown later on, when
surface of discontinuity that will be meant from now on by the flow is perturbed, not all species necessarily share the
the term ionizing shock. The properties of such shocks and isame temperature.

particular their Hugoniot curves, which significantly differ =~ The average electronic energy level is calculated accord-
from their monotonically increasing classical counterpartsjng to the Boltzmann statistics and is given by

constitute the main interest of the current section.

The equations that describe the Hugoniot curve of the
shocks are derived by writing the conservation equations that
relate the two constant states on both sides of the shock. The . A
flow is described in a frame of reference that is moving withwhereD, is the atoms’ partition function angl, andE, are
the shock and hencl;>1 andM,<1. The continuity as the degeneracy and the value of tith energy level in the
well as the momentum equation have the same form as thosgoms, respectively. The partition function is
for a classical gas-dynamical shock:

(6

a= y
nj+n,

—_ 1 .- .
Ea(T)=5- ; ghELexp( — EL/KT), 8)
a

_ D.=>, glexp(—EL/KT). (9)
P1U1=p2v2=], 1) j
_ _ The ionization degree is calculated through the Saha equa-
pitjvi=p2tjva, (2 tion
; ; : o? G Mk T3/
wherev is the flow velocity. The energy equation, however, — e 2} —1/kT (10)
is modified due to the excitation and ionization processes and (1-a) (ni+ny) |27 ’

is given b
g y where G=2D,/D,, m, is the electron’s mass, antl is

Planck’s constant. The quantiy; is the partition function
of the single-charge ions and is calculated in an equivalent
manner as in Eq9).

U1 U%
el+_+?:e2+g+?+Qion+Qexm 3
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Equations(1)—(10) can be cast into a convenient form by
defining the nondimensional variables

_P2

P1

_ P

P1

7 P (12)

in terms of which the Hugoniot curve, i.en(P), is de-
scribed by the implicit form

1+4P(6)
MO P8~ Laln(0),0)~ & 01— aln(0),0)]
P(0)=[1+a(n(6),0)]67(0), (12
where
2 _2E(T)
KT;’ kT, '
anda is
a(n,0)= sy i+,
where

lﬂ: b(pl le) 93/277_16_ 4/20’

|

Typical values of for T;=300 K are of order 1Dfor alkali
metal vapor and of fOfor inert gases. For example, for
cesium and argog is 301 and 1291, respectively. It should
be noted that departure from the Saha equation due to radi

me
2mh?

3/2 ( le) 5/2

b(plle):G( D1

tion occurs only for high temperatures or low electronic con-

centrationg 26], which is outside the range of parameters of
interest in the current investigation. In addition, as is pointe
out by Bibermaret al.[28], the validity of the Saha equation
implies the validity of the Boltzmann law for the distribution
of electronic energy levels in the atoms, e.g., BB).

Before turning to the description of the Hugoniot curve, it

is noticed that the infinite series on the right-hand sides o

Egs.(8) and(9) are divergent for free atoms. However, for

atoms in a partially ionized plasma, only those levels should
be taken into account whose orbital radius is smaller than the

Debye radiug27,28. Thus the infinite series in Eg&3) and
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FIG. 2. The Hugoniot curve for argon dt=300K andp;
=5Torr. The solid line describes the Hugoniot curve with both
ionization and electronic excitations, while the dot-dashed line in-
cludes only the effects of ionization.

the excitation of the electronic levels. A detailed description
of the main features of the Hugoniot curves of ionizing
shocks may be found in Mond and Rutkev{@®]. Figure 2
reveals that taking into account the electronic excitation and
calculatingG more accurately leads to a very little change in
the Hugoniot curve. Therefore, the steady-state properties of
the ionizing shocks may be quite accurately calculated by the
simpler model within which the electronic excitations are
neglected ands is a constant. In particular, the use of that
simpler model results in a universal law for the maximal
degree of compression behind shocks propagating into cold
inert gase$29].

all. GENERALIZED CONDITIONS FOR SPONTANEOUS
EMISSION OF WAVES FROM SHOCKS

The problem of stability of shock waves has attracted the
attention of researchers over the last 40 years, since Dyakov
[15] formulated his conditions for the growth of the corruga-
tion of the front of a shock that propagates with a constant
velocity into a homogeneous unbounded medium. Dyakov’s
f:riterion, which was derived for an arbitrary equation of
state, is

(9) are truncated after a finite number of terms that is giver?Vhere

by
II’D 1/2
Nma=| 57| (13
where
kT 1/2
rD:(47-rnee’Z

is the Debye radius.

An example of a typical Hugoniot curve is presented in
Fig. 2. The solid line displays the numerical solution of Eg.
(12) for argon atp;=5 Torr andT,=300 K, while the dot-

dashed line shows the Hugoniot curve without the effects of

h<-1 or h>1+2M,, (14
dpz)

h=—v2(— : 15

2 dp2 y ( )

whereV, is the flow velocity behind the shockn the frame

of reference that is moving with the shocM, is the Mach
number behind the shock, andd,/dp,)y is the slope of

the Hugoniot curve. In addition, Dyakov and later on Kon-
torovich [15—17 have obtained the following condition for
spontaneous emission of acoustic as well as entropy-vortex
waves from the shock’s front:

1-(p+1)M3

h.<h<1+2M,, ZW.

he (16)
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Criterion (16) has been derived by Kontorovich by consider-  For gas-dynamic shockk, is smaller tharh, for all val-
ing acoustic waves impinging on the shock front from be-ues of the relevant physical parameters and hence classical
hind. Since the flow ahead of the shock is supersénithe  shocks are stable under spontaneous acoustic emission. This
frame of reference that is moving with the shpako wave is  result is certainly valid for shocks whose Mach numbers are
transmitted into that region. Thus the incident acoustic wavenot too high. Behind such shocks, the excitations of elec-
having the form exp(kx+ky—wt)], gives rise to a reflected tronic levels as well as the ionization processes may be ne-
wave as well as an entropy-vortex wave, all of which propa-glected. Consequentiyy, is calculated by using the classi-
gate away from the shock in the region behind it. Thecal isoentropic sound speed in an ideal gas, while the
entropy-vortex wave is created in order to satisfy the conserparameteh is indeed proportional to the slope of the Hugo-
vation laws on both sides of the corrugated shock front. Theniot curve as is given by Eq18). However, this situation
ratio of the reflected to incident acoustic-wave pressure amehanges as the shock’s Mach number increases so that vari-
plitudes is the reflection coefficient. The spontaneous emissus inelastic processes behind it play an increasingly impor-
sion of acoustiqas well as entropy-vortgxwvaves from the tant role in determining its properties. In particular, the emer-
shock’s front occurs when the amplitude of the incidentgence of different inelastic processes introduces into the
wave tends to zero while that of the reflected waves remainsystem various characteristic time scales that are associated
finite. In this limit the reflection coefficient tends to infinity. with them. As a result, the value of the frequency of the

Kontorovich was the first to correctly calculate the reflec-incident acoustic wavéwhich is also the frequency of the
tion coefficient. He derived a system of relations from whichreflected as well as the entropy-vortex wavelative to the
the latter may be obtained in terms of the angles between thearious inelastic frequencies plays a decisive role in calcu-
various relevant directions that define the geometry of théating the parameters for the stability criteria. Thus, as will
physical systentfor instance, the direction of propagation of be subsequently seen, the stability calculations should be
the incident as well as of the reflected wave relative to themodified in accordance with the particular properties of the
shock fron}. Recently, Mond and Rutkevidl22] have modi-  perturbations within the relevant frequency domain. More
fied Kontorovich’'s approach and have introduced aspecifically, a close inspection of the derivation of the stabil-
frequency-dependent representation of the reflection coeffity criteria reveals that while the form of the critekigd) and
cient. As will be shown later, such a representation is very(16) remains unchanged, the paramete@ndM ., should be
useful and provides valuable insight when strong shocks areecalculated for each of the frequency domains that are de-
investigated that give rise to various inelastic processes eadtmed by the various inelastic frequencies.
with its own time scale. In this case, the value of the waves’ Deferring the calculation and discussion of the sound
period relative to the various inelastic time scales plays &peed in kinetically active media to the next section, the
crucial role in determining the behavior of the physical sys-attention is now focused on the calculationhofThis param-
tem. eter is obtained from the relationship between the density

The reflection coefficient is obtained by linearizing the and the pressure perturbation immediately behind the shock.
equations that describe the dynamics of the system and b& general expression for that purpose may be obtained
using the Rankine-Hugoniot relations. For completeness, ththrough Eqs(3)—(10) that can be symbolically written as
expression for the reflection coefficieRtis written below:

p2=F(P2,@:p1,P1),

e (19
L L 17 H(TS )
YN o= y ) y
f(q)+vgZ-1 5.02:p1,P1

h whereT}3 is the temperature of the electrons. The reason that

where the ionization degree depends on the electrons’ temperature

is that the dominant ionization mechanism is the electron-

o 1-h  (1+h)yM; _ w atom impact. It should be noted here that in general the ion-

2M, g 2q(1-M3)’ q kyCZ‘/l_ M2’ ization processes are a result of a multitude of mechanisms.

Thus, for example, for high temperatures or low electronic

wherek, is the projection of the wave vector of the incident concentrations, photoionization may domings]. How-

acoustic wave on the unperturbed shock plane gnis the ever, for the range of parameters of interest in the current
sound velocity behind the shock. In terms of the nondimenStudy; the effect of photoionization is negligible and the

sional parameters defined in the previous section the pararfverall ionization process is dominated by collisions.
In steady state, under thermodynamic equmbru]'rﬁ

eterh is
=T5=T,, whereT? is the temperature of the heavy par-
j2 an ticles(i.e., the atoms and the ionandT, is a function ofp,
=— 5 (—) (18 andp,. As a result, Eqs(19) represent the Hugoniot curve
pap17” | 9P p1.Py in the (p,,p,) plane. For time-dependent processes, how-

ever, thermal equilibrium between the electrons and the
Criterion (16) means that if it is satisfied, for any real value heavy particles may be violated. Furthermore, for time-
of w a real value ok, may be found such that the reflection dependent processes such as propagation of small perturba-
coefficient is infinite and hence the shock spontaneouslyions, Eqs(19) are appropriate only in a certain range of the
emits acoustic as well as entropy-vortex waves with thosgerturbations frequencies. In particular, the first equation of
particular combinations ob andk,, . Egs. (19), which is the result of the integration of the con-
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servation laws across the shock, was obtained by assuming 4 1+4P 4 d

that within the shock’s width the terms that contain time 9=p~ pz * STU—pr =Sy, (1-a),
derivatives in the conservation equations may be neglected

relative to those containing spatial derivatives. In the classiz

cal gas-dynamic shocks, this certainly holds for any fre-

guency since the shock’s width is arbitrarily small and hence D=4+P—(a—&(1—a),

the spatial gradients are arbitrarily large in comparison with

the time derivatives. However, for the model adopted in thyhere ¢ and ¢ are defined after Eq12). Unlike the partial
current work, the ionizing shock is of finite width that is gerivatives in Eqs(24) and (25), the manner of calculating
determined by the length of the relaxation zone. Hence thgne ratio of the ionization degree perturbation to the pressure

spatial gradients across the shock are finite. As a result, theerturbationsa/ 5p,, depends on the frequency range of the
steady-state relationship across the shidek, across the re- partyrbation. The low-frequency range is defined by
laxation zong may be used for perturbations whose frequen-< v., wherev, is the inverse of the relaxation time of the

cies are small enough such that heavy particles’ temperature due to their collisions with elec-
trons. In that low-frequency range the perturbations in the
\Q electrons’ and the heavy particles’ temperatures may be as-
0<—, (20 ) . . .
d sumed to be equal, and a single-fluid model is appropriate for

describing the propagation of small perturbations. Therefore,
whered is the characteristic length for the variation of the

density within the relaxation zone. It should be noted that in o da
addition to condition(20) the model of a single surface of o0, \7p, (26)
pP1:Pq

discontinuity is meaningful only for those perturbations

whose wavelengths in the direction perpendicular to the_ . . . .
shock’s front are much bigger than the length of the rEIaX?cli—glrisv;?i(\alzn:I(:EZtt:lheeF:l?gr](;nr;gpgu?:/(jee Ior:ctﬁﬁsac:issg]silj?ntzls

ation zone. it classical f ; by Eq(18
Under condition(20) and taking into account the fact that Its ¢ assical form given by C[ ).
For high enough frequencies such thatv_, the tem-

the perturbations on the supersonic side of the shock are )
zero, Eqs(19) may be used for the perturbed state perature perturbations of the electrons and the heavy par-
' ticles cannot any longer be assumed to be equal. As a result,

+ 8po=F(Dot P, .+ S p1.01), 21 a two-fluid model that describes the perturbations in each of
P2t 0p2=F(pt Pz, at daipy,py) @D the components have to be invoked. For such perturbations,
which upon linearization results in that in addition satisfy conditio23), da/8p, is calculated

according to
op2 .

op2 _(9P2
P2

ap;

+(%) 5_a. (22 Sa ( da

Jda 5p2 _ = —
p1:Py. @ P1:P1:P2 op» JaT,

5TS da\ 6ps
0, (a_) ot @9
p, P2 P2/ OP2

The second term on the right-hand side of E2f) is deter-

mined with the aid of the second equation in E€9), As was explained before, the electrons’ temperature is used

in_calculating 5a/ 8p, since for a>10"3-10 2 the domi-
terms in the rate equation for the electrons’ concentrationﬁ%lnt io_nization mechanism is the electron-a.tom collision. As
. ) ; is, obviously seen from Eq27), the calculation of the pa-
This balance leads to the Saha equation and may be invoke . . . . N
for waves whose frequencies are much smaller than the in- mete_rh IS NOW d|fferen_t_ frpm its clas_5|cal definition as a
verse of the characteristic time for attaining ionization equi—dem/a.tlve along the (_aqU|I|pr|_um Hugoniot curve. As will be
librium. Since the latter is equal to12,,, where v, is the seen in the next sections, it is those waves that belong to the
ionizati.on frequency, the Saha equati?),n may belogmployed ihlgher-frequency range and are described by (E.q) that
order to calculate th’e perturbed electrons’ concentration if H_way become unstable under spontaneous emission of acous
tic as well as entropy-vortex waves. It should be emphasized,
though, that the size of such a frequency rangegw
<2v,, generally depends on the parameters of the gas
ahead of the shock and on the latter's Mach number and for
some range of parameters may altogether not exist. The con-
ditions for the occurrence of such a frequency domain and its

magnitude will be examined in the next sections.

w<2Vigp- (23

The partial derivatives on the right-hand side of E2pR)
are determined according to E{.2):

_ p1d(l+a)ptr

(@ = , (24) To summarize, the generalized criterion for spontaneous

2/, oo PrlTa)(7+T6) acoustic emission from shocks is given by conditia) in
which the classical definitions ¢f andM, are modified due

aps s(1+a)—ré to the various inelastic processes behind strong shocks. The

—) =py —————, (25 calculations of botth and M, depend on the value of the

Ja p1.P1.P2 (1+a)(n+ro) waves’ periods relative to the time-scales of the various in-

elastic processes. Both functionsand M,, will be calcu-
where lated in the next section.
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V(pu+ 6pe)

MEDIA (31

IV. ACOUSTIC WAVES IN KINETICALLY ACTIVE (
ot

J
—+v-v)5v:—

In this section, the parametelnsand M, that are needed . ) L
for analyzing the conditions for spontaneous emission ofn the collisional plasma behind the shock, the inertia of the

acoustic and entropy-vortex waves from shocks are calc glectrons may be n_eglected in the equation that describes the
lated for perturbations within the high-frequency regime dis-conservation of th_elr momgntum. In that case, the electrons’
cussed in the previous section. As was shown by Mond angromentum equation descr!bes the balance between the elec-
Rutkevich[22], strong shocks are stable under spontaneoulOns’ pressure, the electric force and the momentum ex-
emission of waves whose frequencies are low enough so th§fiange with the heavy particles. Thus the last two may be
thermal equilibrium is maintained between the electrons an§XPressed in terms of the electrons’ pressuig,, which

the heavy particles. Hence the attention is focused on thBOW appears in the momentum conservation of the heavy
high-frequency regime for which thermal equilibrium cannotParticles, Eq(31).

be established during one wave’s period. As is evident from Energy equation for the electrons:

the previous section, the single-fluid model is no longer ad- 3 o o

equate for the description of waves in that frequency rang%_+v. V) (— Opet 1 ong+E 0N, + na(SEa)

that is defined by . <w<2v,,,, which are propagating in 2

the partially ionized gas behind strong shocks. Instead, a L

more complex model which consists of three components, :( — = Pe—INg— Eana)v.g\/e

namely, electrons, ions, and atoms, has to be employed. 2

Even though all species have the same temperature in the m
equilibrium state behind the shock, their perturbed tempera- E— vekne(8Te— 6T), (32
tures may differ from each other. However, simplifying the Ma

governing equations as much as possible while still presery- ; ;
ing the physical phenomena of interest, it is assumed that th\??yhere ve IS the effective frequency of momentum transfer
frequency of the acoustic oscillations, is much smaller
than both the effective frequencies of momentum as well a
energy transfer between the ions and the atoms. As a result, Spy 5 p
the ions and the atoms share the same perturbed velocity, o o3,
&V, as well as the same perturbed temperatd®, This PH P

assumption means that the ions and the atoms may be treatEauations(ZS)—BZ) are supplemented by the Saha equation,
as a single fluid, the heavy-particles gas whose partial pregyhich is satisfied due to the conditian<2v,,, and accord-
sure is ing to Eqg.(19) may be written as

om the heavy particles to the electrons. The heavy-particle
gas satisfies the adiabatic law

(33

P=(Ni+Ng)KT. (28) at da=H(T+6Te,p+6p;T1,p1) (39

In addition, the partially ionized plasma behind the shock isand by

assumed to be quasineutral. This assumption means that the Sp=8pe+ Spy - (35)

perturbations in the concentrations of the electrons and the

ions (dn and on;, respectively are equal and is valid for As was discussed in Sec. Il, the ionization degree is deter-

waves whose period is much longer than the chargemined by the electronic temperature since the dominant ion-

separation relaxation time. ization mechanism is the electron impact. In addition, since
Waves that fuffill the above assumptions may be studiedhe Saha equation implies the validity of the Boltzmann sta-

within the framework of a two-fluid model whose compo- tistics for atoms excited by electron impact, the perturbation

nents are the electrons and the heavy particles. This model i the average level of the electronic energy in the atoms is

characterized by the following linearized form of the conser-given by

vation laws. .
Conservation of the total number of the electrons: — dE,
SE=—= OT,. (36)
dT
doNn, )
TV (nedVet ongV)=dne, (29 An expression for the first term on the right-hand side of

Eqg. (32) may be obtained with the aid of the quasineutrality

where 8n, describes the perturbation in the source term inassumpﬂon which is expressed in the following way:

the rate equation for the electrons’ concentration. V.eny(sV,—8V)=0, (37)
Conservation of the heavy-particles’ mass:
which results in

1%
— V.V

g Sp+pV-V=0 (30) V.6V,=V-6V. (38)

The last term on the right-hand side of E§2) expresses
Momentum equation for the heavy particles: the energy exchange between the electrons and the heavy
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particles. For ionizing shocks this term may be neglected 002 i i . : :
relative to the second term on the right-hand side of(B8). ' '
(energy loss due to ionizationThe condition that enables co1- T
such an approximation is he-h  oF .
3m, v, [KTe|? -001- ]
Mo Vin | | <t 39 -002- |
When condition(39) is satisfied, Eq(32) is reduced to -0G3 1
-004 -
3 — — (5 — Sp
> Opet1on+E on,+n,0E,= > pPetIn.t+E N, 7 -005- 8
(40 -006F ]
and the relationship between the pressure and density pertur -0t 1l0 1'5 2'0 2'5 3l0 3'5 4|o ]
bations as calculated from EqR29)—(33) is M,
op Sp 5+ 3aA FIG. 3. The differencéh,—h as a function of the temperature
o Yeff T YeffT /1 (41 ratio behind the shock for ionizing shocks in argofat300 K and
p p 3(1+a)
p,=5 Torr.
where ) ) ) _ )
in which h is calculated according to E¢45), while the
SInpe  5(1+a7)+z' (ar—a,) +zr(1+a,) critical valueh, is determined by Eq16) in which the Mach
~ Slnp 31+ap)+z ar+z ' number is
(42 V2
p2Vao
Mi=——= 5 47
where 2 Yer(p2,T2)P2
dlna — [dIna
“TlainT) 0 Y \anp) V. RESULTS AND DISCUSSION
P

In order to investigate the stability properties of strong
and shocks under spontaneous acoustic emission, numerical stud-
2(1 —E_) 2 dE. 1—a ies (_)?c ir_lequaliti_e316) we_re_carried Ol_,lt fqr the therm_al non-
=& F=_-_2Z (43 equilibrium regime. Preliminary application of criteri¢h6)
kT k dT a for waves in the frequency domain defined by<w
— A <2vj,, demonstrated the occurrence of spontaneous emis-
Through the definition of’, it is seen that the average ex- gjon for parameters that correspond to those used to experi-
citation energy level acts as to effectively reduce the ionizamentally observe irregularities behind strong shofks].

!

tion potential. L Thush was calculated according to E(5), while h, was
Examining Eqs_.(30), (3D, a“‘?' (39), it is clear that the computed according to its definition in E@.6) in which the
sound speed behind the shock is Mach number is given by expressiga7) which holds for
112 the kinetically active medium behind the shock. Battand
o= ( Vet &) ] (44) h. were calculated along the Hugoniot cufwehich is given

by the solution of Eq(12)] for various monatomic gases at a

. .In order t_o complete .the calculations.need.ed for the sta:-:tr%ensv z;r:gtihcgv:/?:t:ﬁl lgirge.s??,u\r/sr?i.cﬁzseu;iugf—i tzgggl t(r:]aelcu
b|I!ty analysis, the modified parametér is derived. Th_us Hugoniot curve for argon at room temperature and initial
using Eqs(22) and(27) as well as Eqs(29)—(41) results in pressure of 5 Torr. As can be seénbecomes greater than

9 B h. beyond a certain threshold, which means that ionizing

n a an . . .
<— +— (—) , (45 shocks in argon spontaneously emit waves when their Mach
P py.Py . P \da number surpasses a certain value. According to the current
calculations, as can be seen from Fig. 3, the critical Mach
where number isM;.~12. It should be noted that taking into ac-
o . count the excitation of the electronic levels of the argon at-
_[ar(A-1)+a,] oms lowered slightly the threshold for spontaneous emission.
a Vel @7+ 1) (46) This is so due to the reduced effective ionization potential as
is expressed by’'. This result corresponds to the experimen-
and the partial derivatives of with respect toP and« are  tal observations of Glass and Lid0]. In their experiments
calculated from Eqs(24) and (25). in argon at room temperature apd=>5 Torr, they noticed
To summarize, in order to determine the shock’s stabilitythat the regular shock structure of two constant states on both
under spontaneous acoustic emission, critefith) is used of its sides is disturbed fdvl;>14.7. In that range of Mach

it
P1I31772

p1.P1.P
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numbers, oscillations in the electron’s concentration behindtable under spontaneous acoustic emissionuferv;,, or

the shock was recorded by their interferograms. That and,> »_ regardless of the formal calculation bfandh,.

similar experiments in kryptofiL1] are in good qualitative as The expression for, is given by

well as quantitative agreement with the present theoretical

model. Me

Motivated by the correspondence between the predictions ve=2 = a(Veat Vei), (48)

of the theoretical model and the experimental results, a com- a

prehensive parametric study of the stability of strong shock

in argon at room temperature was carried out. The free p

rameters are the pressupg ahead of the shock and the

shock’'s Mach numbeM,. Thus those domains in the

(p1,M,) plane were found in which the shocks are unstable (1-a)p

under spontaneous emission. Vea=—
An important stage in finding the domains of spontaneous

emission is the calculation af,,, and v.. Calculating the "

latter enables the determination of the domains in the v _ap ( 8kT) Q. (50)

(p1,M;) plane in which 2/,,<v.. Within those domains " m, \ mme e

the simultaneous existence of thermal nonequilibrium and

ionization equilibrium is impossible. Hence shocks propagatA curve fit from experimental results is employed for the

ing in gases that are characterized by such parameters agtectron-atom elastic cross secti@1],

?Nherevea andv,; are the elastic electron-atom and electron-
Jon collision frequencies, respectively. They are written in
terms of the elastic cross section as follo\8§):

1/2

Qeas (49

8kT

TMe

My

(—0.35+0.775< 10 *T)x 10" %€ (cnP),
10°<T<5%x10° K,

Qea= (0.39-0.551x 10 *T+0.595< 10" 8T?)x 10" ¢ (cnP),
T<10* K,

(51)

while the Coulomb cross section is used for the electron-iomprocess is controlled by the first step, and hence it is its rate
Cross section, that is used to determine the ionization frequency.
Figure 4 presents the behavior of and vy, as functions

_ 2me? ok3T? of M, for p;=5 Torr in argon. The solid curve corresponds
QEi_ngTZ In 47ebng)” (52) to 2v;,,, While the dashed curve describes. As can be
seen, within the range 460<78, 2v,,,>v., and hence in
The ionization frequency is given by this range spontaneous emission may not take place. On the
other hand, if, for example, the case# 30 is examined, it
(1-a)p is seen that only those waves whose frequencies are within
Vion:m— K¢, (53
a
v

whereK; is the rate parameter for the ionization process and
may be found in Hoffert and Lief80] and references therein
as

10
EL EL 10°
K;=3.75x10 6T19 k—_?+2 exp(— ) (cm®/seq,

—a
kT .
(54) 10

whereEg1 is the energy of the first electronic level of argon.  10°
The reason for the appearance of the energy of the first ex-
cited state in the expression for the ionization frequency is as 10°‘I-
follows: As is discussed if30], shock-tube experiments
indicate that the collisional single ionization of argon takes _,

1

1 ! !

place in two steps. In the first step, a free electron collides 10 20 40 60 80 160 120 120 1é0 1;;0 200
with an argon atom and excites it to its first electronic energy g
level. During the second stage, a collision of the excited '

atom with a free electron removes an electron from the ex- FIG. 4. The behavior of, (solid line) and 2v;,, (dashed lingas
cited state of the argon atom and by thus ionizes it. Furtherfunctions of the temperature behind the shock for argori at
more, the experiments have shown that the entire ionizatios 300 K andp,;=5 Torr.
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45 T . T T : : . initial pressure is fixed ap,;=5 Torr andM is raised, the
e shock starts to spontaneously emit sound as well as entropy-
0 e 1 vortex waves withw> v onceM; becomes greater than 12.
L However, as the Mach number is raised beyond 18, the
sr ] shock stabilizes as the spontaneous emission ceases due to

entering into the domain in which local ionization equilib-

- | rium may not exist. Raising the Mach number still further

25k i results in leaving the latter domain and subsequently in the
reoccurrence of spontaneous emission for<84;<38.

204 4 However, a word of caution is due for that domain. At such
: high Mach numbers, effects such as second ionization may

15/ 4 play an important role in determining the Hugoniot curve
e and subsequently in calculating the conditions for spontane-
O 2% % 3 % u ous emission. For example, the Hugoniot curve is expected

P, (Torr) to have two maxima if second ionization is taken into ac-

count and thus the slope of the Hugoniot curve may change

FIG. 5. Domains of spontaneous emission in theM, plane. ~ Sign in that range of Mach numbers.
In between the two dashed linds>h., while within the domain The effect of the pressure ahead of the shock on the oc-
delimited by the solid ling¢along whichy = 2v,,,) and theM axis,  currence of spontaneous emission may be studied by varying
v.=2v,,. The solid circles represent experiments cited in Glasst for a given Mach number. If the latter is fixed, say, at
and Liu[10], which exhibit irregular behavior behind the shock. M;=15, it is seen that for low values qf; the shock is

stable under spontaneous emission. However, as the pressure

the range 18< w<10° may be spontaneously emitted from ahead of the shock is raised beyond 2.5 Torr, the shock en-
the shock’s front. To check whether this actually occurs, criters into the instability regime. Thus a general conclusion
terion (16) is employed together with Eq§45)—(47). that my be drawn from Fig. 5 is that higher pressure ahead of

The results of the parametric studies are presented in Fighe shock promotes instability under spontaneous emission.
5. Along the two dashed linds=h,, while the equalityr, Such a tendency was indeed observed in Houwingl. [13]
=2v,y, is satisfied along the solid line. Thus, inside the do-who found that while shocks that propagated in neon with
main that is delimited by the solid line and the vertical axis,initial pressure of 5 Torr were stable, raising the initial pres-
2vien=v., and hence spontaneous acoustic emission magure to 10 Torr and keeping the same Mach number resulted
not occur for shocks whose propagation is represented in that instability.
domain. On the other hand, within the domain that lies be- The experiments of Glass and Lfii0] are shown by the
tween the two dashed linee>h.. Therefore, spontaneous solid circles in Fig. 5. In those experiments, irregular behav-
acoustic emission may occur for those shocks that are chaier was observed behind the shocks. As can be seen, the
acterized by a pair of value$A; ,p;) that is between the two parameters of those experiments do indeed belong to the
dashed lines, but outside the solid curve. If, for example, th¢heoretical domain of spontaneous emission.
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