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Experimental and Numerical Study of Nonequilibrium
Ultraviolet NO and N; Emission in Shock Layer
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The results on an investigation of nonequilibrium uv radiation in the systems of molecular bands NO
and N> (1) in a shock layer in air are presented. The studies included the experiments on a measurement
of the nonequilibrium radiation behind a strong shock wave in an electric arc-driven shock tube within
the range of shock-wave velocity change V., =5 to 10 km/s at the initial air pressure P, = 0.1 torr, and
numerical simulation of radiation processes behind the shock wave and in a hypersonic viscous shock
layer, where the flow was simulated on the basis of Navier-Stokes equations. A numerical model of the
radiation behind the strong shock wave has been used to verify a kinetic scheme of radiation processes
by comparison with experimental results. Examples of emission calculations in the NO and N3 (1—) sys-

tems for the conditions of a flight test are presented.
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= rotational constant

speed of light, cm/s

energy of dissociation, K
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Planck’s constant

radiation intensity, W/cm®> sr wm
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radiance, W/cm® sr wm

temperature, K

time, s or ws

rate of electron energy exchange
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distance behind shock wave, cm
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Subscripts

ai = associative ionization
e = electron, electronic
el = elastic

f = forward

m = maximum

R = rotational

r = reverse

s = shock-wave condition
v = vibrational

1 = condition ahead of a shock wave
o = freestream condition

Superscripts
!

upper excited state
" = lower excited state

Introduction

ECENTLY, there has been a wave of interest in nonequilib-

rium hypersonic viscous shock layer radiation studies.
The main direction of these studies is to specify numerical
models of nonequilibrium processes in a shock layer within a
wide range of flight altitudes and speeds. An important stage
is the experimental verification of the used kinetic models.
Flight tests performed on bow shock flight experiments® made
it possible to revise a model of radiation processes in a shock
layer at flight velocities V = 3.5 and 5.1 km/s. The flight ex-
periment makes it possible to obtain very valuable information
on a study of nonequilibrium processes in a viscous shock
layer within a wide range of flight altitudes. The possibilities
to verify numerical models can be expanded when the results
on radiation measurements in laboratory experiments are also
used. In this way, the numerical model of the flow behind the
shock wave is compared with the data measured in a shock
tube. A model verified like this can be used for numerical
simulation of the radiation in a viscous shock layer. Then a
comparison with flight data can be performed. Such an ap-
proach has been used in this work to get results, some of which
are presented in the following text. A numerical model of ra-
diation in the NO and N3 (1—) systems in a viscous shock layer
has been developed. Some parts of this model differ from the
models used in Refs. 1 and 2. A kinetic scheme of radiation
processes has been verified by using the results of a number
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of experiments performed in the electric arc-driven shock tube
(EAST).?

Main attention was paid to the study of shock-layer radia-
tion when shock velocity was about 8 km/s, but a number of
calculations were performed for flight conditions when V =
3.5 and 5.1 km/s. The experiments were performed within
the changing range of shock-wave velocities V, from 5 to 10
km/s.

Experiment Description

Experimental investigations of the radiation behind a strong
shock wave have been performed in the EAST, where a series
of investigations of the processes behind strong shock waves
in the air were carried out.* The discharge driver chamber of
the EAST had ceramic walls and molibden electrodes. Driver
gas was helium heated by an electric discharge. A low-pres-
sure-driven channel was assembled from glass sections (the
length was ~5 m and the diameter was 57 mm). It was pre-
liminarily evacuated up to a pressure of 10> torr. Dry air was
delivered through the capillary into the channel at its end. A
continuous air evacuation was performed at a specified value
of P, in the channel. Thus, the level of impurities in the gas
under study has been reduced. The velocity of shock-wave
propagation was measured by a system of photomultipliers
with an accuracy of about 1%. The routine test scheme to
measure the radiation intensity behind the shock wave was
described in Ref. 5. A diffraction monochromator with the pho-
tomultipliers was used to measure the emission in spectral in-
tervals. The temporal resolution of the measured system was
about 0.1 ws. Measurements of / were performed within the
following spectral intervals and values of P, and V..

A\ about 235.0 nm—system NO, P, = 0.1 torr, V, = 5-10
km/s

\ about 391.4 nm—system N3 (1—), P, = 0.1, torr, V, =
7-11 km/s

For N =391.4 nm, the measurements performed in the EAST
for V, =10.1 km/s and P, = 0.1 torr were in a good agreement
with the data obtained in Ref. 6. The level of radiation in the
spectral range N = 385 £ 2.5 nm (CN molecular band system)
in our experiments was lower than measured in Ref. 6.

Kinetical Model

The targets of numerical modeling are the verification of
calculations by experimental results and the correction of a
used kinetical model. Numerical simulation of nonequilibrium
air radiation is based upon using a physical - chemical model
of high-temperature air and the models of nonequilibrium
radiation formation. The air under conditions of high-temper-
ature shock layer at considered velocities and altitudes is a
mixture of species: N,, O,, NO, N, O, NO*, N3, 05, 0", N*
and electrons e. To simulate the nonequilibrium radiation for-
mation in the band systems of molecules and molecular ions,
the previously considered gas mixture is supplemented by cor-
responding species in excited electronic- vibrational -rota-
tional states. The multitemperature model for vibrational re-
laxation when vibrational temperatures of molecules differ
from one another is used in kinetical model. It is assumed that
rotational degrees of freedom molecules in the ground state
are in equilibrium with a translational degrees of freedom gas
mixture.

Vibrational Relaxation

To describe the vibrational excitation of N, and O, mole-
cules, the model from Ref. 7 is used. The relaxation time T
may be calculated from correlation pr = AT” exp(BT '?),
where values of A (in ws atm), n, and B coefficients are pre-
sented in Table 1.

Vibrational excitation of the NO molecule was calculated by
using the relaxation time from Ref. 8. The excitation of N,

Table 1 Relaxation time coefficients

Process M A n B

Ofv=1)+ M N> 4.66 X 107 5.99 511.1
0. 1.1 X 10> 4.235 354.0
NO 32 % 10°* 6.875 592.6
N 14 %X 107 6.298 528.7
o) 8.9 X 107 4.862 353.2

NAdv=1)+ M N> 33 %X 107> 4.555 523.9
0, 7.6 X 100*% 7.104 717.8
NO 1.0 X 10°*® 7.088 712.9
N 50 % 100 6.446 848.6
o) 7.6 x 10°* 6.291 662.3

vibrational levels by electron impact is given by the following
reaction’:

No(v) + e = N, = Ny(v') + e (1)

The influence of reaction (1) on the vibrational relaxation
of the N, molecule was taken into account by the model,"
using rate constants of a step-by-step population of N, vibra-
tional levels.” Reaction (1) carries an important contribution
into the energy balance of electron gas and determines in a
great part the distribution of electron temperature in a shock
layer (see the Electron Temperature section).

Dissociation of Diatomic Molecules

The dissociation of N, O,, and NO molecules proceeds si-
multaneously with their vibrational excitation in considered
temperature diapason. This fact stipulates the close interaction
and a interinfluence between a vibrational relaxation of mol-
ecules, their dissociation, and a recombination of atoms into a
molecule. An influence of nonequilibrium excitation of vibra-
tion degrees of freedom on the rates of dissociation reactions
were taken into account by a two-temperature dependence
of the rate constant’ k(T, T,) = k«(T)-®(T, T,). The function
®(T, T,) was determined on the model base of an effective
vibration level that is distant from the dissociation limit on the
value of BT (the B model of dissociation), by the following
formula:

1 — exp(—6/T,) 1 1
(T, T,) = —————= - - BT (= - =
N ey e"p[ - B )<TU T)]
The values of D and 8 for O, 59,400 K and 1.5; for N,

113,200 K and 3.0; and for NO, 75,500 K and 3.0.” The dis-
sociation reactions taken into account are shown in Table 2.

NO Formation

NO molecules are more efficiently formed through exchange
chemical reactions:

Nxv) + O = NO + N (2)
0,+ N=NO + 0 3)

Note that the exchange chemical reactions have an important
meaning in numerical simulations of a radiation in molecular
bands of NO, because the total product of NO depends upon
the accuracy of these reactions’ description. According to Ref.
7, reaction (2) may proceed with the participation of a vibra-
tionally excited N, molecule. In this case, the rate constant of
Eq. (2) depends upon vibrational temperature T, and upon
translational temperature 7 as follows:

6.8 X 10" (E E>
KT, Tn) =——mr— ex - -
0T 2, exp [ T T

_ (E,— yE)

o7 ‘0 (E, — YEI)}
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Table 2 Reactions of dissociation

Reaction M ko cm7mol-s Reference
N{v) + M = N+ N+ M N, 4.9 X 107- T % exp(—113,200/T) 11
N 7.4 X 10" T~ exp(—113,200/T) 11
0, 0, NO 1.8 X 10"7- T~ exp(—113,200/T) 11
e 8.1 X 10" T exp(—113,200/T.) 7
OL) + M=0+0+M 0, 3.25 X 10T " exp(—59,380/T) 11
o 8.10 X 10" T~ " exp(—59,380/T) 11
N, N, NO 6.15 X 10™- T~ " exp(—59,380/T) 11
e 1.0 X 10" T2° exp(—70,760/T,) 7
NO(w) + M =N+ 0+ M N, O N, O, NO 4 X 10T~ - exp(—75,400/T) 11
e 4.68 X 10°- T " exp(—78,530/T,) 7

3.0-10"
————— Park's model (Ref. 11)
] —— MREF model (Ref. 11)
i present model
N
/ N\
15 .-
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. \ .
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Fig.1 NO-formation behind shock wave (V.5 9 km/s, P, 5 0.04
torr). Rate constant of reaction (2): from Ref. 12, curve 1; from
Ref. 7, curve 2.
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0.0 T T T T v T T
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Fig. 2 Temperatures distributions behind shock wave (V5 9
km/s, P, 5 0.04 torr).

where E, = 38,000 K; B = 0.9; v = 0.52; O(T ) = [1 —
exp(—DIT x)I/[1 — exp(—8/T x,)]. O is the Heaviside func-
tion, E, is the vibrational energy of the N, molecule, corre-
sponding to v, and D is the dissociation energy of nitrogen.
The rate constant of reaction (3) has a k, = 6.4 X 10° T-
exp(—3150/T) cm*/mol-s form.”

Figure 1 shows the comparison of nitric oxide density cal-
culations using different rate constants of reaction (2) and the
results presented in Ref. 11. Note that the prediction of NO
formation by the Macheret-Fridman-Rich (MFR) model and
our results are very close (Fig. 1). The use of the rate constant
of reaction (2), recommended in Ref. 12, in this computa-
tional model results in an increase of NO peak concentration.
The distributions of translational 7" and nitrogen vibrational
T, temperatures calculated with the use of the described

kinetical model, and results from Ref. 11 are shown in Fig.
2. A difference is noted between the nitrogen vibrational tem-
perature distributions calculated in Ref. 11 using different
models. Our calculated data lie between Park’s model and the
MRF model results presented in Ref. 11. Note, that the dif-
ference in vibrational temperature distributions don’t consid-
erably effect the NO concentration.

Ionization
It is assumed that electrons in a shock layer are formed at
flow velocities through three associative reactions of ionization
and reactions of ionization by an electron impact (Table 3).
The rate constants are the functions of electron temperature,
which differs from translational and vibrational temperatures.

Electron Temperature

Electron temperature 7. is defined from a balance equation
of electron energy:

d (3
—\=Twn.|=Uy — Ug— U — U,
dr \2

The following electron energy exchange processes were
taken into account in a balance equation of electron energy:

1) The appearance of electrons with the energy E ~
kT through associative ionization reactions'’ and the loss of
electron energy in the recombination reactions of ions and
electron

3
3
Us=3 > (TR, — T.'R,)
=

where R, and R,; are the forward and reverse rates of associ-
ative ionization reaction j, respectively.

2) The energy exchange in elastic collisions between the
electron and heavy particle i

3m,
Ua = E 7 vandT — T.)

where v, is the collision frequency, and m, and m, are the
electron and heavy particle i masses, respectively.

3) Electron energy exchange with rotational degrees of free-
dom molecules."

3 0.5
64 8kT, T
oo S () o (F )

j=1

where k is the Boltzmann’s constant, o = 2s;/15ea3 is the
cross section, s; is the molecular quadrupole moment, and B,
is the rotational constant of the molecular species j (N,, O,
and NO).
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Table 3 Reactions of ionization
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Reaction kg, cm7mol - s Reference
N+O0=NO"+¢e k,=2.6 X 10" T." 7
N+N=N:+e k,=5.0x 10%.1_." 7
0+0=05+c¢e k.=5.0X 10"°-T_" 7
NO+ =e=NO"+e+e kr= 6.5 X 102 T_"-exp(—107,370/T.) 7
Not+e=2Nt+e+e ky=4.5 X 1077-T2-exp(—118,840/T.) 7
O+e=0 +e+e ky=5.2 X 102 T2 exp(—157,980/T.) 7
O,+e=03+e+e kr=1 X 1072 TS exp(—140,150/T,) 7
N+e=N +e+e ky=1.8 X 10" T2% exp(—168,770/T,) 7
Table 4 Rate constant coefficients for reaction (1)*
v 0 0 1 0 1 2 0 1 2 3
v’ 1 2 2 3 3 3 4 4 4 4
A 83 63 116 58 169 35 49 147 24 54
n -0.5 1.1 -1.3 -15 —1.4 -1.0 -1.5 -1.5 -1.0 -1.2
c 1.7 1.9 2.0 2.3 2.0 1.5 2.4 2.1 1.4 1.3
*k,,(T,) = AT exp(—CIT,), where A is in 10" '° cm?s and T, and C are in eV.
Table 5 Charge-exchange reactions
Reaction ks cm7mole s Reference
05 + No= O-+ N2 9.9 X 10" exp(—40,700/T) 7
NO" + N, = NO + N3 3.8 X 10" exp(—73,230/T) 7
0+ N=0,+N" 8.7 X 10" T exp(—28,600/T 7
)
0.+ 0" =03+0 6.45-10"* 1 7
0" + N,= 0 + N} 9.0 X 10" T exp(—22,800/T) 7
NO" + O = NO + O 1.82 X 10" exp(—50,130/T) 7
NO" + O, = NO + 0O} 2.4 X 10" exp(—32,600/T) 7
N2 + O = NO +N" 1.8 X 10™ exp(—25,760/T) 7
N>+ O" = NO + N 2.2 X 10T 8
NO" + N= O + N3 7.2 X 10" exp(—35,500/T) 7
NO' + O = 0,+ N' 10" VT- exp(—77,200/T) 7
NO + 0" = 0>+ N 1.4 X 10> T"-exp(—15,300/T) 7

4) Excitation of vibrational levels of the

through reaction (1)
10y,
exp | — 3

8
E 10N,
v=0
VOn(Ton, — T0)
[ TauT. }

N, molecule

n.ny,

U.v
q

9
X E k,.(T,)-exp

o=
v9N2> ik ( )}
: (T
Tw,) &4

= exp (

where ¢ is the vibrational N, partition function, and k,,(T,) is
the rate constants for reaction (1) (v < v').

The Arrhenius form approximation'® on the rate constant
calculations are presented in Table 4 for v and v’ and an elec-
tron energy diapason from 0.5 to 3.0 eV.

Process (1) determines, in general, the T, distribution under
conditions of a weak dissociation of N,. The calculated T dis-
tribution behind the steady-state shock wave is presented in
Fig. 2. The peak value of the electron temperature approxi-
mately equals the translational temperature. The presence of
T. — peak value in the shock front was also determined in
Refs. 4 and 15. Because of the influence of the electron- vi-
bration energy exchange in reaction (1) on the electron energy,
T. relaxes to a nitrogen vibrational temperature in a relatively
thin zone behind the shock front.

Charge Exchange Reaction

Positive charged species (atoms and molecules) exchange by
charge with neutral plasma components through the reactions
presented in Table 5.

Model of Radiation

Radiation Intensity

To calculate a radiation intensity / of molecular bands, the
following simplified formula is used'*
SevuqusBy

| N+AN/2 aN
I=46X%X 10 "— N L
A)\g(ll J:\Axa )\,6 ; TR|Bv' - Bv”

X ,EM L,L ; 4)
P T T, N . B,- B,

v

The sum is made for all vibrational numbers v', v" if (B,
— B,) X (I/x — 1/\yy) > 0, where v', v" are vibrational
quantum numbers of upper and lower electronic states, and
N, is a wavelength of transition band center (v', v"):

10"
o = 104/)\00 + Go('(},) _ GO(U").

A

AN is the mean interval (it was assumed that AN = 0.1 nm),
Ao is the center of the electronic band system, Go(v) = wov —
WoXot” + WoYor” + WoZou" is the vibrational state energy (cm ™),
g. is the degeneracy of electronic state, B,,= B, — aJlv + 1/2)
(cm™ ") where B, and a. are rotational constants, and S..,,; is the
strength of an electronic transition (atomic units). The function
Sevw = Seuus(\) is taken into account in calculations'” and g
Frank-Condon factors.'® Ty is a rotational temperature (in cal-
culations Tx = T), and n, is a concentration of molecules in an
upper electronic-vibrational excited state. The distribution
among vibrational levels within an electronic state of molecules
is assumed to be Boltzmann’s with a vibrational temperature T,
of the ground electronic state of molecules. According to for-
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Table 6 Reactions of NO excited states formation
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Reaction ks ecm¥mol-s or cm¥mol* s Reference
N + O + N, = NO(A) + N, 7.7 X 10" (1/300)"** 20
N + O + N,= NOB) + N, 1.9 X 10™-(1/300)" ** 20
N + O = NO(A) 7.1 X 10°-(T/300) *® 20
N + O = NO(C) 4.1 X 10°(T/300) = 20
NO(A) + M = NO(X) + M 5.20 X 1027 21
NO(B) + M = NO(X) + M 6.40 X 10T 21
NO(C) + M = NO(X) + M 7.56 X 10=- T 21
NO(X) + e = NO(A) + ¢ 7.20 X 10" exp(—63,500/T,) 22
NO(X) + ¢ = NO(B) + ¢ 6.10 X 10" exp(—65,700/T,) 22
NO(X) + ¢ = NO(C) + ¢ 8.40 X 10" exp(—74,300/T.) 22
NO(A) + ¢ = NO(B) + ¢ 1.20 X 10" (estimation) 23
NO(B) + ¢ = NO(C) + e 4.10 X 10" (estimation) 23
NO(A) - NO(X) + hv(y) T=02ps 17
NO(B) - NO(X) + hv(B) T=3.0ps 17
NO(C) - NO(X) + hv(d) T=30ns 17
Table 7 Reactions of N,(AS,) formation
Reaction k,, cm¥mol-s or cm%mol>-s Reference
NAX) + N> = NAA) + N, 1.1 X 10T~ exp(—71,600/T) 26
NAX) + N = NAA) + N 1.2 X 10"7-T~ - exp(—71,600/T) 26
NAX) + O = N4JA) + O 7.2 X 10" T~ " exp(—71,600/T) 26 and 27
NAX) + O, = NAA) + O, 6.0 X 10T~ " exp(—71,600/T) 26 and 27
N + N + N, = NiA) + N, 0.8 X 107-177°% 28
N + N = N4A) 49 x 107-T7° 9% 27
NAA) + NJA) = N4B) + NAX, v) 7.4 %X 10" 29
NAX) + e = NAA) + ¢ 6.14 X 10" exp(—71,600/T,) 30
NAA) + e = NAB) + ¢ 1.81 x 10" 31

mula (4), to calculate the radiation intensity in molecular band
systems, it is necessary to have the information about the vi-
brational and translational temperatures and the population of
the upper electronic state of transition distributions in a high-
temperature shock layer. The densities of excited states of mol-
ecules are obtained by solving the master equations written anal-
ogous to species master equations."”

Nitric Oxide Band System

The numerical simulation of a radiation in the NO band
system is made for the following:

Radiation of B band (B’II, v' — X7°II, v”), 180 nm < \ <
400 nm

Radiation of y band (A’S", v' — XTI, ¢"), 195 nm < \ <
340 nm

Radiation of & band (C°II, ' — X7II, ¢"), 184 nm < \ <
210 nm

Radiation of € band (DX, v —» X1, v"), 170 nm < \ <
190 nm

Considerable concentrations of NO in a shock layer and
small lifetimes of excited states NO(A), NO(C), and NO(D)
predict the presence of high radiation intensity values in NO(y,
9, &) band systems. The reaction scheme of A, B, and C levels
of NO from Table 6 is used to simulate nonequilibrium radi-
ation in the present numerical model.

In Table 6, NO(X) = NO(X’I); NO(A) = NO(AZ");
NO(B) = NO(B’Il); NO(C) = NO(C’Il); NO(D) = NO(D
?%). In addition to the reactions in Table 6, the following res-
onance reactions are of great importance in the process of
A®%" and C’II NO levels population:

NO(X) + Ny(A) = NO(A, v) + N(X) 5)
NO(X) + Ny(A) = NO(C, v) + NA(X) (6)

The rate constant of reaction (5) is varied from 6.02 X 10"
cm¥/mol-s to 10" cm”/mol-s (Ref. 24). The value of k, =

13.00

3
logio HNo(A), €

0.10 0.20 0.30 0.40
X, cm

Fig. 3 NO(A) concentration behind a shock wave as a function
of rate constants of reactions (2) and (5) variation (V.5 8 km/s,
P,5 0.1 torr).

6.02 X 10" cm’mol-s, (Ref. 25) is used in our model. The
rate constant of reaction (6) is from Ref. 21, k,= 5.8 X 10"
cm’/mol-s. Reactions (5) and (6) couple the population of
N5(A) electronic state and NO(y), NO(3) emission. This fact
leads to the necessity of coupling the nonequilibrium popula-
tion of N(A) kinetics and the uv NO <y, 8 emission. The ki-
netical scheme for the N»(A) electronic level population was
added to the previously described NO(A, B, C) formation
model. The reactions of N(A’S,)) excitation from Table 7 were
taken into account in the calculations.

To evaluate the radiation in NO(e) band systems, the as-
sumption about Boltzmann’s equilibrium distribution-excited
NO molecules on DS and C’II levels is used. Figure 3 shows
the influence of the rate constant variation of reactions (2) and
(5) on the NO(A) population. The rate constant for curves 1
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Table 8 Reactions of N2(B>S,) formation

Reaction ks cm¥mol - s Reference
NAX, v > 12) + N3(X) = N3(B) + NAX, v’ = 0) 1.5 X 10™- exp(—800/T) 26
N2(X) + e = N3(A) + e 4.3 X 10"-exp(—13,300/T.) 23
N3(X) + e = N3(B) + ¢ 5.6 X 10™-T_*-exp(—36,800/T,) 32
N2(A) + e = N5(B) + ¢ 6.1 X 10™-exp(—23,500/T,) 23
N2(B) > Na(X) + hv T =65 ns 17

80

N
/ A

L
cme Srum / \ [AY
TN

40

calculation

A experiment

/A A
A
M~
0.2 0.6 £, us 12

Fig. 4 Experimental and calculated NO(g) radiation behind a
shock wave: [ 5 2356 7 nm (V5 8 km/s, P, 5 0.1 torr).
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w Cm;ij;l; /O
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1.0 0.0 .
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o
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Fig. 5 NO(g) radiation intensity peak as a function of shock-
wave velocity: / 5 2356 7 nm, P, 5 0.1 torr.

and 4 was k= 10" cm’mol-s; for curves 2 and 5, k= 6.02
X 10" cm¥mol-s; and for curves 3 and 6, k,= 10" cm’/mol-s.
Data shown by curves 4-6 were calculated using the rate con-
stant of reaction (2)."

N> First Negative Band System Radiation

The approximative scheme of an electronic - vibrational ex-
cited state of the nitrogen molecular ion N3 (B3 ) formation
was used to calculate the radiation in the first negative band
system N3 . The second electronic excited state of N3 can be
populated in the reactions (Table 8).

In Table 8, Ni(X) = Ni (X)), N3(A) = N3 (A’TL,),
N3 (B) = N3(B’X,). The radiative decay of N3 (A) excited ions
is neglected.

Results

In Fig. 4, the calculated radiation intensity of NO(y) (A =
235 = 7 nm, P, = 0.1 torr, V,= 8 km/s) behind a strong shock

O/%Ofb

@]
100 0 Qw0
1 W
P —" ® °
Ty co’stpmps
10 ‘

0 O
calculation
1.0 —
40 O experiment
0.1 f | ;
5 6 7 8 9
Vs, km/s

Fig. 6 NO(g) radiation intensity peak rise as a function of shock-
wave velocity: / 5 2356 7 nm, P, 5 0.1 torr.

|
0
10 =1 —Oe
0in0 o]
8% Eq
I o o
™ em3srpm % oo ©
1.0 10 - ‘
® - experiment (Ref. 6)
O - present experiment
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Fig. 7 N3(12) radiation intensity peak as function of shock-wave
velocity: / 5 39146 0.2 nm, P, 5 0.1 torr.

wave is compared with the experimental data corrected by the
instrument function. One can see that calculated and experi-
mental maximum emission intensity /,, and the decrease rate
of the nonequilibrium peak of radiation intensity satisfactorily
agree. The measured time of the /,, achievement is more than
the calculated one. Note that a numerical model shock wave
radiation (SWR) doesn’t take the front structure of a shock
wave into account, and the finite time of the translational tem-
perature rise, which can be about 0.3 s (Ref. 15) (laboratory
coordinate system) under experimental conditions. (In Ref. 5,
the comparison of measured and calculated profiles of radia-
tion intensity was made with the assumption that measured and
calculated times of the /,, achievement are equal.) Dependence
of the maximum radiation level at the nonequilibrium peak (A
= 235 = 7 nm), on the shock wave velocity 1, = f(V,) is
presented in Fig. 5, where the experimental results and cor-
responding calculations (taking into account an instrument
function of the measurement system) are shown. Calculated
data agree with measurements. The increase of radiation be-
hind the shock wave can be characterized by the value of 1,/
T where T,,1is the time of the radiation maximum achievement
behind a shock-wave front. The function 7,./1,, = f(V,), ob-



178 GORELOV ET AL.

tained from the experimental results and calculations for N =
235 = 7 nm and P, = 0.1 torr, is shown in Fig. 6. The mea-
sured function /,, = f(V,) at the nonequilibrium peak in the
spectral interval N = 391.4 = 0.2 nm [N;(1—) system] is
shown in Fig. 7. Comparison of the radiation peak intensity
measurements at A ~ 391.4 nm, the experimental data pre-
sented in Ref. 6 for V, = 10.2 km/s, and our calculation data
using the SWR model show good agreement with measured
data. The measured data /,, lie slightly above the calculated
value. Note the decrease in 1, at V, > 10 km/s. However, the
detailed investigation of radiation particularities at V, > 10 km/
s is not discussed in this paper.

Viscous Shock-Layer Radiation

Calculation studies of hypersonic viscous shock-layer radi-
ation have been performed on the numerical solution of
Navier- Stokes equations. In these studies a simplified kinetic
model was adequate during the calculations of nonequilibrium
processes behind the strong shock wave. A multicomponent
mixture described in the preceding text was considered. The
nonequilibrium excitation of vibrational levels was taken into
account by the introduction of vibrational temperatures for
T,y To0,, and T no. The molecule vibration - dissociation cou-
pling model from Ref. 7 was used in the numerical model.
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Fig. 8 Stagnation streamline temperatures and charge species
concentrations profiles (V5 8 km/s, H 5 80 km).
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Fig. 9 NO uv emission spectra in viscous shock layer (V5 8 km/
s, H5 80 km), 1 2 NO(g) radiance, 2 2 NO(b) + NO(g) 1
NO(d) 1 NO(«) radiance.

Only associative ionization processes were considered. The
electron temperature and the nitrogen vibrational temperature
were assumed to be equal. Transport coefficients have been
calculated from the Wilke and Masone-Saxena formula. In
doing so, the Lennard-Jones potential was used. When solving
a hypersonic streamlining problem, Rankine- Hugoniot gen-
eralized conditions were used on a shock wave, and the con-
ditions of no-slip local heat balance, catalycity, and the equi-
librium condition T, = T were used on a wall. A fully implicit
integro-interpolation method was used. To solve nonlinear grid
equations, a Newton-Rafson modified method was used, and
the solution of a linearized system of grid equations was made
by lower-upper (LU) decomposition, with a preliminary num-
bering of the unknowns by the area-rule concept. A more com-
plete description of the computational method for viscous layer
calculations is presented in Ref. 13. Calculation results on the
distribution of translational and vibrational temperatures 7,
T.o, T, and T o, and the charge species densities in the
shock layer for the flight at H = 80 km, at V = 8.0 km/s, and
a fully catalytic streamlined surface are shown in Fig. 8.
Shock-layer emission spectra of the NO band systems for the
stagnation streamline calculated for these conditions are shown
in Fig. 9. Calculations of the viscous shock-layer radiance for
Bow Shock-1 (V = 3.5 km/s) and Bow Shock-2 (V = 5.1 km/
s) vehicles are shown in Fig. 10. Shock-layer radiance calcu-
lation for A = 230 £ 25 nm is compared with the Navier-

o)
\
107 \
\
\
R — \
” cm?sr um A\
\
4 | e)
10 \
\
i \
\
\
10° o\
\
—— -Bow Shock -1 (¥=3.5 km/s)
N — — -Bow Shock -2 (¥=5.1 km/s)
® O - present calculation
T T T T T
40 50 60 70 80

H, km

Fig. 10 Comparison of radiance obtained by the present calcu-
lations and flight measurements from Ref. 2.
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Fig. 11 Comparison of radiance obtained by the present calcu-
lations and calculated data from Ref. 1 for flight conditions (V 5
8.0 km/s and H 5 60-100 km).



GORELOV ET AL. 179

Stokes and direct simulation Monte Carlo (DSMC) method
numerical data' for H = 100- 60 km at V = 8 km/s in Fig. 11.
Our calculations suggest an instrument function f = 1 when A\
=230 = 25 nm and f = 0 outside this interval.

Conclusions

The complex method when the numerical simulation of the
nonequilibrium radiative processes was accompanied by ex-
perimental investigations in EAST, was elaborated to deter-
mine the NO and N3 (1—) nonequilibrium emission in the
shock layer in air. The kinetics is based on the main part of
the data bank, where the results by Russian scientists are gen-
erally used. Attention was paid to the multitemperature kinet-
ical schemes when the difference between translational, vibra-
tional, and electron temperatures, and level’s model of the
electronic- vibrational excited states of the NO and N3 (1—)
formation with the resonant energy exchange reactions were
taken into account. The comparative analysis showed the suc-
cessful agreement between measured and calculated data on
the radiation intensity for the N3 (1—) band system. Models of
an NO uv-emission formation is in a good agreement with the
flight experiments for flight velocities V = 3.5 and 5.1 km/s
and laboratory measurements in EAST at V, =5 and 8 km/s,
but the model needs some corrections in the shock-wave 6-7
km/s velocities range. The NO uv emission is sensitive to the
resonant energy exchange reactions with nitric oxide and meta-
stable N> molecules participation and to the variation of the
rate constants for fast reactions of NO formation. It is neces-
sary to consider the particularities of the kinetical processes in
the thermononequilibrium zone of the shock-wave front to de-
termine the radiation peak in this zone. Additional measure-
ments are required to study the peculiarities of the radiation
formation processes in the shock-front region.
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