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This is one of an ongoing series of papers on collisional excitation of electronic states in N,, O,, NO, CO, CN, and
N7 .In this paper, CN radiations behind the normal shock wave are calculated using the code SPRADIANOY for three
sets of experimental data taken in shock tubes. For high-pressure conditions, the observed CN radiation is
reproduced equally well by the Boltzmann and non-Boltzmann calculations using the SPRADIANO7 code. For
intermediate-pressure conditions, the weakly non-Boltzmann radiation is approximately reproduced by the code.
For low-pressure, strongly non-Boltzmann, conditions, the existing SPRADIAN07 package fails to reproduce the
experimental data. Radiative power loss 6 times that from CN violet and CN red systems must be assumed and the
excitation rates must be lowered by 3 orders of magnitude to numerically reproduce the experimental data.

Nomenclature

- = radiative transition probability, s~!
C constant in k., Eq. (7)

c continuum (free) state

D, activation energy in k., Eq. (7), eV
H total enthalpy, J/kg

S
I nn

I, = specific intensity, W/(cm? - us - sr)

i,J = bound electronic states of molecule

K, = rate coefficient of excitation by electron collision,
cm?/s

K. equilibrium constant

K, = rate coefficient of excitation by heavy-particle
collision, cm?/s

K, = modified rate coefficient of excitation by heavy-particle
collision, Egs. (6) and (7), cm?/s

k = total number of electronic states

kg = Boltzmann constant, J/K

k, = correction factor to K, (1, 2), Eq. (7)

k;, = absorption coefficient, cm™!

n; = number density of state i, cm™>

njeq = hypothetical equilibrium number density of electronic
state i, cm™>

n, = nonequilibrium number density of molecule, cm™3

N,eq = hypothetical equilibrium number density of molecule,
cm™3

p = pressure, torr

0, = radiative power loss of CN violet and CN red,
J/(kg-s)

0, = {x0,Eq(12),3/(kg-s)

s = an exponent in diffusion correction for vibrational
relaxation time, Eq. (2)

s = distance along a ray, cm

T = heavy-particle translational-rotational temperature, K

Ty = geometric average temperature, K (/7,7T)

T, = activation temperature, K
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Tq = heavy-particle translational-rotational temperature
immediately behind the shock, K
T, = vibrational-electron-electronic (vibroelectronic)

temperature, K
vibroelectronic temperature immediately behind the
shock, K
= time, s
shock velocity, km/s
distance from shock front, cm
absorption power, W/cm?
specific heat ratio
emission power, W/cm?
vibroelectronic energy, J/kg
vibroelectronic energy under equilibrium, J/kg
emission coefficient, W/(cm? - um - sr)
ratio of nonequilibrium to equilibrium population of
state i (n;/n;¢q)
K; = nonequilibrium factor of state i (n;/x)
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0 = density, kg/cm?

Psh = density immediately behind the shock, kg/cm?

T, = vibrational relaxation time, s

X = ratio of nonequilibrium to equilibrium species density
(nm/ nm,eq)

Subscripts

e = electron

eq = equilibrium

h = heavy particle

i,j = bound electronic states of molecule

m = molecule

00 = freestream

I. Introduction

ADIATON under a non-Boltzmann distribution of internal

states could be substantially different from that of Boltzmann
distribution in some cases of planetary entry flights. In such cases, the
non-Boltzmann effects will have to be accounted for to better design
the required heat shields. There exist several radiation codes (e.g.,
NEQAIRS5 [1], NEQAIR96 [2], SPRADIAN [3], and PARADE
[4]). In most of these codes, attempts have been made to compute the
non-Boltzmann effects. The basic schemes for calculating non-
Boltzmann effects are well known [5]: the internal states are assumed
to be distributed according to the so-called quasi-steady-state (QSS)
conditions. The QSS distribution is dictated by the rates by which the
transitions occur among bound states or between the bound states
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and free state. These rate constants for state-to-state transitions must
be supplied by the user.

For the atomic systems, the needed rate-coefficient data are given
in the original NEQAIR [1] and are shared by all other existing such
codes. However, for the calculation of the non-Boltzmann effects in
diatomic systems, the data base has hitherto been incomplete. In the
existing codes, only the electron-impact phenomena have been
accounted for in calculating state-to-state transitions. Even for these,
the data set is that based on information available before 1990. The
state-to-state transitions due to collisions of heavy particles are not
accounted for in the existing code packages.

A new radiation package called SPRADIANO7 (Structured
Package for Radiation Analysis 2007) has been developed jointly by
the Korea Advanced Institute of Science and Technology (KAIST)
and Japan Aerospace Exploration Agency (JAXA) to address these
issues. A new set of rates of state-to-state transitions by electron
impact has been constructed in [6] from the most up-to-date
information. The state-to-state transitions due to collisions of heavy
particles are accounted for, and the needed rate coefficients are also
derived from the up-to-date information [7]. Though not related
directly to the non-Boltzmann issue, the code also accurately
accounts for various symmetries in the diatomic system.

This is one of an ongoing series of papers on collisional excitation
of electronic states in N,, O,, NO, CO, CN, and N;r . The purpose of
the present study is to verify the accuracy of the SPRADIANO7 and
the input data through computations of CN radiation under both
Boltzmann and supposedly non-Boltzmann excitations. CN is an
important radiator in air and in Mars, Venus, and Titan entries. The
calculations are carried out for the CN violet, B2X+t—X?>%*, and CN
red, A’TI-X?>X7, bands to compare with the three experimental
measurements: 1) CN violet radiation in Mars entry conditions
obtained by the KAIST group [8], 2) CN violet and CN red radiation
in Titan entry conditions by the Marseille University group [9], and
3) CN violet and CN red radiations in Titan entry conditions obtained
by the NASA Ames Research Center group [10].

For the KAIST data, which was obtained at relatively high
pressures, the present work finds that the radiation intensities of the
CN violet calculated under the non-Boltzmann assumption is almost
the same as that calculated assuming the Boltzmann distribution, and
the SPRADIANO7 code numerically reproduces those accurately.
For the Marseille University data, which was taken in an
intermediate-pressure range and produces weakly non-Boltzmann
distributions, the profiles of the CN radiations are at least partly
approximately reproduced by the SPRADIANO7 code. For the
NASA Ames data, which was obtained at very low pressures and
produces strongly non-Boltzmann distributions, the observed
experimental data can be almost reproduced by assuming a large
radiative power loss and heavy-particle-impact excitation rates 3
orders of magnitude smaller than the values in the SPRADIANO7
package.

II. Numerical Simulation
A. Flowfield Calculation

A one-dimensional space-marching calculation is performed to
determine the properties of the nonequilibrium reacting flows behind
anormal shock wave produced in a shock tube. The initial conditions
are calculated by the normal shock relations using the specific heat
ratio ; the known experimental conditions of p,, T, and T, .; the
measured Uyg,; and the species chemical composition. The initial
value of the vibroelectronic temperature 7', ., is taken to be 3000 K to
account for the shock-slip phenomenon [11].

To calculate equilibrium constants for chemical reactions
containing polyatomic molecules, both partition function and
JANNAF methods are employed: the partition function method is
used for the small molecules such as atoms, diatoms, and triatoms,
and the JANNAF method is used for the large polyatomic molecules.
The equilibrium constants are evaluated at five temperatures, 5000,
6750, 8500, 10,250, and 12,000 K. The calculated values are fitted by
an expression of the form

Koo (T) = expla;/z + a; + a3 bn 2 + a2 + asz?] 1)

where z = 10,000/T.

Chemical reactions are computed using the two-temperature
model proposed by Park [12]. All dissociation reactions by heavy-
particle impact are controlled by T5,,, all electron-impact dissociation
and ionization reactions are governed by T, and the reactions of all
exchange and associative ionization are governed by 7. We assume
that heavy-particle translational and rotational temperatures
equilibrate immediately behind the shock wave.

To account for the translational—vibrational energy exchange, the
Landau-Teller model [5,13] and the bridging [3,14] model are used.
The bridging model is given by

86,, _ Ev,eq(T) - ev(Tv) { Tsh — Tv s

o |T<h - Tu‘sh

ot T @

where s = 3.5 exp(—5000/Ty,), time t, is the sum of the Landau—
Teller relaxation time calculated by the expression of Millikan and
White [15] and the collision-limited relaxation time [5,12].
Equation (2) describes the Landau-Teller model when s = 1.

We also take into account the preferential dissociation
phenomenon in determining the rate of change of vibrational energy
[5]: the vibrational energy is increased or decreased by 30% of the
dissociation energy [16]. For the change of electron-electronic
energy, three terms are considered [5]: electron-impact dissociation,
electron-impact ionization, and elastic energy transfer between
electrons and heavy particles. The loss or gain of electron energy is
80% for both dissociation and ionization energies in electron-impact
dissociation and ionization.

B. Radiation Calculation

The code SPRADIANO7 solves the radiative transfer equation
dI, /ds = €, — k; I, along a line of sight by assuming that emission
and absorption coefficients vary linearly between two given points.
The emission and absorption coefficients ¢; and k; are computed
using the line-by-line technique in this code. Electronic—vibrational
transition moments are taken from the work of Laux [17] for CN
violet and from Bauschlicher et al. [18] for CN red. The Honl-
London factors for 2X-2% and 2I1-?Y transitions are formulated
from the book by Kovics [19] and divided by a factor of 2,
accounting for spin degeneracy [20].

1. Quasi-Steady-State Master Equation

As mentioned, the SPRADIANO7 computes both Boltzmann and
non-Boltzmann radiations from temperatures and species number
densities at each point in the flow. Under non-Boltzmann excitation,
the QSS master equation [5] is solved. The master equation for the
population of the electronic energy states is, in general, written as

on; k .. ..
a0 = 2 KU, Dy + Koo D,
=1
k
+ [Kh(cv i)nh + Ke(cv i)ne]n1n2 + ZAV(.]7 l)nj

Jj=1

k
- Z[Kh(i?j)nh + Kc(ia j)ne]ni
j=1

k
— [Kn(i, )y + K. (i, c)nln = Y A, ) 3)
j=1

where K,,(j, i), for example, represents the rate coefficient for the
transition from the electronic states j to i by heavy-particle impact.
The QSS condition exists when the variation of n; over time is
negligibly small compared with the incoming and outgoing rates.
The QSS condition is imposed by setting the left-hand side of Eq. (3)
to zero. Three nonequilibrium parameters are defined: the
normalized population of state i (1;) is defined as the ratio of the
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Table 1 Bound-bound electronic excitation-rate coefficient of CN by heavy-particle impact in an Arrhenius form: K, (i,j) = A(7/6000)" exp(—T1,/T)
and cm?/s
1-2, X?x+-A’ 2-3, A’ TI-B*%+ 34, B22t-a*st 4-5, a*>+-D’M
M? Al n T, A n T, A n T, A n T,
N 8.26™% 0.047 18,988 1.217% 0.041 29,098 3.757°% 0.508 10,249 3.83710 0.50 31,774
(0) 7.717% 0.062 17,794 1.137% 0.057 28,904 3.757% 0.508 10,249 3.83710 0.50 31,774
N, 1.95°07  —1.899 42,648 6.6671° 0.271 26,301 1.6571 0.508 10,249 1.69716 0.50 31,774
0, 5.67°% 0.132 17,943 6.33710 0.283 26,159 3.757% 0.508 10,249 3.83710 0.50 31,774
NO 5.817% 0.127 18,010 8.49710 0.122 28,121 3.757% 0.508 10,249 3.83710 0.50 31,774
Cco 1.927%  —0.555 26,310 2.80°%  —0.561 36,420 6.26710 0.508 10,249 6.40~11 0.50 31,774

“Colliding heavy particle.
A in cm?/s and 0.00"% = 0.00 x 10-%,

calculated nonequilibrium population n; to the hypothetical
equilibrium population #; <} the normalized molecule density x is

defined as the ratio of the given nonequilibrium species density under
consideration, n,,, to the hypothetical equilibrium species density

mm( }:mm)

and the ratio of 1), to x is defined as ;. When the detailed balances are
applied, Eq. (3) becomes

K. (i) s e g (i c)

nt.eqhnl
:_Z[K (l zeqe jeqh +Kh(l,j)
/eqenzeqh h
A.(j,i)n;
+—r(] 0 —J'eq’h]n {K (i, c) +Kh(z c)
ny ni.eq,h /

+Z[K )+ Kog) + ¥ ’)}} n )

This forms k linear algebraic equations for vector 7;, and can be
expressed in a matrix form as

M (i, j)n = C(@) + D(@)x. ®)

n=[M]'C + M| 'Dy

where M is a matrix, and C and D are vectors. When i = 1,

k
M(Lf) = nj,eq/zni.eq
1

C(1) =0,and D(1) = 1. When i # 1, the diagonal and offdiagonal
elements of M are expressed according to the right-hand side of

Case b) 5% CHa4 - 95% N2, 5.56 km/s, 0.1 torr
10° 5
@
e Park's: Kh(1,2) = A(T/6,000)" exp(-Ta/T)
G -9
o 10 M=N
S M=N2 —o—o
‘O -10
g 10"
[
8 -13 0.5
S o] Kh(1,2)=2.49x10""Ta" exp(-13,300/Ta)
S
5
£ jon M=N
X =
M=N2 2
107" 4 Kh'(1,2)= 10°exp(-79,800/T)-Kh(1,2)
T T T T T T T T T T T J
0 2 4 6 8 10

Distance from shock front, cm

a) Excitation coefficients

Eq. (4), and the vectors of C(i) and D(i) are equal to the left-hand
side of Eq. (4) and 0, respectively.

2. Excitation-Rate Coefficient
For the CN molecule, five electronic states (X>?X+, A%Il, B>+,

a*%*, and D*T1) are considered in the SPRADIANO7 package. The

dissociation energy of the ground state, Dy, is 61,631 cm~'. The

SPRADIANO7 calculates the K,(i,j) using electron-impact

excitation cross sections that are tabulated in [6]. The basic

formulation is described in [5]. The K, (i, ¢) are also tabulated in [6].

The values of K, (i, j) are deduced in [7] from the experimental
quenching rates. The K),(i, c) are also estimated in [7] from the
known rate coefficients for dissociation from the ground electronic
state. The colliding heavy particles considered are N, O, N,, O,, NO,
and CO. In Table 1, the parameters in the K},(i, j) values used are
listed.
In addition to the K, given in Table 1, an arbitrarily modified set of
K, named K], is considered for the CN molecule

K, (i, j) = K, (i, j)/3 (0)
for all transitions except the X2+ — AT transition:
. D,
K, (1,2) =k, x K;(1,2) with kC=C><exp(—k T) @)
B

where the parameters C and D, are chosen depending on the flow
conditions. This K is introduced because it can numerically
reproduce all three experimental data set better than K, though the
reason is unknown. The K, values so calculated and the implied cross
sections are shown in Fig. 1 for the conditions of Titan entry case b,
described in the next section. Its conditions are the 5%CH,-95%N,
mixture, the shock speed Ug = 5.56 km/s, and the freestream
pressure p., = 0.1 torr. As seen here, the cross sections implied by

K;, are reasonable.

] Case b) 5% CHa4 - 95% N2, 5.56 km/s, 0.1 torr
10™4
] - oeeemeemmezzzzzzzeses Park's Kh(1,2) o=
NE 107 . M:N' //”/
S M=N2 Corrected Kh'(1,2)
é 10" 4 :/ //
o E :' /
& ] =:',=::::';‘:::::::II:II§::::::::: =:=: Bose's Kh(1,2):=::
I B
o 1 !
1048'; .,': :': N
I / N2
H ]
10-19 — : T T T T T T T T T T T T T
0 2 4 6 8 10 12 14

Temperature x10'3, K

b) Cross sections

Fig. 1 Comparisons of the modified excitation coefficients for the X> X *-A2II transition and their implied cross sections with those of Park [7] and Bose

et al. [10].



HYUN, PARK, AND CHANG 229

3. Validity of the OSS Assumption

Validity of the QSS assumption was tested first by Levin et al.
[21,22], who reported that the QSS approximation agreed with an
exact solution in their analysis of electronic population of a NO
molecule. In the present work, a simpler test was made. To verify the
validity of the QSS assumption, the sum of incoming rates and the
sum of outgoing rates are compared with dn;/d¢ for the conditions of
Titan entry case b, mentioned previously. We introduce At as a time
scale of change of conditions [23]:

1 dn; 1
S 3
n; ot At ®

For the CN AT state (i = 2), the dominant term of incoming rates
in Egs. (3) and (4) is the term expressing excitation from the ground
state; that is,

n
K,(2,1) B2eqh 1 ny
nl.eq,h ny

For the CN B2 X7 state (i = 3), the dominant term is the excitation
from the A%T1 state; that is,

N3 eq.n Ny
K,(3,2)—= —n,
N3eqh M3

To satisfy the QSS condition, these leading terms should be much
greater than Az;! and A5, respectively:

1 1 1
o Meahfa L pp s

Maeqn s 1
K,(3,2) N3 eq.n M2 My
q

©

For the condition of consideration, the left-hand sides are found to be
2 orders of magnitude larger than the right-hand sides.

Atz >

K,(2,1) N3 eq.n M1 My

4. Radiative Power Loss

Emission and self-absorption powers ¢ and « are calculated as

g=[ /akd)\dQ, a=/ /kAI,\dAdQ (10)
QJA QJAr

The change of radiative power loss at each time is defined as

(e = @)enviotetred T (8 — @) couy
)

Q= an
In evaluating 7, in Eq. (10), radiative transfer equation is integrated
along the optical axis. The diameter of the shock tube is the path
length. Questions may be raised as to whether the wall of the shock-
tube reflected radiation, so that the effective path length of radiation
along the optical axis is longer than the shock-tube diameter. Such
concern is unnecessary because in all shock-tube experiments

78% CO - 22% N2, 5.2 km/s, 3.77 torr

Boltzmann calc. (Lee et al.)

Experiment (Lee et al.)

B CN Violet 370 - 395 nm
S
2
=
g 104 ¥ Landau-Teller model:
[9) ]
)= ] i Boltzmann, Qr=0
1 ¥ —v— Non-Boltzmann, Qr'(¢=6)
‘ —o— Non-Boltzmann, &= 1, Kn(i,j)
1 —o— Non-Boltzmann, =1, Kn'(i,j) (Da < 3.82 eV)
1 i T T

T
0 5 10 15 20
Time from shock front, us

a) Landau-Teller model

10
- 84
£
o
©  6-
=
>
(@]
g 4
C
L
2_
0 T T T T M T T T N N T T T T T 1

T
2.0 2.5

Internuclear separation, A

Fig. 2 Molecular interaction potentials of electronic states of CN
molecule.

T
1.0 1.5

considered here, both sides of the shock-tube wall in the test section
consisted of transparent windows.

It is generally believed that the strongest radiation in the
environments of present concern emanate from the CN violetand CN
red systems. Hence, the ¢ and « in Eq. (10) and resulting Q, can be
calculated accounting only for these two band systems. In the present
work, such Q, is considered first. Next, attention is given to the fact
that there are many other radiating mechanisms in CN in the vacuum-
ultraviolet (VUV)-wavelength range. The potential diagram of the
CN molecule is not available for some highly excited states in
literature. We constructed the CN potentials by using the known
molecular constants [24-27], as shown in Fig. 2. Their dissociation
limits were estimated from the book by Herzberg [28]. As shown,
E*S*, F2A, G*I1, H?I1, and J?>A are known, in addition to the
previously mentioned five states.

Douglas and Routly [25] found and analyzed four band systems of
CN: H*TI-B*Z+, F?A-A*T1, D> A-ATI, and D> A-X*>2* in the
200-300 nm wavelength range. They additionally mentioned the
possibility of stronger VUV radiations from some unknown bands
(e.g., H*TI-X>TF). Lutz [26] also reported F?A-A%T1 and
E?X+-ATI bands at 200-250 nm. Huber et al. [29] observed the
L2>Y-ATI band in the Schumann region. Schaefer and Heil [27] and
Lavendy et al. [30] theoretically studied electronic states of CN and
showed that there are many electronic states, some of which are
experimentally known and some of which are unknown. Many 2%
and 211 states were reported by Lavendy et al. [30], and calculated
transition moments of the 2X*-X2%+ and 2TT-X2>X* transitions
were found to be much larger than those of the B?X+-X>%+
transition. Based on these, one expects that there are many strong
radiative transitions in the VUV-wavelength range that terminate at

78% CO - 22% N2, 5.2 km/s, 3.77 torr

Boltzmann calc. (Lee et al.)

-

Experiment (Lee et al.)
CN Violet 370 - 395 nm

Intensity, W/(cmz-sr)

104 i Bridging model:
] : Boltzmann, Qr=0

] ¥ —v— Non-Boltzmann, Qr'(¢=6)
§ —o— Non-Boltzmann, ¢= 1, Kn(i,j)
1‘ ¥ —o— Non-Boltzmann, =1, Kn'(i,j) (Da <3.82 eV)
1 LA L AL B L AL I L AR L L L R LA

0 5 10 15 20
Time from shock front, us

b) Bridging model

Fig. 3 Intensity profiles of CN violet with the Landau-Teller and bridging models for the Mars entry condition of Lee et al. [8].



230 HYUN, PARK, AND CHANG

3% CHa4 - 2% Ar - 95% N2, 5.5 km/s, 0.35 torr
Boltzmann, Qr=0

_ \ Non-Boltzmann

5 104 ¢=1,K/(i,j) (Da=3.28 V)

S

)

=

2

é 10° 4

£
Experiment (Rond et al.)
CN Violet, 383 - 390 nm\

10-I T E T T T T T T T T T T T T

-2 0 2 4 6 8 10 12
Distance from shock front, cm
a) CN violet

3% CHa4 - 2% Ar - 95% N2, 5.58 km/s, 0.35 torr

Boltzmann, Qr=0 (~ Kh(i,j))
Non-Boltzmann, Qr'({=6)

Intensity, W/(cmz—sr)
S
1

Experiment (Rond et al.)
CN Red, 685 - 735 nm

10- T E T T T T T T T T T T T T
20 2 4 6 8 10 12

Distance from shock front, cm

b) CNred

Fig. 4 Intensity profiles of CN violet and CN red with the Landau-Teller model for the Titan entry conditions of Rond et al. [9].

the X2+, AT, or B>+ state. These bands produce not only line
radiation as bands, but continuum radiation via several complicated
processes. Line radiation tends to be partly self-absorbed, but the
continuum radiation is nearly optically thin in the environment of
shock-tube experiments. This means that the radiative power loss is
most likely much greater than that calculated by accounting only for
the violet and red systems. For this reason, a modified radiative
power loss Q), whichis { x Q,,

0, =xQ, (CN violet and CN red only) (12)

is considered. As will be shown later, the ¢ value of 6 fits the existing
experimental data best.

140009 4 594 CHa - 95% Na, 5.56 km/s, 0.1 torr
12000
Tr=T
X 10000 (Non)Boltzmann, Qr =0
s — o — Boltzmann, Qr
o — o — -
] 8000 Non-Boltzmann, Qr
§
~ 60004
4000 Tv=Te
2000 ; . . : .
0 5 10 15 20
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a) Temperatures

5% CHa - 95% N2, 5.56 km/s, 0.1 torr

Boltzmann, Qr=0, ----- Non-Boltzmann, Qr
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c) Populations of electronic states of CN molecule

III. Comparisons with Experiments
A. Mars Conditions by the KAIST Group

Leeetal. [8] of KAIST studied the radiation of the CN violet band
in a shock-tube flow simulating Mars entry conditions. They
obtained the calibrated absolute intensities from a 78%CO-22%N,
mixture behind a reflected-shock wave. The initial gas pressures in
the test section were from 3.77 to 8.37 torr with the equivalent shock
velocities of 4.8 to 5.2 km/s. The diameter of the shock tube was
4.75 cm. The reflected-shock pressure was between 1.36 and
2.99 atm. They analyzed their experimental data using the
NEQAIRSS5 [1] code. Their intensity profiles calculated under the

24

1074 5% CHa - 95% N2, 5.56 km/s, 0.1 torr

107 Non-Boltzmann, Qr
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1018_

1017_

Distance from shock front, cm

b) Species number densities

. 5% CH4 - 95% N2, 5.56 km/s, 0.1 torr
10
Boltzmann, Qr=0 Non-B;)ltzmann, Qr=0
= 10°3 }
P oltzmann, Qr
Ng 10" Experiment (Bose et al.) Non-Boltzmann, Qr
E CN Red, 640-860 nm
2 10'3 " "Boltzmann, Qr=0 ' '
2
[0}
E 0
Boltzmann, Qr
104 Non-Boltzmann, Qr
N CN Violet, 400-430 nm

T T

0 5 10 15 20
Distance from shock front, cm

d) Intensities of CN red and CN violet

Fig. 5 Profiles of calculated flowfield and radiation for case b of Bose et al [10] data with O, and K,,.
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Boltzmann excitation assumption overpredicted the measurements
by up to 40%, depending on the experimental conditions.

Calculations were performed in the present work using the
SPRADIANO7 code for the conditions of shock velocity Uy, =
5.2 km/s and freestream pressure of p,, = 3.77 torr. Both Landau—
Teller and bridging models were used. The Boltzmann and non-
Boltzmann radiations were carried out for the Park—Lesov—Gokgen—
Tsang chemical-reaction model [8]. N, O, N,, O,, NO, CO, and
electrons were considered as colliders in the non-Boltzmann
calculation. The wavelength region was from 370 to 395 nm. The
radiative power loss by the CO fourth positive system in the VUV-
wavelength range was taken into account in determining the radiative
power losses Q, and Q..

The present results are presented in Fig. 3. The figure shows the
results of calculations: Boltzmann radiation without the radiative
power loss (¢ = 0), non-Boltzmann radiation with Q) ({ = 6), and
non-Boltzmann radiation with K, and K. As seen in the figure, all
calculations (i.e., Boltzmann or non-Boltzmann with Q, or Q) or
with K, or K},) agree with the experimental data within the scatter of
experimental data to the flow time of up to 12 us. The
nonequilibrium factor k¥ was found to be between 0.98 and unity
for the CN A%TI, B>S ™, and a®> X+ states. That is, the distribution of
the internal states was nearly Boltzmann. Note here also that the
slope of the rise to the peak intensity is well reproduced. This implies
that the spatial resolution was high in the experiment. Such high
spatial resolution can be obtained by making the solid angle of
acceptance small. A small solid angle was allowed in this experiment
because pressure was high. Such good agreement in all aspects of this
experiment is believed to be a result of the high pressure in this
experiment.
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The deviation between the experiment and the calculation after
12 s can be attributed to the onset of boundary-layer growth on the
shock-tube wall: boundary-layer growth has an effect of
compressing the test gas. The agreement seen here up to 12 us
verifies the accuracy of the method of calculation used here (i.e., the
method of flow condition calculation, the SPRADIANO7 code, and
the intensity parameters for the CN violet under the Boltzmann
condition).

B. Titan Conditions by the Marseille University Group

Rond et al. [9] of Marseille University carried out a shock-tube
experiment to determine the radiation intensity of CN violet and CN
red during Titan entry. The measurement was made behind the
primary shock wave. Calculation was made in the present work for
two cases: a) CN violet at Uy, = 5.5 km/s and p,, = 0.35 torr and
b) CN red at Uy, = 5.58 km/s and p,, = 0.35 torr. Initial species
concentrations are the same for both cases: 3%CH,—2%Ar—95%N,
by volume. The Landau-Teller and bridging models with the
reduced-chemical-reaction set of Gokgen [31] were employed. N,
N,, and electrons were taken into account as colliders in the QSS
computation. The lateral depth was 7.0 cm, and the wavelengths
covered from 383 to 390 nm for CN violet and from 685 to 735 nm for
CN red. Rond et al. [9] presented their experimental data against
laboratory time. Their time scale was converted to distance in
centimeters in the present work. The conversion relation is

X = 'zﬁ x Uy, x particle time
sh

This relationship was approximated in the present work by the
assumption that the particle time is 6 times larger than the laboratory
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Fig. 6 Radiation profiles of CN violet for cases a—d of Bose et al. [10] with the Landau-Teller model and with O, and K,.
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Fig. 7 Radiation profiles of CN red for cases a—d of Bose et al. [10] with the Landau-Teller model and with O, and K,.

time. When calculating K, then k. in Eq. (7) is taken to be
k. = 1.0 x exp(—38,100/7).

Because these experiments are conducted at a pressure lower than
those made by Lee et al. [8], one expects to see non-Boltzmann
effects. But the pressure was still higher than that for the NASA
Ames experiment mentioned in the next section. For this reason, the
pressures in this experiment can be considered to be intermediate
pressures. The results of the present calculations for non-Boltzmann
excitation are shown in Fig. 4. All of the present calculations made
using different methods give decay rates of both CN violet and CN
red that are not much different from the experimental values. The
intensity decay rate of CN violet is slightly faster when Q) ({ = 6) is
used. However, for CN red, Q) ({ = 6) and K, with Q, ({ = 1) give
almost the same intensity values.

As the figure shows, the initial rise to the peak in experiment is
much slower than in the calculation, unlike for the KAIST data. This
is a sign of spatial smearing; because either the solid angle of
acceptance was large or the beam was out of focus, the radiation over
about a 2 cm volume was averaged in the experiment. Presumably,
the solid angle of acceptance had to be large because radiation was
weak. Note that this has little influence on the absolute intensity or
the slope of its decay after the peak radiation point. Otherwise, the
calculated CN red intensity values are approximately 10 times higher
than the measurement. If one accepts the hypothesis that the absolute
calibration was off by a factor of 10 for some reason for this particular
set of experiments, then we can state that the present calculation
reproduces the Marseille University data correctly.

C. Titan Conditions by the NASA Ames Group

Bose et al. [10] of NASA Ames Research Center performed an
experiment to simulate Titan entry in a shock-tube facility using an

N,—CH, mixture. Measurement was made behind the primary shock
wave. They obtained the calibrated intensity profiles for the CN
violet and the CN red bands. Their experimental conditions were as
follows:

1) Condition a used 2%CH,;-98%N, by volume, shock velocity
Uy, = 5.15 km/s, and freestream pressure p,, = 0.1 torr.

2) Condition b used 5%CH,~95%N,, Uy = 5.56 km/s, and

Poo = 0.1 torr.
3) Condition ¢ used 8.6%CH,—91.4%N,, Uy, = 5.56 km/s, and
Poo = 0.1 torr.

4) Condition d used 8.6%CH,-91.4%N,, Uy, = 5.93 km/s, and
Poo = 1.0 torr. The lateral depth of calculation was 10.16 cm.

The calculations made by Bose et al. [10] using the NEQAIR96 [2]
code under the assumption of Boltzmann excitation at p,, = 0.1 torr
for Uy, of 5.15t05.56 km/s did not agree with the experimental data.
The difference was attributed by Bose et al. [10]to non-Boltzmann
excitation. To explain the non-Boltzmann radiation, Bose et al.
suggested a nonlocal collisional radiative model by taking the
collisional excitation rates from the work of Zalogin et al. [32]. But
this model still underpredicted the radiation intensities measured;
especially, their model failed to predict the intensity decay rates.

Table 2 Determined values of C and D,

c D,, eV (K)*
Casea 100 7.63 (88,600)
Case b 100 6.88 (79,800)
Case ¢ 100 5.95 (69,100)
Case d 1 < 2.67 (31,000)

*Corresponding activation temperature D, /kp.
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In the present numerical reconstruction of Bose et al’s [10] case,
the Landau-Teller model with s = 1 was used, as was done by Bose
et al. Chemical-reaction models were taken from the reduced
reaction set for N,—CH,—Ar mixtures summarized by Gokgen [31],
as was done in the work of Bose et al. [10]. Intensity profiles of CN
violet and CN red bands were computed for the four cases previously
mentioned under both Boltzmann and non-Boltzmann excitations
with and without radiative power loss. N, N,, and electrons were
considered as colliders in the QSS computation.

Figure 5 shows the results of flowfield and radiation calculation for
case b. Because pressure in this test was lower than in either the
KAIST or Marseille University tests, one expects a strong non-
Boltzmann effect. First, radiative power loss of Q, ({ =1) was
considered. In Fig. 5a, one sees that removal of vibroelectronic
energy and total enthalpy by the radiative power loss pulls down the
vibroelectronic and heavy-particle translational temperatures. The
effect of non-Boltzmann excitation on temperatures is negligible. In
Fig. 5b, the number densities of CH,, CH;, and CH, are not plotted
because they are immediately dissociated behind the shock wave into
the smaller species. Because of the radiative power loss, temperature
decreases and the number density of CN increases slightly. Electron
density decreases by about the factor of 3 toward the downstream.

As Fig. 5c shows, the populations of electronic states decrease
substantially, presumably by the radiative power loss. One notes
here, however, that the population of A%T1 state does not decay as
much as other states: the A>T state is almost Boltzmann (x ~ 1). But
states B2X+, a3+, and D*I1 are substantially non-Boltzmann, with
Kk =~0.73, 0.61, and 0.41 at x =~1 cm. The corresponding
radiation profiles for CN violet and CN red bands are presented in
Fig. 5d. For CN violet, radiation intensity decays differently between
the Boltzmann and non-Boltzmann cases; for CN red, that is not so.
In any case, all calculations with Q, ({=1) fail to predict the
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radiation profiles; the absolute intensity is overestimated and its
decay rate is predicted to be substantially slower than the
measurements. Though not shown, these trends also exist in cases a
and c. Also note here that the slope of rise to the peak in the
experiment is slightly smaller than calculated, which can again be
attributed to the spatial smearing mentioned earlier.

To explain the disagreements mentioned previously, we first
considered two possibilities: 1) shock attenuation effect and
2) deviation of electron-electronic temperature from vibrational
temperature. The answer was negative: neither of these can explain
the observed discrepancies. Boundary-layer thickness must be
growing by a nonphysically large rate to explain the observed
intensity decay rates. Even when electron-electronic temperature is
taken to be different from the vibrational temperature (i.e., a three-
temperature model [33,34] is used), all calculated quantities remain
essentially the same.

Figures 6 and 7 present the radiation profiles of the CN violet and
the CN red bands for cases a—d using the Landau—Teller model with a
¢ value large than unity in Q) but using the excitation rate K,,. For
CN violet, our calculations find the ¢ value agreeing with experiment
to be between 5 and 7 (i.e., about 6). At low pressure (cases a—c), the
difference in radiation intensities under Boltzmann and non-
Boltzmann excitations (when ¢ = 6) are small. The values of « are
about 1.0 and 0.72, respectively, for the A>T and B>+ states at
around the peak radiation point. The intensity profiles of the
calculated CN violet radiation almost keep track of the measured
absolute intensities and their decay rates. But there is still a
considerable discrepancy in the CN red band in its intensity decay
rates. For the high-pressure case (case d), the falloff rates are very
close to the measurements for CN violet. As Fig. 7d shows, the
calculated absolute value of the CN red radiation overestimates by a
factor of 4, as opposed to a factor of 10 in the Marseille University
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Fig. 8 Radiation profiles of CN violet (V) and CN red (R) for cases a—d of of Bose et al. [10] with the Landau-Teller model and with Q, and K.
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data. In addition to the factor 4 discrepancy for the CN red, the
present calculation with K, underestimates the radiation decay rates
for both the CN violet and CN red systems. When the bridging model
is used, the time to rise to the peak intensity becomes slightly smaller.

Efforts have been made to explain the large radiation decay rates.
Agreement was found only when the K, was replaced by K, given in
Eqgs. (6) and (7). The parameters C and D, used in generating K, are
tabulated in Table 2. The results are shown in Fig. 8. As seen here, the
radiation decay rates for both CN violet and CN red systems are
numerically reproduced fairly well. The nonequilibrium factor «
varies from around 1.1 to 0.2 for the CN red and 0.5 to 0.1 for the CN
violet in cases a—c. In case d, the « varies from about 1.1 to 0.5 for
both CN red and CN violet. The K, used implies a strong temperature
dependence of the 1-to-2 transition rate in CN by heavy-particle
collision, stronger than that corresponding to the energy gap between
the two states, and a much smaller absolute rate, as shown in Fig. 1.

In Fig. 8, the present result is compared with the result of Bose
et al. [10] on the radiation profile of CN violet. As seen in the figure,
the present result agrees better with the experimental data.

IV. Discussion

The preceding results indicate that the newly developed
SPRADIANO7 code package is accurate and better than the
NEQAIRSS code package, at least when the internal distribution is
Boltzmann, as in the experiment of the KAIST group. There may be
two reasons for this: the radiation intensity parameters in the
SPRADIANO7 package may be more accurate, and the more
accurate handling of symmetries in the SPRADIANO7 code may be
showing its effect.

In the intermediate-pressure range (i.e., in the pressure range of the
Marseille University experiment), the SPRADIANO7 package seems
to be able to at least partly reproduce the weakly non-Boltzmann
distributions.

For the low-pressure, strongly non-Boltzmann, cases, even when
using the K, values of [7], the SPRADIANO7 package seems to give
results that agree better with the experimental data than the
NEQAIR96 package. But the K, values of [7] fail to reproduce the
slope of radiation decay at low pressures. Only when the K, values
are modified into Kj, do the calculations agree with the experimental
data taken at such low pressures. As seen in Fig. 1, the cross sections
implied by Kj are quite reasonable. This means that the cross
sections implied by Kj,, which are 3 orders of magnitude larger than
those implied by K], are too large.

The cross sections used in deriving K, values in [7] were taken
from the experimental data on quenching of radiation mostly at room
temperature. The procedure applied in [7] in determining K,
implicitly assumed a large excitation cross section near the threshold.
As seen in Fig. 1, the K, implies that cross section rises gradually
from zero at the threshold, which is quite reasonable. The present
study indicates that the K, values in [7] should be modified to
account for this behavior before being applied to the non-Boltzmann
cases.

V. Conclusions

The SPRADIANO7 code accurately reproduces the experimental
data on CN radiation under a nonequilibrium condition taken in a
shock tube when the pressure is relatively high and the internal
distribution is Boltzmann, as in the experiment by the KAIST group.
When pressure is intermediate and the internal distribution is weakly
non-Boltzmann, as in the experiment by the Marseille University
group, the existing SPRADIANO7 package can still reproduce most
aspects of the measured CN radiation. When pressure is very low and
the internal distribution is strongly non-Boltzmann, as in the
experiment by the NASA Ames group, the SPRADIANO7 package
with the existing data package on heavy-particle-impact excitation
rates can reproduce some aspects of the experimental data, butnot all.
To numerically reproduce most aspects of the experimental data,
radiative power loss by hitherto unknown band systems must be
accounted for and the excitation rates must be lowered by 3 orders of

magnitude. The existing excitation-rate-coefficient package in
SPRADIANO7 must be modified.
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