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Computational and Experimental Investigations
of Ionization near Hypersonic Vehicles

V. A. Gorelov,* M. K. Gladyshev," A. Y. Kireev," A. S. Korolev," and I. V. Yegorov'
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and
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Investigations of ionization processes near hypersonic vehicles are reviewed. The investigations include the
numerical simulation of ionization in nonequilibrium viscous shock layers; an experiment on ionization measure-
ment during flight tests, which were carried out using Russian vehicles Bor-4c; and model investigations in a
high-enthalpy hot-shot-type wind tunnel. Particular emphasis was placed on the wind-tunnel tests by applying
the approximate method of ionization simulation in flows with viscous shock layers. Some examples showing the
possibilities of ionization investigation near vehicles and their components are given.

Nomenclature

= flight altitude

= reaction rate constant

= Mach number

= concentration

= pressure

= nose radius

= Reynolds number, (o Voo R)/ 110

= coordinate along the surface of body
= Schmidt number

= temperature

= flow time

= flow velocity

= flight velocity or freestream velocity in the wind tunnel
= coordinate along the vehicle axis

= coordinate normal to axis of the vehicle
= coordinate normal to velocity V

= coordinate normal to the body

= angle of attack

= correlation parameter, A =t/7

= viscosity of gas

= density .

= characteristic time of process
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Subscripts

= dissociation

= electron

= ion, ionization
= kth species

= maximum value
= quasistationary
= recombination
= conditions behind the shock wave
= vibration

= wall conditions
= stagnation value
= freestream
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Superscripts
eq = equilibrium
* = test conditions

Introduction

HIS paper presents a review of investigations: carried out at

the Central Aerohydrodynamic Institute (TSAGI) and at the
Flight Research Institute to evaluate the gas ionization peculiarities
during atmospheric flights at velocities up to 8 km/s. Most of the
investigations were accomplished in the 1980s when the problems of
communication through plasma formations were solved for vehicles
of different purposes. Some important results have been obtained in
recent years.

Gas ionization near vehicles flying in the atmosphere at velocities
of 4-8 km/s is a complicated process requiring the consideration of
various factors, depending on flight conditions. Ionization of easily
ionized impurities entering the boundary layer as a result of thermal
decomposition of thermal protection materials is of great impor-
tance in flights at altitudes lower than 60 km. This effect is beyond
the scope of the present paper; all attention is concentrated on air
ionization processes in flights at altitudes above 60 km at conditions
under which ionization of those impurities can be neglected. In this
case, the primary focus is on the nonequilibrium nature of ionization
in a viscous shock layer and factors influencing this process.

We apply a complex approach to the investigation of ionization
effects, including numerical simulation, a laboratory model exper-
iment, and a flight experiment. All constituents of this triad are
presented, but particular attention is paid to the simulation of ap-
proximately nonequilibrium ionization processes in high-enthalpy
wind tunnels. '

Hypersonic Flight Envelope Under Study

To characterize the nonequilibrium level of ionization in flows
over bodies, the parameter A = ¢/t can be introduced, where ¢
is the characteristic time of gas particle motion through a region
under study and t is the time characterizing ionization or recombi-
nation processes. For the ionization process in a shock layer near
the stagnation point of a blunted body, we have A; = R/(V, 1),
where R is the radius of nose bluntness and t; is the characteristic
time of gas ionization behind the normal shock wave.! Note that
A; = 0.8[(R/Vs1:)](8/A) (8 is the boundary layer thickness)
for a nonequilibrium inviscid shock layer when the gas velocity be-
hind the shock wave is # & (000/0s) Voo (¥/ A) [A = 0.8(0o/0s) R
is the shock-wave standoff distance]. As for a viscous shock layer,
the linear dependence of u on y is not exhibited, and the rela-
tion for A;, outlined above, is only of a qualitative nature. Direct
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computations can show that, at A; > 1, a maximum ionization
level behind the shock wave is close to equilibrium. The parameter
A, = t/1, can be introduced for flow regions, where recombi-
nation processes are of first importance. It was established that in
considering a gas flow over spherical bluntness, when only one gov-
erning reaction of binary recombination is taken into account (e.g.,
NO* + e — N + 0), the relaxation similarity parameter can be ex-
pressed as A, & (k,gn.0R)/ Voo, Where k is the recombination rate
constant at the stagnation point. From the parametric computations,
it can be inferred that jonization close to equilibrium takes place
in the recombination zones at §; = So/R < 1.5, when A, > 10°,
whereas the regime with “frozen” ionization is observed at A, < 2.
The extent to.which dissipative processes affect the quantity n, in
the shock layer can be estimated using Rey = po Voo R/ 1o, Where
o is viscosity determined at the stagnation temperature behind the
shock wave. The computations reveal that, in the viscous shock layer
regime, the dissipative processes influence the maximum electron
concentration 7.9, at Rey < 10%. Figure 1 presents, in the H-V
coordinates, the characteristic regimes of ionization conditions in
a hypersonic flight. Bands 1 and 2 correspond to A, = 103 and 2,
respectively; band 3 corresponds to A; = 1; and band 4 corresponds
to Rey = 100. Upper and lower boundaries of these regions corre-
spond to R = 1.0 and 0.1 m, respectively. When the velocity and
altitude of vehicle flight correspond to the region lying below band
1, the ionization processes near the side surface of the vehicle are
close to equilibrium. In the region between bands 1 and 2, the re-
combination processes are substantially nonequilibrium, and above
band 2, the recombination can be assumed to be frozen. In the region
above band 3, the equilibrium level of ionization is not attained in
the vicinity of the stagnation point, and in the area above band 4, the
flow condition is typical for a viscous shock layer and the n, level
is essentially influenced by dissipative processes. Curve 5 in Fig. 1
illustrates the flight trajectory for the Bor-4c vehicle.

Now, we define briefly the limitations resulting from the peculiar-
ities of the statement of the problem and the methods of its solution.
Neglecting the influence of easily ionized impurities entering the
gas attributable to the thermal decomposition of thermal protection
materials used in hypersonic vehicles restricts the altitude under
study to H > 60 km. Special features of experimental methods ap-
plied to investigate ionization further restrict the flight altitude. In
flight experiments, the ion concentration inside the shock layer was
measured by using fixed cylindrical probes, which were destroyed
at H < 70 km. The upper limit of the probe applicability is set by
the altitude of H < 105 km because of the difficulties encountered
in onboard measurements of probe current in a very wide (about 5
orders of magnitude) range of its variation. In laboratory conditions,
the altitude range for the simulation of ionization depends on both
the technical factors (limits in enthalpy and wind-tunnel start condi-
tions) and the capabilities of approximate simulation of nonequilib-
rium ionization (see later). For the numerical simulation, the flight-
altitude limit was restricted by the continuum model to about 100
km for a vehicle with R =~ 1 m. Thus, the scope of complex in-
vestigations of properties inherent in the ionization process when a

1-A,=10° 2 -A, =2, 3 -A;=1
4 - Re0=102, 5 - "Bor-4¢" trajectary
6 - capabilities of IWT

Fig. 1 Characteristic regimes of ionization conditions in hypersonic
flight.

hypersonic vehicle re-enters at V =~ 7—8 km/s was bounded in the
present study by a lower altitude of approximately 75 km and an up-
per altitude of 105 km. As shown in Fig. 1, the regime of nonequilib-
rium ionization in a viscous shock layer is realized near the vehicle
bluntness when nonequilibrium or frozen recombination processes
proceed in the zones of expanded concurrent flows. The features of
ionization processes taking place under these conditions were taken
into account in the numerical and experimental investigations.

Numerical Simulation

The numerical model employed to determine the ionization level
at the flight conditions under study must consider a high level .of
nonequilibrium of physical-chemical processes in a viscous shock
layer, the influence of dissipative processes, and surface boundary
conditions. The two-dimensional model using full Navier—Stokes
equations (NS model) was our main numerical tool, but its use was
dependent on available computer resources. However, in most cases,
the use of wind-tunnel test data on flows over bodies of simple con-
figuration was sufficient to determine the ionization levels relative
to real vehicles. Consideration was given to an air model compris-
ing Oz, N, NO, O, N, NO*, OF, N}, ¢~. The kinetic model of
nonequilibrium processes in the viscous shock layer involved the
nonequilibrium vibrational excitation of N;, O,, and NO; the dis-
sociation of N5, O,, and NO; the associative ionization reactions
resulting in NO*, N¥, and OF ; and the exchange reactions with par-
ticipation of neutral atoms, molecules, and ions. The reaction rate
constants were taken from other research.?? The rotational temper-
ature 7, was assumed to be equal to the translational temperature 7.
The influence of vibration relaxations on dissociation reactions was
taken into account by two-temperature dependence of the reaction
rate constant in accordance with the model of effective vibrational
level (8 model of dissociation).> Accordingly, the dissociation rate
was determined as '

ki(T, Ty i) = ka(TYP(T, Ty1) )

exp [—(Dk—ﬂm(;k —%)]

and 6, is the characteristic vibrational temperature of the kth species
and Dy is the dissociation energy (in degrees Kelvin).

The values B; were assumed to be constant (1.5 for O, and 3.0
for N, and NO). The one-temperature rate constants k,(7') for dis-
sociation reactions were taken from Losev et al.’ The interaction
between vibrational and translational degrees of freedom (V-T ex-
change) was simulated by using the Landau-Teller equations. The
vibrational relaxation times were determined on the basis of the
data of Losev et al.3 The V-V exchange for molecular species k and
J # k was simulated by application of the expression

where

_ Loewa/T)
(I)(T, Tu,k) - 1~ exp(—-gk/T)

6 Ry < '
Quuix = P*NaCy l;M Z X;Fjx(T)
[y
J#k

Tor — T, ;
x [ev,j(l +eur) —eni(l + ey ;) exp (—-k?—]—)-] 2

where
1

Ok exp @/ Tog) — 1

N, is Avogadro’s number, Ry is the universal gas constant, M is the
molecular weight, C is the specie mass fraction, and X; = C;/M;
is the molar concentration of j species. The function F;,(T) was
determined on the basis of other data.*

The variation in vibrational energy of molecular specie k at-
tributable to chemical reactions Q. was calculated by employing
the relation

L L+2
(D — BT)R
Querx = My E "k.l—LVI;—y‘ + E Tk 1€uk 3

= I=L+1
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where ry; is the reaction rate, L = 15 is the quantity of dissociation
reactions, and / is the number of reactions. In relation (3), the first
term answers for dissociation reactions. It is supposed that average
variations of species vibrational energy at the unit dissociation and
recombination are equal to (D, — B T) Ry /M,. The second term in
Eq. (3) describes the exchange reactions, and the mean variation in
the specific vibrational energy for each step of the exchange reaction
is equal to the specific vibrational energy of a newly forming or
disappearing molecule.

At the surface, no-slip boundary conditions as well as boundary
conditions for heterogeneous recombination reactions and heat bal-
ance were considered. It was assumed that C;,, =0 for atoms and
ions on an ideally catalytic surface and (dC,/dy)|,, = 0 onanoncat-
alytic surface. The combined boundary conditions also were consid-
ered, e.g., Coy = 0, Cxny = 0; (dCxo/dy)|w = 0. The generalized
Rankine—-Hugoniot conditions were given on the shock wave. The
transfer coefficients were calculated by use of empirical formulas of
Wilke and Mason—Saxena, based on the potential of Lenard-Jones.
For the calculation of heat conductivities of molecular components,
the correction of Euken was introduced. The diffusion factors were
determined from the condition of constant Schmidt numbers Sc;,
which were assumed to be equal to 0.5 for neutral components of
the gas mixture and 0.25 for ions, the self-diffusion coefficients
being calculated by applying the condition Sc¢; = 0.5.

The numerical solution of the NS equations was accomplished by
a completely implicit integrointerpolation technique.® The fluxes in
semifull nodes were approximated by central second-order differ-
ences on a nine-point box scheme. The problem was solved by
applying a nonuniform grid with node clustering near a shock wave
and a streamlined surface. A modified Newton-Raphson method
was employed to solve nonlinear difference equations, and the solu-
tion of a linearized set of difference equations was obtained by using
LU decomposition with a preliminary permutation of unknowns by
the nested dissections method.® The numerical computation pre-
sented here was performed on an IBM RS 6000/58H computer; one
version on a 61 x 51 grid required about 30 CPU minutes. The com--
putation technique was tested many times in numerical experiments
and proved to be a reliable and highly efficient solution code. For
example, Fig. 2 shows the calculation data on temperatures for dif-
ferent degrees of freedom and concentrations of e, NO*, N}, Of
along the stagnation line. The flight altitude was 80 km, velocity was
8.0 kmy/s, R ~ 1.2 m, and the wall was catalytic. When performing
a large series of parametric calculations for ionization in a viscous
shock layer, parabolized Navier—Stokes (PNS) equations’ often are
used. It was found that maximum levels of 7, ,, obtained by use
of these models differ little from the results obtained when the NS
model is used.?
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Fig. 2 Distributions of calculated temperatures and charge species
concentrations along the stagnation streamline.

Approximate Simulation in Wind Tunnels

The laboratory experiment is the least developed constituent of
the complex approach to the investigation of ionization in hyper-
sonic flows. This is attributable to technological and methodologi-
cal difficulties encountered in simulating nonequilibrium ionization
processes in present-day wind tunnels. The simulation of ionization
processes in wind tunnels is complicated by two factors. First, the
reproduction of real space-time characteristics of ionization and re-
combination processes in wind tunnels presents certain difficulties.
Second, the test-section gas flow in high-enthalpy wind tunnels is,
as a rule, a substantially nonequilibrium one in terms of vibrational
molecular energy, dissociation, and ionization, and the gas itself can
contain various impurities that are difficult to control.

Up-to-date wind tunnels are essentially incapable of simulating
nonequilibrium processes completely. Even in high-enthalpy im-
pulse wind tunnels IWTs), it is impossible to attain altitudes and
velocities typical of those during ballistic and gliding re-entry of hy-
personic vehicles. The capabilities of present-day IWTSs® are shown
inFig. 1, curve 6. So, only approximate, partial simulation is implied
when discussing the investigation of ionization in wind tunnels.

The simulation of ionization in the case of hypersonic flows over
bodies suggests the fulfillment of the similarity laws for a gasdy-
namic flowfield and kinetic processes. The gasdynamic simulation
of hypersonic flows can be performed in up-to-date wind tunnels

for particular flight conditions. For example, flows over blunted

bodies in regimes featuring the viscosity effects under hypersonic
stabilization (M > 10) are successfully simulated by Re, in repro-
ducing experimentally the temperature factor and catalytic prop-
erties of a streamlined surface. The simulation problem becomes
much more complicated when nonequilibrium ionization is consid-
ered. The fulfillment of the results of conditions Rey = Rejj, A; =
A}, A, = A} is anunrealistic requirement for a complete reproduc-
tion of flight conditions in wind tunnels. The rule of binary similarity
PR = (pxo R)* enabling an approximate simulation of nonequilib-
rium processes in flows over bodies cannot be employed because, so
far, it has been impossible to reproduce in wind tunnels the velocity,
composition, and thermodynamic state of a gas at flight conditions.
Thus, an approximate approach to the simulation of ionization in
wind tunnels, based on the application of a combination of the pa-
rameters Rep and A;, is considered. It is taken into account that in
the regimes of a viscous shock layer within the range of values of
Ve, H, and R that are of practical interest, the ionization level near
a hypersonic vehicle is essentially governed by processes taking
place in the regions of flow stagnation, in particular, in the region of
nose bluntness. The required combination of Rey and A; is derived
from the continuity equation for electron concentration:

dn, 1 9 on,
u =W,+—-— _,u_ 4
dy p 3y \ Sc dy

in the form of 2.0, = Neo.m/ngy , = fIRep(A;)] in estimating

maximum values of n. ,, along the stagnation streamline. The nu-
merical investigations show that the function

t
W;dt
A= | —
0 ne()

where W; is the electron formation rate in the shock layer, can be
represented with acceptable accuracy by ¢(A;) ~ Al/(1 + A",
where n & 2 at A; = 0.01-1. As shown in Fig. 3, numerous calcu-
lations of n,g ,, in the viscous shock layer, performed in the United
States and Russia, as well as.the values of n, measured in flight
tests, correlate well with each other at Rey = 10-10%, A; = 0.01-
10, and V,, = 4--8 kin/s when they are represented in the form of
dependencies n,g/ng = f(K), where K &~ RegA2/(1+ A?) or
K ~ RegA? at A; « 1. In Fig. 3, the regions of calculated values
of fiqom = f(K) are indicated by the hatched band (more details
are given elsewhere'®). Note that at K < 30, the dependence is di-
vided into two branches, corresponding to catalytic and noncatalytic
streamlined surfaces.

Parameter K was used in the approximate simulation of ionization
near the vehicle in the viscous shock layer condition performed in a



GORELOV ET AL. 803

-1

B | lHTHHIHﬂm.,
fmm:wmm;HHHIH

2111l II ”
Peo,m OI ' l”“
Neo,m I | l
m g l
100 b
0 I l l 1 1 - cat. wall
] I 2 - non. cat. wall
4 L' ® - test data (IT-2M)

10

e A

1 10 100
K

Fig. 3 Correlation dependence fiom = f(K).

hypersonic wind tunnel. It was assumed that the ionization process
in the viscous shock layer could be simulated approximately when
reproducing in the wind tunnel the correlation parameter X in addi-
tion to the main parameters of aerodynamic simulation in the con-
ditions of hypersonic stabilization, i.e., when the condition K = K*
was satisfied. The approximate relation for the simulation condi-
tion in the wind tunnel can be derived from the condition X = K*
(at A; < 1) by using the connection between jig, T, and M in the
expression Rey:

LR \Vy) |wen

Function f = (M/M*)*%(T,,/T;,)"% ~ 1 for the model tests dis-
cussed below. At V,, =V, the same composition and thermody-
namic state of a freestream gas under real and tests conditions, Eq.
(5) is reduced to the well-known binary similarity law.

Equation (5) allows an approximate consideration of the differ-
ence in velocity, composition, and thermodynamic state of flows
in wind tunnels and under flight conditions. Along with the multi-
plier (Voo/ V)3, this difference is defined by relation t; /7. The
characteristic time of ionization behind the shock wave 7 in wind
tunnel conditions depends on the gas composition, on the degree of
nonequilibrium in a flow, and stagnation parameters. For the present
investigation, the quantity t; was determined from the calculated
data on ionization in a test gas behind a steady-state shock wave in
the test section flow.

Test Facility

For test investigations, an adequate wind tunnel is of great im-
portance. Emphasis should be placed not only on the possibility of
achieving gas flows with high stagnation temperatures T, but also
on the attainment of high pressures Py, in the wind-tunnel reservoir.
Increased values of Py, extend the simulation range because of a
rise in the binary similarity parameter po, R and a decrease in the
background electron concentration level in a freestream gas flow.
Hypersonic flows with high values of 7 and Py, are comparatively
simple to attain in hot-shot-type wind tunnels. Among these is the
hypersonic wind tunnel IT-2M of TsAGI. The IT-2M wind tunnel en-
ables a gasdynamic simulation of hypersonic flight conditions over
a wide range of Reynolds and Mach numbers. High values of Py,
and T in this wind tunnel are obtained by impulse (v & 0.5 ms) gas
heating in the reservoir (volume 0.9—1.8 dm®) using an electric dis-
charge of 820 kJ. Conical and shaped nozzles to 0.9 min diameter are
used. Hypersonic vehicle models and their components, characteris-
tically 200-300 mm in length, are mounted on stings or suspended
by slender stings. The operational parameters of the IT-2M wind
tunnel required to investigate ionization are Py, = 200-1000 atm,
Ty = 4000-8000 K, M, = 12-21. Particular attention was paid to
the investigations in a high-temperature flow: 7, = 7000~8000 K,
Py, = 200-300 atm, My, = 18-21, Rey = 10°-10°. A mixture of
nitrogen and a small amount of oxygen (2.5-5.5%) served as the test
gas. This mixture represents.a tradeoff of the requirements imposed
on the simulation of associative ionization process in air against the
need to reduce the oxygen content of the test gas to prevent erosion

of the discharge chamber walls, electrodes, and the stagnation noz-
zle section. In the hot-shot wind tunnel the gas flow parameters are
continuously varied in the test part of the tunnel. The investigations
of ionization processes near the test models were carried out during
the first 5-10 ms, when Py, and T; had high values. At high tem-
peratures, in the IT-2M wind tunnel, copper impurities entering the
nozzle and test-section gas flows may be considerable because of
discharge-electrode erosion. They have essentially no influence on
the aerodynamic and thermal test results, but their role in the ioniza-
tion process should be elucidated. An analysis showed that, when -
nitrogen was used as a test gas'at Ty < 4000 K, the impurity exerted
an appeciable effect on the ionization processes in the flow and near.
the model. However, from comparative analysis of the calculations
and tests of ionization in the nozzle and near simple models, it is in-
ferred that the influence of the charged condensate on the ionization
kinetics in the IT-2M wind tunnel when the test gas is the mixture
N, + O, probably can be neglected at high temperatures, and the
associative ionization process of electron formation is the primary
effect in the shock layer near the model.

Diagnostics

Plasma parameters near models in the IT-2M wind tunnel and the
flight experiment were measured by use of electric probes. Many
publications have been devoted to probe methods, but their applica-
bility in characteristic test conditions, when My, > 1, Kn = 0.1-10
(Kn is the Knudsen number based on the characteristic probe size),
has received little attention. Therefore, the operational peculiarities
of various probes in supersonic plasma flows were investigated in
the electric arc-driven shock tube of TsAGI in an air plasma flow
behind the shock wave.!! Diversified probes, e.g., with cylindrical-
shaped electrodes (single, double, triple), conical-shaped (single and
double), and with wall electrodes mounted flush with the surface in
flow, were investigated. Probes with pointed fairings protecting the
electrode surface against liquid or solid particles were designed to
measure i, ; concentration in plasma flows containing a condensed-
phase impurity. Test data for some probe methods are presented
elsewhere.!!

To find n, ; proceeding from the probe measurements, it is neces-
sary to know the electron temperature 7, in the measurement zone.
In some experiments, T, was estimated from the volt-ampere char-
acteristics of double probes or was measured directly using a triple
probe.!!"12 However, in most tests in IT-2M, T, was obtained using
numerical calculations or estimates. This meant that inaccuracy in
determining 7, influenced the total accuracy of the probe measure-
ments.

Numerical Simulation of Ionization Processes
in Wind Tunnels

Numerical simulation of nonequilibrium flow in the wind tunnel
is based on the solution of equations of gasdynamics and kinet-
ics of nonequilibrium physical-chemical processes taking place in
a nitrogen—oxygen mixture at high temperatures. The gas heated
in the reservoir at Ty < 8000 K is a mixture of the following
species: Na, O, N, O, NO, Nf, O, NO*, and e. Control calcu-
lations were carried out with consideration of copper impurities
in the gas, the amounts of which were estimated from evaluation
of copper-electrode erosion. In the numerical solution, account was
taken of the main reactions proceeding in the above-mentioned mix-
ture, nonequilibrium excitation of molecular vibrational degrees of
freedom in a multitemperature scheme, as well as ionization that
occurs in terms of associative ionization reactions. Influence of
the boundary layer on the nozzle walls was taken into account by
the iterative method, using the measured values of pressure P in the
flow at the nozzle exit. Examples of calculations of T, and n, in the
nozzle in IT-2M are presented elsewhere.? The calculation results
for the wind-tunnel circuit flow served as initial data to calculate
flows over models of simple configurations in the test section. Ion-
ization in the viscous shock layer near models in the IT-2M wind
tunnel was determined from PNS’ calculations. In all, the kinetic
model of nonequilibrium processes in the viscous shock layer was
similar to that applied to calculate ionization under flight conditions.
The parameter (p7;)* is necessary for application of this proposed
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method of ionization modeling. To determine this parameter, calcu-
lations of ionization time behind the shock wave in nonequilibrium
gas flow in the test section of the IT-2M wind tunnel were carried
out. The time 7;* was determined from the calculations of the profile
of n, behind a steady-state shock wave in the form

* dne
w=nee [\

where n, g is the quasistationary level of n, behind the shock wave.

Applicability of Simulation Principles
First, it is necessary to establish whether the measured values

of n,, in the IT-2M wind tunnel agree with the correlation de-

pendence 7.0, = f(K). The control experiments carried out at
My =21,T) = 7000 K, p, = 1.5 x 1077 g/cm® involved mea-
surements of electron concentrations in the vicinity of the stagnation
point of a model with the bluntness radius of R = 0.01-0.15 m, the
model surface being noncatalytic. Figure 3 shows the test results.
Each test point was obtained by averaging over five runs of the IT-
2M wind tunnel. The value of nzgm measured in the tests was about
10" cm™3, Tt is seen that the measured values of 7o, are in agree-
ment with the correlation dependence 71, = f(K) for ionization
near the noncatalytic surface.

In addition to the wind-tunnel simulation in terms of parame-
ter K, it is necessary to simulate the hypersonic viscous shock layer
condition and the surface boundary conditions, particularly the influ-
ence of catalytic surface properties. The capability of the simulating
mode] boundary conditions corresponding to a catalytic surface and
anoncatalytic one in a hot-shot-type wind tunnel was verified exper-
imentally. Distributions of n, across the shock layer were measured
near the model featuring cylindrical bluntness, the catalytic surface,
which was made of metal, and the noncatalytic surface, which was a
dielectric. The results are given in Fig, 4. At a shock-layer thickness
of about 5 mm, the distribution of n, = f(¥) (y is the coordinate
normal to the model surface on the stagnation line) was measured
for y = 0-1 mm using a double electric probe. These data confirm
that the IT-2M wind tunnel is capable of simulating the influence of
catalytic properties of a streamlined surface on the distribution of
electrons in the viscous shock layer.

The flight altitudes at which the approximate method of simulat-
ing ionization is applicable can be derived from relation (5), depend-
ing on the quantity R/R*, using the calculated values of (z;0)*.
At V* = 4.5 km/s (conditions realized in the I'T-2M wind tunnel)
and V = 7.0 km/s, the applicability of the approximate method of
simulating ionization is restricted by the conditions: H > 75 km
at R/R* = Sand H > 85 km at R/R* = 20. The calculations
performed using the PNS model show that, at these altitudes, the
effect of the difference in temperatures, T,, and T}, at a streamlined
surface on value N, ,, does not exceed about 20%.

Comparison of wind tunnel data with flight test results and numer-
ical investigations serves as a validation process for the approximate
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Fig. 4 Influence of surface catalytic properties on electron concentra-
tion in the viscous shock layer.

simulation concept. Thus, a direct comparison of the computational
and wind tunnel test results with the flight tests of Bor-4¢ was carried
out.

Flight Experiment

The flight experiment is a very important component of the inves-
tigation of ionization processes near hypersonic vehicles. The results
obtained were used to verify the numerical models of ionization pro-
cesses and methods of an approximate simulation of ionization in
wind tunnels. The flight experiments were carried out on the Russian
hypersonic vehicle Bor-4c, designed for aerodynamic and thermo-
physical investigations under flight conditions. Figure 5 shows the
Bor-4c configuration, which is a hypersonic lifting body. Wings with
outboard panels and the central fin installed on the afterbody were
used for aerodynamic control. The characteristic nose bluntness ra-
dius near the stagnation point was about 0.7 m. In a suborbital-flight
version, the Bor-4¢ vehicle was launched to an altitude H =~ 200km
by a two-stage rocket; then, it entered the dense atmospheric layers
at a velocity of 7.28 km/s. Following aerodynamic deceleration, the
vehicle landed using a parachute system.

The plasma parameters in a shock layer were measured at altitudes
ranging from 105 to 70 km at flight velocities of V,, = 7.28-6.9
km/s. Measurements were performed with electrostatic probes of
two types. Ion concentration inside the shock layer was measured
using two double probes placed symmetrically about the vehicle
datum line,® one probe being 24.5 mm from the vehicle surface, the
other at 13.5 mm. Two cylindrical electrodes 1.0 mm in diameter
were attached to each probe. The length of the sensitive zone of the
electrode probes was 20 mm. The electrodes were made of tungsten
and were covered with a chromium coating to avoid oxidation.

The probes were energized by a 12-V sawtooth voltage generator
to obtain complete volt-ampere characteristics of each branch of the
probe for each second of the flight. The ion density in the wall layer
was measured by two double-wall probes that were two electrodes
lying in one plane and fixed in a common insulating case. The sensi-
tive probe surface was flush with the heat-resistant coating of the ve-
hicle in an area 0.63 cm?, and constant voltage applied to the probes
was —20 V. The cylindrical probes retained their normal operating
characteristics up to an altitude of H ~ 70 km, whereas the wall
probes were serviceable up to H ~ 60 km. The gas parameters in
the shock layer were evaluated relative to the pressure distributions
measured on the spherical Bor-4¢ nose cap and the conjugate wind-
ward surface; trajectory parameters and onboard measurements of
vehicle motion parameters were recorded as well. Figure 6 shows
the flight-test ionization data as a function of flight altitude and flight
time. The probe-measured results are shown in Fig. 6 in the form of
crosshatched band 1 for the cylindrical probes and band 2 for the wall
probes. The “wavy” behavior of measured dependencies n, = f(z)
is attributable to considerable variations in the vehicle angle of attack
from 10 to 75 deg in the flight-time interval 490-520 s. At H = 100
km, radio communication with ground-based observation posts was
lost due to radio blackout and reestablished at H = 93 km. The cal-
culated equilibrium value of the electron concentration in the vicin-
ity of the stagnation point is shown in Fig. 6 by line 3. It is seen that,
at H > 80 km, the ionization processes in the viscous shock layer
(Rey < 10%) became substantially nonequilibrium. An interesting
fact is revealed when comparing the measured value of n, inside the
shock layer with that in the wall region. At H > 85 km, the value
of n, in the wall plasma layer exceeds that measured at a distance
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Fig. 5 Hypersonic vehicle
Bor-4c scheme.
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Fig. 7 Comparison of flight and l’a’Boi‘étory data of n.; near the lower
surface of the Bor-de.

"of 13.5-24 mm. This difference increases as the altitude increases,
becoming an order of magnitude and greaterat H > 90km. At H <
80 km, value of n,,, is lower than that of n, inside the shock layer.
Note that, whereas the values of n, inside the layer vary by almost 3
orders of magnitude in the range H = 93-72km, the measured value
of n,, only changes several times, and the effect of the “stabiliza-
tion” of values of n,,, is exhibited in the range H = 84—70 km. This
effect was caused by measurement of n, during the flight test near
the electrical insulating, noncatalytic heat-resistant coating, its sur-
face temperature not exceeding 700 K at H > 80 km. The increased
gas density near the cold noncatalytic wall when recombination in
the wall layer is “frozen” can cause the above-mentioned effect.

Comparison of Results

Figure 6 shows the calculated values of n,,, (line 2) and n, (line
1) at a distance of 13.5 mm from the surface. The calculation is
accomplished by using the numerical NS model. The noncatalytic
surface temperature is 7,, = 500 K, and the gas composition for
the flight altitudes is included. As a whole, the ratio between n,,,
and n, in the shock layer is confirmed by the calculation. Note that
the calculated values of n, for y = 13.5 mm at H < 92 km are in
good agreement with the flight-test results. The discrepancy between
the calculation and the test at H =~ 100 km can be attributable
to the limited applicability of the NS model at Rey =~ 10. The
calculated values of n,,, differ from the measured ones to a larger
extent, especially at high altitudes. This is attributable to both the
simplified form of the boundary conditions used in the calculation
and the uncertainty in the physical-chemical processes in a layer
with high gradients, and high measurement errors when the plane
wall probes are used. Also note that flight-test results (line 1) are in
good agreement with the calculation carried out using correlation
dependence i g, = f(K) (curve 4).

The results of flight and laboratory experiments were compared
in terms of the ionization parameters near the 1:20-scale Bor-4¢
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Fig. 8 Distribution of 77, in the plane of symmetry in leeward zone of
the Buran hypersonic vehicle.

vehicle model measured in the IT-2M wind tunnel. Ion and elec-
tron concentration was measured on the Bor-4c model in the IT-2M
wind tunnel in the probe location zones typical for the flight test. It
was possible to reproduce absolute values of njy at K = K* cor-
responding to the flight altitude of H ~ 85 km. At H = 87.5-85
km, the angle of attack varied from 10 to 75 deg. Figure 7 presents
some probe measurement results in the shock layer near the lower
surface of Bor-4c depending on the angle of attack «, and respective
measurement data obtained in the IT-2M wind tunnel. A satisfactory
agreement of values of n, measured in flight and test conditions was
observed. This finding and comparison of distributions of i, ; near
various models measured in the IT-2M wind tunnel with the results
of other flight tests and model calculations confirm the correctness
of the suggested procedure for approximate simulation of ionization
processes near a hypersonic vehicle.

Note once again that the simulation of absolute values of n, near a
hypersonic vehicle in the wind-tunnel conditions is possible only for
rather limited cases. A simpler problem is the simulation of relative
distributions of 2, near a hypersonic vehicle only for K = K*.

Examples of Ionization Investigations

A great deal of data on distributions of »,; in windward and lee-
ward flow zones near models of various hypersonic vehicles and
their components have been obtained by applying the approximate
simulation of ionization processes as described in this paper. The
plasma parameters were investigated in separation zones, in near-
wake regions, near outboard wing panels and control surfaces, and
in areas appropriate for radio communication antennas. For ex-
ample, Fig. 8 shows the distribution of #, = f(¥) measured in
the IT-2M wind tunnel in the plane of symmetry in the leeward
zone near the model of the hypersonic vehicle Buran in the section
X = 10(X = X/R). In Fig. 8, i, = n,o/ngy, where nig is the
equilibrium electron concentration in the vicinity of the stagnation
point. The flight regime at H = 80 km was simulated in terms
of parameter K. The dotted line refers to the inviscid calculated
values of 7, in the leeward zone near the Buran vehicle. Similar
measurements of distributions of 7, were made in different planes
passing through the vehicle datum line. These data were used to
derive the distribution of 7., = Bem/Reom (Bem 1S the maximum
value of electron concentration in the plasma layer, and n,q ,, is the
value in the vicinity of the stagnation point) in the cross section
X =10 as a function of the angle ¢. These results are presented in
Fig. 9. The angle ¢ was measured from the plane of symmetry in
the leeward zone. From Fig. 9 it is inferred that minimum values of
Rem < 1073 are characteristic for the leeward zone at ¢ = 45-50
deg. When approaching the plane of symmetry (¢ = 0), the value
of 1, increases several times. Figure 10 presents the distribution of
ne = n,/n.m in the plane of symmetry behind the Bor-4c vehicle
model. The 1:20-scale model was installed in the IT-2M wind tun-
nel using a string supension at ¢ = 45 deg and M, = 18. Similar
distributions of #, were evaluated in different sections of the near
wake behind the Bor-4c model. Using these data as a base, the ap-
proximate three-dimensional distribution of n, in the vehicle wake
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Fig. 9 Test data distribution of

7 = f(¢p) near the Buran hyper-

sonic vehicle in the cross section
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Fig. 11 Test data n, in zone of antenna location Bor-4c.

for the frozen recombination condition was obtained to calculate the
propagation of radio waves through the near-wake zone in different
directions.?

The model tests in the wind tunnel and the simultaneous flight
experiment complement each other. For example, in the flight of the
Bor-4c vehicle, the communication broke off, as noted, at an altitude
of 100 km, and then reestablished at H = 93 km. To simulate
this situation in the IT-2M wind tunnel, a special experiment was
undertaken that implies measurement of n, concentration on the
outboard wing panels in the antenna location area on the Bor-4¢
vehicle. The tests were made at T, = 7000 K in the viscous shock
layer. Figure 11 shows the behavior of n,, depending on the angle
of attack in this zone. It is seen that changes in the flow at & = 40—
60 deg result in a strong increase in n, (by more than two orders of
magnitude) on the outboard wing surface. This effect probably is
responsible for the breaking off of communications at H = 100 km
when the angle of attack rises up to 60 deg in the flight of the Bor-4¢

vehicle and its reestablishment at H = 93 km when the angle of
attack decreases to 20 deg.

During the investigations of ionization in the IT-2M wind tunnel,
the effects of different parameters on ionization processes in hyper-
sonic flows over bodies were evaluated. In particular, the influence
of distributed cold gas injection on ionization in a viscous shock
layer and the formation of a separated flow zone in the region of
bluntness were investigated.®

Conclusion

Having read the present article, one may ask why complicated
wind tunnel and flight experiments should be carried out and a very
approximate approach to the laboratory simulation of nonequilib-
rium ionization processes be employed if the current state of the art
in computational fluid dynamics allows the computation of three-
dimensional distributions of the electron concentration and other
parameters of plasma near a hypersonic vehicle. Two answers may
be given.

First, wind-tunnel tests were indispensable, because at the time
that they were conducted, adequate computing facilities were not
available to solve viscous three-dimensional problems including
nonequilibrium physical-chemical processes based on the Navier—
Stokes equations.

Second, we believe that, even with the availability of modern
high-efficiency computers, a diversity of problems can be solved in
a more rational way on the basis of laboratory experiments. Among
these are the investigation of different processes (fluid injection into
the viscous shock layer, action of electric and magnetic fields), and
the analysis of various methods providing the transformation of
kinetic energy of plasma to electric energy.
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