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The viscous shock layer (VSL) which forms due to flow around a blunt body is described
by Reynolds numbers Reg = poUnR/ug < 102. Here, R is the blunt radius of the body, ug is
the viscosity of the gas behind the.shock wave, and pwe, Uw are the density of the unperturbed
gas and the flow rate (the rate of flow around the blunt body under laboratory conditions).
For supersonic flows the excitation processes for the internal degrees of freedom of the
molecules and the processes of dissociation and ionization in the viscous shock layer are
not in equilibrium. There are many studies which make numerical calculations of the thermo-
dynamic state of the gas and the densities of its individual components (including the
densities of the electrons and the ions ng, n;) (e.g., see the bibliography in [1]). Cal-
culations have been made under different aircraft flight conditions using a variety of
models, boundary conditions, flow rates, and calculation techniques.

The complexity of reproducing this phenomenon under laboratory conditions makes an
experimental investigation of gas in a VSL difficult. There have been a few measurements of
ne in flight experiments [2, 3] and ina supersonic shock wave tunnel [4].

Under such circumstances it would be useful to generalize existing data on the ioniza-
tion of gas in a VSL, to establish the corresponding correlation dependence, and to find a
way of modeling this phenomenon under laboratory conditions. For this purpose calculations
were made for the ionization of air in a VSL near the critical point using various gas
dynamic parameters and experiments were conducted in a supersonic pulse-driven wind tunnel.

1. For determining the agreement between the results obtained from different investi-
gations of ionization processes in a VSL, one must specify the corresponding correlation
parameter. We will consider a simplified model for the ionization of air in a thin VSL near
the critical point of a blunt body (§ << R, 8§ is the thickness of the shock layer, and R is
the blunt radius). We will assume that all the electrons which are created in the VSL because
of associative ionization diffuse to a catalytic wall and recombine. We will also assume
that the ionization rate corresponds to the ionization rate for air behind a shock wave. It
follows from [5] that the electron density distribution behind the shock wave takes the form

ne(y) = neapls),

where nge is the equilibrium value for the electron density behind the shock wave, y is the
coordinate across the shock layer, ¢(A;) is calculated in [5] as a function of the parameter
Ay = R/uwti, and 14 is the ionization time behind the shock wave (e.g., see [5, 6]).

The flow of the electron component is described by the relation

ee®(A Ut ¢ Dyn./dy ~ Dy n./8, (1.1)
where Dy, is the bipolar diffusion coefficient, and ¢ = pm/pS; pg is the density behind the
shock wave. From (1.1) we have

nelnee ~ Resp(A)e. (1.2)
We will simplify expression (1.2). Direct inspection can show that for A; > 0.1 the func-
tion ¢(A;) is described by the dependence ¢(A;) ~ A3/(A% + 1) with acceptable accuracy.

Finally, together with (1.2) we obtain for € = const
nelnge~ Re,AY/ (A2 + 1).
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However, this relation cannot be used to specify the real dependence of ng/nee in the VSL on
Reg and Ay for a large range of values of the parameter K = ReSAi/(Ai + 1). The basic pur-
pose of the above formulations is to isolate the correlation parametér K. The degree of
correspondence between various results of determining ng in the VSL for the dependence
ng/nee = £(K) can serve as the criteria for the applicability of the parameter.

The correlation parameter K was used to process various calculation results for ng in
the VSL near the critical point and measurements for ng, made in aircraft and laboratory
experiments. The results of this processing are given in Fig. 1. The quantity nee, which
corresponds to the conditions of the calculations or the experiments, is determined according
to [7], the value of ng is specified near the maximum for calculations of the VSL near an
object with a catalytic surface, and the quantity A;, using T4y, is taken from [5, 6]. All
the results represented in Fig. 1 correspond to the case when, for making calculations of
Reg, the viscosity ug is found from the approximation formula in (8] for any 'ideal gas'.

The table defines more precisely the symbols in Fig. 1 and gives values of the gas
dynamic parameters which were obtained from calculations and experiments. One notices
several peculiarities in the results. In [9] calculations of ng were made in the approxi-
mation of a thin VSL, where conditions of shock slip were neglected, and it was assumed that
the vibrational degree of freedom is in thermodynamic equilibrium with the translational and
rotational degrees of freedom. 1In [10] an analogous model for air was considered, but slip
was taken into account. It was shown that slip leads to higher values of n,. Good agree-
ment was observed between the results of the aircraft and numerical experiments for non-
equilibrium vibrational excitation in the VSL and for slip conditions [2]. 1In [11, 12] non-
equilibrium flow in the vicinity of the critical point was considered using the complete
Navier—Stokes equations.

This study conducted additional calculations of ng using the thin VSL model for
numerous values of uy,, R, H (or pe) taking into account the dissipative processes of vis-
cosity, thermal conductivity, and diffusion. Vibrational relaxation of the molecules O,,
N,, and NO was considered. The transfer properties of the gas mixture are the same as those
in [14]. The modified Rankin—Hugoinot conditions were imposed on the shock wave (taking into
account slip). Calculations were made using a finite-difference method [15]. Both cata-
lytic and noncatalytic surfaces with the temperature Ty, = 103 were considered.

For example, Fig. 2 gives the results of calculating ng for equilibrium (the dashed
curve) and nonequilibrium (the solid curve) vibrations (u, = 4 km/sec, H = 55 km, R = 1-100
cm) with a catalytic wall. It is evident from Fig. 1 that the results for a majority of the
calculations and experiments, obtained for numerous gas dynamic parameters using a catalytic
wall, agree well when processed with the parameter K. The results of making calculations
without taking into account slip are located significantly below the average 'correlation
curve' I, but for K < 50 one can begin to observe the effects of nonequilibrium vibrations
and the catalytic properties of the surface (for the latter case, see curve II for a

completely noncatalytic wall).

It was established in [16] that for u, = 7-8 km/sec the electron density in the VSL
obey the law of dual similarity when p,R = const and u, = const. This also follows from
the correlation dependence in Fig. 1, since this law is satisfied for the parameter K, and
Nee VPw when u, = 6-8 km/sec for a fair amount of accuracy.
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2. Modeling of ionization processes for supersonic flow around an object requires that
the laws of similarity be satisfied by the kinetic processes which occur in the gas flow.
Gas dynamic modeling of equilibrium flows, as is known, assumes that the basic similarity
criteria for the real and laboratory conditions are equal, which can be accomplished using
supersonic wind tunnels. Modeling of the kinetic processes in the flow field of a real gas is,
strictly speaking, not possible under laboratory conditions, since one must accurately re-
produce the flight velocity, the real space—time scale, and the composition and thermo-
dynamic state of the gas flow. However, it is necessary to make approximations in modeling.

The degree of nonequilibrium in the ionization processes is characterized by the relaxa-
tion parameter A = t/t, where t is the characteristic time of movement for a particle in the
gas flow field, and 1 is the time for ionization relaxation. For A >> 1 the flow is in
equilibrium, but for A << 1 the flow is '"frozen'" in relation to the ionization processes.
Intermediate values of A correspond to nonequilibrium.

In sections of the flow where recombination processes prevail, A=A, ~ l/(u,t,) (L is
the characteristic dimension of the recombination zone near the aircraft or the model, and
T, is the characteristic recombination time). As a rule, Ty >> T4. Therefore, if the
values of ng and T are accurately reproduced in the stagnation zones near the model, then
it is not possible to reproduce values of A, > 1 in the expanding (recombination) zones of
the flow, and the flow can only be modeled by "frozen'" recombination.

The effects which the thermodynamic state and composition of the gas have on the ioniza-
tion processes are determined by comparing the calculated and measured values of ng at the
critical point of the model. However, it is difficult to make calculations of ng when the
nonequilibrium flow possesses a complicated chemical composition.

The problem is simplified by using the correlation dependence ng/nge = f(K). One can
assume that when the experimental dependence ng = f(R) at the critical point corresponds
to the correlation dependence in Fig. 1 the conditions of gas dynamic modeling are fulfilled
for the ionization processes in the VSL. Therefore, one can consider approximation modeling
of the ionization near the aircraft using "frozen" recombination.

3. Experimental research was conducted using a pulse-driven wind tunnel (PDWT) [17].
Using such a wind tunnel allows one to obtain supersonic gas flow with high stagnation
temperatures and pressures. A mixture of nitrogen and air was used as the working gas with
the partial pressure ratio 10:1. Application of such a mixture makes it possible to approxi-
mate the ionization processes which occur in air {6]. The maximum values of the stagnation
pressure and temperature were p, = 3-107 Pa, T, = 7700 K. Obtaining such values in a PDWT
posed no problems, but maintaining these values for prolonged periods of time was not
possible because of intense radiative and convective heat exchange between the gas and the
cold walls of the discharge chamber (Fig. 3). Measurements of the ionization levels were
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made during the first 5-10 msec, when the values of p; and T, were sufficiently high.

_ A conical nozzle with a half-angle of 6 = 5° and an output cross-sectional area of

S = 3.07-10* was used for creating supersonic flow. For the gas parameters in the input

of the nozzle which are indicated above the gas flow differs significantly from the
equilibrium state. Calculations show that fluctuations in the nitrogen are "frozen" in the
front section of the nozzle at a temperature of T,, = (3-3.5)-10% K, which relates to V7% of

the total energy of the gas. The "frozen' degree of dissociation was ~3%. The combined
energy of the vibrations and the dissociation has a substantial effect on the flow parameters.
The values of the statistical temperature, and, therefore, the Mach number M , differ the
most from their equilibrium values. For the considered PDWT mode, M, = 21. For comparison
we will show that M,, which is determined assuming equilibrium flow, is equal to 15-16.

Nonequilibrium flow in the nozzle leads to the presence of free electrons. Hence,
the measured value of ng, = 10% cm™? agrees with the calculated value. For an equilibrium
electron density of ngg = 10'3 cm™’ at the critical point of the model (see below) with
predominantly associative ionization it can be assumed that the free electrons in the flow

do not have a significant effect on the ionization processes in shock layer.

For measuring ng near the surface of the model individual cylindrical probes were used
with the diameters d, = 0.1-0.5 mm, and the lengths bp = 5 mm. The probes were attached to
the model with thin, insulated holders. A constant current was fed to the probes using
typical methods. The feed voltage was Vp = +4-15 V. The probe signal was passed on to the
input of a differential amplifier so that it could be registered on photorecorders.

The probe measurements were processed using the experimental results from studies of the
operating features of probes in a plasma flow [18]. A simplified theory for a probe in the
transfer state was applied for measuring nj, e near the critical point [19]. The values of
nj e were determined through successive approximations. The Beaume formula for a noncolli-
sional probe state was used as the first approximation. Successive approximations of the
dimensionless flow density have the form

j = jcc].ol(joo _I_ jO)’

where j, and j, are the dimensionless flow densities for the free and collisional states
[19]. Hence, the mean free path of the ions and the electrons can be calculated. It is
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assumed that T; = Tg. The results of noncollisional probe theory are applied for measuring
nj in the supersonic flow zones.

4. We will consider the results of measuring the electron density of the shock layer
near the critical point of a blunt body for different Reynolds numbers. The measurements
were made in a PDWT with M, = 21, ue = 4.5 km/sec, pw = 1.5-1077 g/cm®. Different Reynolds
numbers were selected by changing the spherical blunt radius R = 1-15 cm (Re, = (1.5-23)-103).
The obtained results are represented in Fig. 4, where the experimental points are averaged
over five trials. For representing these experimental results on the correlation dependence
of Fig. 1 corresponding values of Res, A; and K were calculated. When calculating Aj, the
ionization time 14 in the gas mixture is found from the data in {6]. It is evident that these
results correspond well with the correlation curve I for K > 10. TFor smaller values of K
the experimental results agree better with the correlation dependence for a noncatalytic,
insulated wall, which is what one would expect since the spherical blunt bedy is made of
carbon-based glass.

Nonequilibrium ionization of the gas in a VSL for small Re leads to the appearance of
interesting effects in the shock layer near an object streamlined at the angle of attack; in
particular, the electron density in the shock layer on the exposed side can exceed the value
of ng near the critical point. The experimental dependence of the quantity ng as a function
of the angle of attack is shown inFig. 5 for several points on the exposed side of an object
with a form similar to a blunt, elliptical cone; the horizontal line denotes the level of the
electron density near the critical point for a = 50°, the curve represents the value of ng,
the curve represents the values of x/L = 0.8 (L is the length of the model, Rep = 2.7-10%).
It is evident that for a > 60° values of ng near x/L = 0.8 exceed the value of ng at the
critical point.

The thickness of the shock layer on the exposed side of such an object increases along
the chord and can substantially exceed the thickness of the VSL at the critical point. With
nonequilibrium ionization this situation can lead to an increase in the electron density in
the shock layer along the chord for large angles of attack to values which exceed ng near
the critical point. This effect is expressed even more distinctly for smaller values of Re.

The relative electron density distribution ng = ng/nge across the shock layer near the
critical point is shown in Fig. 6: 1 — experimentally measured values of ng in a nonviscous
shock layer near a spherical model (R = 5 cm) in a PDWT (Mo = 14, p = 4-10-¢ g/cm?®,

Rew o2 5105 ), curve I — the calculation of ng in the layer under experimental conditions,
and point 2 — the experimental results in the PDWT for R = 8 cm,Ms, = 24, po = 1.5-10°7 g/cm?,
Rew = 1.2°10* and K _= 100. The built-up front of ng is shown conventionally. Curve II is
the calculation of ng using the theory of a thin VSL, and curve III shows the results ob-
tained using [12] (calculations with the Navier—Stokes equations) for similar values of the
parameter K. The numeral 3 denotes the experimental results of [4] obtained in a supersonic
shock tunnel with M. =13, p, = 1.8.10-7 g/em®, u, = 4.5 km/sec, Re, = 3.2.10%, K =~ 60.
Curve IV represents calculations using the theory of a thin VSL without taking inte account
the electron density in the incident flow, whose level in this case is sufficiently high

(e = 10%cm-%), ). These data allow one to find a way to measure the profile of the electron
density across the shock layer for decreasing Re and for a transition to the VSL state.

One should note that when the maximum values of ng obtained through calculations and
experiments agree well, the experimentally measured profile of ng is '"filled out'" more.
Better correspondence between the distribution ng from {4] and that from calculations was
obtained in [13], where the values of ng. in the incident flow were taken into account. How-
ever, for the results obtained in the PDWT for K = 100 it is not necessary to take into
account ng, because it is fairly small.

The discrepancies between the calculated and experimental profiles for ;e evidently re-
quire additional theoretical and experimental investigations into the nonequilibrium ioniza-
tion processes in a viscous shock layer.

The authors express their gratitude to M. K. Gladyshev for his help in conducting the
experiments.
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