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Modeling of Nonequilibrium Radiation Phenomena:
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The present understanding of shock-layer radiation in the low-density regime, as appropriate to hy-
personic vehicles, is discussed. Calculated spectra using the NONEQ and GENRAD computer programs
are compared with experimental spectra recorded at NASA Ames’s electric arc-driven shock-tube facility.
The computations predict the intensity of the N;(17) system very well, but overpredict the intensities of
various atomic O and N transitions and underpredict the intensities of the N,(2*) band system. To com-
pute the correct electronic populations, it appears that the quasi-steady-state formulation must be ex-
panded to include more individual electronic states. However, this may cause some computational diffi-
culties and will require excitation rate data for many states, which are not well known.

Nomenclature
A,; = Einstein transition probability for spontaneous
emission, particle™' s’
B, = Planck function, W/cm® wm sr
¢ = velocity of light, cm/s
N = rotational quantum number
N, = electron number density, cm™>
N = ion number density, cm™
T, = electron temperature, K
T... = electronic temperature, K
T.. = excitation temperature, Eq. (1), K
Tr = rotational temperature, K
T, = vibrational temperature, K
v = vibrational quantum number
a = constant, Eq. (4)
B = constant, Eq. (2)
£ = emission coefficient, W/cm®? pum sr
k = absorption coefficient, cm™

I. Introduction

HE physics of the compressed gas layer behind a shock

wave surrounding a hypersonic object flying through a
planetary atmosphere has been studied intensely since the early
1960s (Refs. 1—18). The heat generated as a result of the com-
pression is distributed in the shock-layer volume through ra-
diative transport and thermochemical relaxation processes. The
translational temperature immediately behind the shock may
be as high as 20,000-60,000 K. Because of the high velocity
of the vehicle and the low density of the atmosphere, the char-
acteristic flow time through the shock layer becomes compa-
rable to the relaxation time constants of the thermochemical
processes and, as a result, a state of thermochemical nonequi-
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librium exists over a major volume of the shock layer. The
radiation from the volume in thermochemical nonequilibrium is
enhanced to about 2—15 times its equilibrium value.'® In such
an environment, the nonequilibrium radiation plays a larger role
in the radiative heating of the vehicle body. To design the heat
shields of such vehicles properly, one must be able to compute
the radiative and convective heat load. The convective heat
transfer rates can be estimated with confidence, provided the
surface catalytic reactivity is known.'” The nonequilibrium ra-
diation phenomena are still not well understood. Presently, we
are able to model and compute,” with reasonable accuracy, the
radiative emission emanating from shock layers of low-altitude
(<50-km) vehicles flying at moderate speeds (6.0 km/s < U; <
10.0 km/s). However, at higher altitudes (>50 km) and at ve-
locities above 10.0 km/s, the radiative phenomena become very
complex and the capability to predict the radiative properties
under these conditions is not fully developed.

When chemical and thermodynamic processes in the relaxa-
tion zone are binary, i.e., they result from two-body collisions,
the intensity of radiation from such reactions is proportional to
the density, and the thickness of the relaxation zone is inversely
proportional to the density. Consequently, as long as the binary
mechanism dominates, the integrated radiation flux emitted from
such a nonequilibrium region remains independent of density at
a given velocity.>® This property is called the binary scaling law
of nonequilibrium radiation.

There are four mechanisms that may depress either the non-
equilibrium or equilibrium radiative load to a body, and violate
the binary scaling law:

1) Truncation occurs® when the width of the nonequilibrium
region is thicker than the shock detachment distance.

2) Collisional limiting® reduces the radiation intensity at
low densities when the collisions are not sufficient to main-
tain the population of excited states against the depletion by
emission.

3) Radiation cooling occurs when energy loss by radiation
is significant.

4) Absorption in the gas may occur when the gas is not
optically thin.

Electrons play a dominant role in the excitation and emis-
sion process. Electrons are about a million times more efficient
than neutral particles and a few hundred times more efficient
than ions in causing electronic excitations of atoms and mol-
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ecules by collisions. Furthermore, experiments show™ that
high electronic states, which primarily contribute to the emis-
sion, remain in equilibrium with the electrons described by a
local Saha equation. Thus, for singly ionized species (N, ~
Ni.o), the population of excited electronic states is maintained
proportional to the square of the electron number density, and
hence, so is the spontaneous emission from ionized species.
The electrons not only affect the line radiation, but also the
continuum radiation. The continuum radiation from free—free
emission (*N2), bound—free recombination processes (%N,),
and densely packed bound—bound transitions (xN?), can add
up to a significant portion of the total radiative power, espe-
cially in an optically thick environment. '

There are three basic features that are unique to nonequilib-
rium radiation:

1) For a given transition, the absorption coefficient k, and
the emission coefficient €, must satisfy the principle of detailed
balance unique to that particular transition, independently of
all other transitions occurring concurrently. The emission co-
efficient can be expressed as

&, = KB\(T.) €9

Here B,(T.,) is the Planck function dictated by an excitation
temperature T,,, defined by the ratio of the upper and lower
state populations for the transition. This condition is satisfied
whether the gas is in radiative equilibrium or not. If radiative
equilibrium exists, the total absorption coefficient, «,, = = «,
and the total emission coefficient &,, = 2 &, are also related
by the same excitation temperature. A single excitation tem-
perature cannot be defined in nonequilibrium radiation.

2) During the relaxation process, a state of chemical non-
equilibrium exists. The populations of individual radiating spe-
cies are functions of time (or distance), and must be deter-
mined by solving a set of chemical reaction rate equations
simultaneously with the thermodynamic and gasdynamic
equations.

3) The internal energy distribution for the molecules, as well
as the atoms, cannot be determined easily and the populations
in individual states are usually defined by assigning individual
temperatures.™"*

While constructing the physical model for the nonequilib-
rium phenomena features (these features will be discussed in
the next section in detail), such as, 1) the use of excitation and
radiative transition rate equations for determining the non-
equilibrium electronic populations, 2) the quasi-steady-state
(QSS) approximation, and 3) the escape factor to account for
the absorption and stimulated emission, were used with nu-
merous approximations to simplify the computational effort of
the process. During this developmental process, experimental
data'~*°"" taken in shock tubes, ballistic ranges, and flight
experiments at shock velocities in the range of 6—10 km/s
were used to establish the suitability of the models. Laboratory
data from shock tubes and ballistic ranges were found most
useful for this purpose. Using the models, it was possible to
reproduce most of the bulk property data, such as, total radi-
ation intensities, characteristic relaxation times, and the ratio
of nonequilibrium-to-equilibrium radiative heat fluxes. How-
ever, all attempts to reproduce spectrally resolved emission
spectra have been only partially successful.”*® Several factors
are responsible for this:

1) All previously available experimental data had very poor
spectral resolution (AVCO data' = have a resolution of 100 A).

2) Most of the shock-tube data were distorted by impurities,
such as H,, H,0, and C in the flow. The extent of these impu-
rities was not usually known and it was difficult to model them.

3) The nature of emission from a shock-heated gas changes
with the air enthalpy. For example, at shock velocities lower
than 6.0 km/s, heavy particle collisions play a dominant role
(e.g., formation of NO), and at moderate velocities (6-9 km/
s), electrons play an important role [emission from the
N7 (17) band system]. These phenomena are still not very well

understood, particularly when related to individual molecular
and atomic transitions.

Now, when the aerospace industry is gearing up to build
more efficient launch vehicles with higher than ever re-entry
and/or entry velocities, is an excellent time to assess our pres-
ent capabilities for accurate estimation of nonequilibrium ra-
diation. The spectral details will become important as the
operational conditions change, such as at low velocities NO
bands become important and in martian atmosphere CN bands
and atomic N and O lines become important.

Availability of spectrally resolved spectra (0.5 A/diode ele-
ment) from a spectroscopically clean facility at NASA Ames
Research Center makes it possible to revisit the nonequilibrium
radiation physics with emphasis on spectral details and im-
prove the radiation model. This is the primary motivation be-
hind this article.

In this article, we assess our present capabilities of predict-
ing radiative emission in a low-pressure (0.1 torr) high-speed
environment (10.2 km/s). For this assessment, experimental
spectra recorded at NASA Ames’s electric arc-driven shock-
tube facility are compared with calculated spectra. Emission
spectra of four species, namely N7, N,, N, and O, are exam-
ined. The discrepancies between the computed and experi-
mental data are discussed to identify weaknesses in the present
model. Suggestions for possible ways to improve the present
model are also discussed.

II. Physical Model

The present understanding of, and the physical model used
to compute, radiative emission from nonequilibrium flows
have been discussed in recent publications in great detail. ¢
However, for completeness, the basic features of the physical
model are summarized here. To perform radiation computa-
tions one must know the populations in all degrees of freedom
of the radiating species as well as their total concentrations.
For simplicity, the Boltzmann distributions among the trans-
lational, rotational, and vibrational states are specified by as-
signing individual Boltzmann temperatures for these energy
modes. The electron energy distribution is also approximated
by an electron temperature. In the fluid flow model the pop-
ulations in the electronic states are specified by assigning a
single electronic temperature to the gas. However, in the ra-
diation model the electronic state populations are computed
using the QSS model, described in the next paragraph. In this
QSS model each excited electronic state is assigned its own
electronic temperature by comparing the population in the state
to the population of the ground state. Frequently, for compu-
tational simplicity, further approximations such as equating the
rotational temperature to the translational temperature and the
vibrational temperature to the electron temperature are also
made. The total species concentrations are determined by solv-
ing fluid flow equations coupled with chemical reaction rate
equations.
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Fig. 1 Total radiation emitted from shock-compressed gas pro-
duced in a shock tube. Shock velocity 10.2 km/s in air at 0.1 torr.
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A. Radiation Computations

As mentioned in Sec. I, serious errors may result if one
computes the radiation based on populations of the electronic
states using an effective single electronic temperature. For that
reason, the respective electronic state populations are deter-
mined from first principles by solving the electronic excitation
rate equations. The QSS assumption is valid whenever the ex-
citation and de-excitation rates for any state are both very fast
compared to the resultant rate of change of the population of
the state. This assumption is usually valid in a shock layer
where emission is occurring. Under this assumption the dif-
ferential excitation rate equations are reduced to linear alge-
braic equations. To keep the computations within manageable
limits, many closely packed electronic levels are often lumped
together into effective electronic levels.

Once the electronic state populations are known, as a first
step towards computing the radiation, the wavelength of each
optical transition is determined. For atomic transitions, this is
relatively simple, since the energy levels of the upper and
lower levels of each optical transition are explicitly defined.
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For molecular transitions, the upper and lower energy levels
are determined using the vibrational and rotational spectro-
scopic constants.

The intensities of atomic and molecular lines and continuum
radiation are determined differently. For atomic lines the tran-
sition probability is given directly in terms of the Einstein A-
coefficient. For molecular rotational lines it is given in terms
of the product of the electronic transition moment squared, the
vibrational Franck—Condon factor, and the rotational line in-
tensity factor. For continuum radiation, the intensities are de-
termined in terms of absorption and emission coefficients. Un-
der equilibrium conditions, the absorption and emission coeffi-
cients are related by the Planck function.

For line radiation, the line shape, i.e., the distribution of the
transition intensity over wavelength, is required. For most ap-
plications, the assumption of a Voigt profile has provided good
results with acceptable accuracy.”® To account for the change
in the upper state populations because of absorption and stim-
ulated emission in a complex three-dimensional radiative field
in an empirical way, the escape factor is introduced. The es-
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Fig. 3 Experimental nonequilibrium radiation spectrum recorded at NASA Ames Research Center. Point of peak radiation, shock velocity
= 10.20 km/s in 0.1-torr air, image intensifier gate = 200 ns, spectrometer slit width = 60 pm, and spectral range a) 3000—3800, b)
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cape factor accounts for photons that escape from a volume
and deplete the upper state populations. It is 1.0 for an opti-
cally thin medium, 0.0 for an optically thick medium, and be-
tween 0.0-1.0 for an intermediate absorbing medium. The es-
cape factor is approximated from the number density of the
absorbing medium, the oscillator strength, the linear size of
the emitting volume, and the dispersion line width of the Voigt
profile. The line shape is very important in an absorbing me-
dium and radiative heating must be calculated by a radiative
transport code.

B. Computation of Species Concentrations

As mentioned previously, the fluid flow equations coupled
with the chemical reaction rate equations are solved to deter-
mine the species concentrations. For these computations, the
electronic temperature is assumed equal to the electron tem-
perature. The effective temperature for rate equations involv-
ing both collisions and vibrational energy is written assuming
the Park model, T, = VVTT,.

C. Radiation Code

A modified version of Park’s’” NEQAIR program named
GENRAD, which incorporates the changes reported in Ref. 26

and several additional features, was used in this research.
GENRAD incorporates most of the physics discussed in the
previous sections and represents our present understanding of
nonequilibrium radiation phenomena. Also, a modified version
of Park’s code shock-tube radiation program (STRAP), called
NONEQ, which combines STRAP, stagnation point radiation
program (SPRAP), and GENRAD into a single code and is
generalized for any reacting gas mixture, was used to calculate
the flow conditions and species concentrations behind the nor-
mal shock wave in this study.

III. Experimental Data

The experimental data were recorded at NASA Ames’s elec-
tric arc-driven shock-tube (EAST) facility.” The data were re-
corded at a shock speed of 10.2 km/s with an initial pressure
of 0.1 torr in air. A linear diode array with 700 active elements
mounted at the back of a McPherson model 218 0.3-m spec-
trometer was used to record the spectra. A 1200 lines/mm grat-
ing provided a spectral resolution of 0.54 A per diode element.
A radiometer photo-multiplier tube (PMT) was used to record the
total radiation from the gases as they passed through the test
section (Fig. 1). The figure shows a distinct nonequilibrium over-
shoot characteristic of this enthalpy regime. After the overshoot



SHARMA AND WHITING

389

% 5
13
EY 5}
= 4~ -
£ ~ =
S o C
3 34 rs \-;\1
- z +
b 4
‘w NemS -
g 27 Yo S
) hadiastind NN e D
E @ Teod @
o 14 a58 —
= NN
3 ®mm
S AL ¥ )
2 0 ; - ; ” F .t b
3000 3200 3400 3600
a) Wavelength, A
4
aZ 9o g
w s 2 g SN0
- - T T T
g 5 — .7 E —
=4 < z
- g <
£ 4- & g
L ~
2 3]
g o 0
—~ (3 (=]
g 27 Eog 3
c %*N <
- oZ
5 | h
-
=
o
B 0 u"u A Al
< T I I
3800 4000 4200 4400
b) Wavelength, A
&
£ 1.4
=y
o 1.2 220 z
£ g o 2
© 1.0 o NN®M (o} © 3
3 o B33 5 318
- 0.8 S © o
. w
z z 3 =
<
S 0.6 zz >3 © b4
b= 9 n z 4
£ 0.4 g “ n b4
o oo o
=1 < < «
=2 0.2 3
3 0.
(7]
< 0.0 T ! 1 T 1 T
4500 5000 5500 6000 6500 7000 7500
c) Wavelength, A

Fig. 4 Computed steady-state spectrum using GENRAD. Spectral range a) 3000-3600, b) 3800-4600, and c¢) 45007000 A

the radiation achieves a plateau, which is usually referred to as
the equilibrium regime. In fact, as will be clear in the latter part
of this article, this regime may not represent a true equilibrium
regime and can be best termed as a steady-state regime. In this
article, this plateau will be referred to as a steady-state regime.

The total radiation trace in Fig. 1 was used to set the gating
of the intensifier placed before the diode array system. For
recording the nonequilibrium spectra, the image intensifier to
the diode array was activated 50 ns before the peak radiation
and left open for 200 ns. For the steady-state spectra, the image
intensifier was triggered at about 1.0-2.0 us after the onset of
the peak nonequilibrium radiation (Fig. 1), depending upon the
available test time during that run, and was left open for about
1.0-2.5 us.

The recorded steady-state and nonequilibrium spectra are
shown in Figs. 2 and 3, respectively.

IV. Present Model: Theory vs Experiment

The NONEQ code was run to simulate the shock-tube flow
with a shock velocity of 10.2 km/s in 0.1-torr room tempera-
ture air. The fluid solution coupled with the chemistry provided

one-dimensional profiles of species concentrations, transla-
tional and vibrational temperatures (T = T, T, = T,), and other
fluid parameters over a distance of 4.294 cm into the shock-
compressed air behind the normal shock front. Air was as-
sumed to be a mixture of 78.087% N,, 20.950% O,, 0.93%
Ar, and 0.033% CO,. Nineteen species were considered in the
finite rate chemistry solutions, namely: A, C, N, O, C,, N,, O,
CN, CO, NO, CO,, A*, C", N*, 0%, N7, O3, NO*, and elec-
trons. Using the species concentrations, the two temperatures
(T and T,) from the fluid solution, and the electronic popula-
tions from the QSS solution, integrated radiative flux spectra
for two regions along the axis were computed. The two regions
were 1) at ¢ = 0.348-0.525 us, corresponding to the region of
the nonequilibrium overshoot; and 2) at ¢ = 2.17 us, corre-
sponding to the early portion of the steady-state region; ¢ = 0
corresponds to the location of the shock front.

A. Steady-State Regime

" The computed spectra from the steady-state region are
shown in Fig. 4. A close comparison with the experimental
data (Fig. 2) leads to the following observations:
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1. Visible—Infrared Region

1) Calculated N atomic lines are too strong by a factor of
2, O atomic lines by a factor of 4; 2) calculated background
too low; 3) H,, at 6560 A and H, at 4861 & in experimental
data; 4) NH(0,0) band in second order at 6720 & in experi-
mental data; and 5) several weak N lines in experimental data,
but not in calculation.

2. Ultraviolet Region

1) Calculated atomic N lines from 4100 to 4260 & are too
strong and not in a constant ratio with experiment; 2) calcu-
lated atomic O lines at 3946 and 4370 A are too strong by
factors of 2 and 5; 3) calculated N; (17)(0,0) bandhead at 3914
A agrees closely with experiment; 4) the CN-violet bands are
much weaker in calculated spectra; 5) strong NH(0,0) band at
3360 & in experimental data; and 6) unidentified bands at
3830, 3840, and 3895 & and lines or bands at 3640, 3650,
3960, 4000, 4010, and 4030 A in the experimental data.

The computed rotational -translational and vibrational tem-
peratures were nearly equal (T = Tz = 10,058 K and 7, = T,
= 10,062 K) and close to the equilibrium temperature (7., =
10,029 K), indicating a near-equilibrium regime. The species
concentration from the finite rate chemistry solutions were in
agreement with the equilibrium composition at these temper-
atures. However, neither of these calculations considered ra-
diative cooling, which is present in the experimental data, al-
though this effect is believed to be small. Thus, high atomic
line intensities in the computations are probably not because
of a high computed species concentration, but are most likely
because of a high upper state population. In other words, the
finite rate chemistry model appears to be computing the over-
all, steady-state species concentrations correctly. Thus, either
radiative cooling in the experimental case is lowering the elec-
tronic temperature and, hence, the upper state populations, or
the QSS electronic excitation subroutine is computing high
populations in some electronic states. Computations were also
performed with the escape factors set arbitrarily to 1.0 and 0.0,
and the results were identical, indicating that the flow is not

collisionally limited. Thus, if the problem is with the QSS
process, it appears that the excitation rates used may be too
high.

gI‘he three atomic N multiplets (*S°® — *P), (*P° — *P), and
(D° — *P), near 4150, 4220, and 4255 &, form a single su-
permultiplet. The energy level diagram for these transitions is
shown in Fig. 5. The relative integrated emission of these three
multiplets, in equilibrium, are given quite accurately by an
L~S coupling theory to be 20:60:100. The calculated intensity
ratios, including the effects of absorption (which is negligible
in this case), agree with these ratios, but the experimental data
clearly do not. Note, however, that the calculated intensities of
the *S° — “P multiplet are in good agreement with the ex-
perimental data.

The upper states in this case (*S°, “P°, and “D°) all have
about the same energy and are all included in the same com-
posite electronic state in the QSS excitation data file. They
therefore are assumed to be populated and depopulated at the
same rate. Thus, even in the steady-state regime, where the
excitation rates should not affect the results, the upper state
populations appear to be considerably different from that given
by the L—S coupling theory. Clearly, the states are not in equi-
librium and it appears that, in this case, the rates for the *P°
and *D° states are much slower than that for the *S° state, such
that the radiative transition rates are controlling the steady-
state populations for these levels.

B. Nonequilibrium Regime

The following observations are made by comparing the
computed nonequilibrium spectra (Fig. 6) with the experi-
mental data (Fig. 3):

1. Visible—Infrared Region

1) Calculated atomic line intensities are too strong, the N
lines by about a factor of 10, but the O lines by varying
amounts; 2) the background is too high below 5000 A and too
low above 5000 &; and 3) H,, H,, and second-order NH are
present in the experimental data.
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Fig. 5 Super multiplet of atomic nitrogen at 4215-4254 & (not to scale).
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Fig. 6 Computed nonequilibrium spectrum using GENRAD computer code. Point of peak radiation, spectral range a) 3000-3300, b)
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2. Ultraviolet Region

1) Calculated N lines from 4100 to 4260 are far too strong.
These lines do not appear clearly in the experimental data; 2)
the calculated N5(17) bands are too strong by a factor of 2—
3; 3) N,(2%) bands are in the data, but in the calculations are
too weak to be seen; 4) the experimental (0,0) bandheads for
N7 (17), CN-violet, and N,(2%) are all clearly defined; 5) NH
(0,0) band at 3360 in the experimental data; 6) the rotational
structure .of the N5 (17)(0,0) band in the data shows that the
populations of the lower rotational levels are higher than the
calculated populations; 7) contrary to the previous item, the
shape of the Av = +1 sequence of N3 (17) indicates that the
populations of the high rotational levels are less than the cal-
culated populations; and 8) the intensity of the N;(17)(2,1)
band in the data, relative to the other bands in the Av = +1
sequence, indicates that the v/ = 2 vibrational level may have
a high population.

It appears that the populations of various electronic states
are not being computed correctly, and also that the population
distributions in the rotational and vibrational states show a
departure from Boltzmann distributions.

V. Adjustments to Upper State Populations

To visualize the nature and the extent of the discrepancies
between the computed and experimental spectra, arbitrary ad-
justments to the upper state populations were made, until the
computed spectra were in close agreement with the experi-
mental data. It should be emphasized that these adjustments
were made for illustrative purposes only; to quantify the error
in computations in relation to the experimental data. By no
means should these adjustments be regarded as the correction
factors to the physical models. We postulate that the adjust-
ment factors for each set of experimental data will probably
be different. In a different regime the extent of the discrep-
ancies seen here may increase or decrease and/or new spectral
regions of discrepancies may appear. However, the conclusions
drawn from this adjustment exercise highlight the areas of con-
cern in the physical model, such as QSS formulation, which
need attention.

The adjustments to the computations in the present case were
primarily applied in the nonequilibrium regime, although some
adjustments in the steady-state regime were also required to bring
the computed and experimental spectra into general agreement.
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Fig. 7 Adjustment factors. Nonequilibrium radiation for a) rotational and b) vibrational levels.

A. Adjustments

1) Populations of the upper electronic states were adjusted
by multiplying by a suitable factor f to simulate a change in
the electronic temperature and are used herein to force agree-
ment between the calculated and experimental intensities for
atomic lines and the (0,0) molecular bandheads.

2) Relative populations of the vibrational levels of the mol-
ecules were adjusted by keeping the v’ = 0 level unchanged
and multiplying the other v’ levels by excitation factors F(v'),
to simulate a change in vibrational temperature. Each vibra-
tional level in an electronic state can have a distinct vibrational
temperature.

3) Relative populations of the rotational levels were adjusted
by keeping the N' = 0 level unchanged and multiplying the
other N’ levels by excitation factors F(N') to simulate a change
in rotational temperature, where each level can have a distinct
rotational temperature. The adjusted rotational temperatures
are held constant for all vibrational levels in an electronic state.

4) The method of applying the three adjustments described
previously is to first adjust the rotational populations to pro-

vide the correct shape to the vibrational bands, then the vibra-
tional populations are adjusted to give the correct shape to the
vibrational sequences, and lastly the electronic populations are
adjusted to match the intensities of the (0,0) bandheads. The
reason for this sequence is to maintain realistic vibrational
populations as the temperatures are varied so that the sum of
all vibrational populations remains equal to the population of
the electronic state.

The vibrational population of any given vibrational level is,
obviously, the sum of all rotational level populations in that
vibrational level. Thus, to maintain a consistent set of popu-
lations, a nonequilibrium partition function was developed that
used the array of adjusted rotational temperatures calculated
from the rotational population distribution.

An exception to the previous sequence was made in the case
of the N,(2*) band system because the original calculated in-
tensity was too low to be seen in the spectrum. Thus, an initial
adjustment of the population of the upper electronic state was
made by multiplying by an arbitrary f value of 2000. This
value proved to be a lucky choice and it was unnecessary to
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Fig. 8 Adjusted steady-state synthetic spectrum. Spectral range a) 3000-3800, b) 3800—4600, and c) 45007000 &.

adjust it again after the rotational and vibrational populations
had been adjusted.

B. Excitation Factors F(v') and F(N')

1. Rotational Factor F(N')

An empirical expression for the rotational factor was se-
lected to be simple and to conform to the observations made
in Sec. IV, that is, a high population in the lower rotational
levels and a low population in the high rotational levels. Ex-
ploratory calculations indicated that the shape of the
N3 (17)(0,0) band could be matched very well by simply hold-
ing the populations of the lower rotational levels equal to the
population for the N’ = 0 level. Such a distribution implies a
rotational temperature of infinity, which was arbitrarily set to
100,000 K for use in the calculation of the partition function.
The calculations also indicated that the decline in the popu-
lations of the high rotational levels had to be very abrupt after
some value of N'. Expressions that easily reproduced these
effects are shown in Fig. 7. Here, n(N') denotes the actual
computed number density in the rotational level N’, and A(N')

is the adjusted value. The expressions stipulate a constant
value region

AN') =n(0) for N' <« N,
and a rapidly declining region
AN') = FIN')n(N'y for N' >N,
where F(N') is given by the Gaussian function:
F(N') = F(NJexp[—B(N' — N,)’] 2

The values entered to specify the Gaussian function are the
N’ value at the peak of the Gaussian N, and the intercept of
the Gaussian on the F(N') axis F(0). The F(N') value at the

. peak of the Gaussian is given by

F(N,) = n(0)/n(N,) ©)]
and the value of B8 is given by
B = €n[F(N,)/F(O)I/N} “)
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7000 A.

2. Vibrational Factor F(v')

The vibrational expression was selected to be similar to the
rotational expression because there is some indication in the
data that the lower vibrational levels may be populated higher
than-that given by a Boltzmann distribution at a fixed vibra-
tional temperature. Exploratory calculations indicated that
holding the vibrational populations equal to the population of
the v/ = 0 level was unrealistic and gave an extremely high
intensity for the N3 (17)Av = +1 sequence. Thus, the intercept
of the Gaussian on the F(v') axis at v/ = 0 was set equal to
1.0, and the peak value at v' = v, was determined in the fol-
lowing way.

The maximum population for any vibrational level is as-
sumed to be the same as the population of the v' = 0 level,
which would correspond to a vibrational temperature of infin-
ity. Thus, a factor « is defined that gives the adjusted popu-
lation of the v’ level A(v") as a fraction of the way from the
original population n(v'), to the maximum possible population
n(0). That is,

A" =n@’) + aln(0) — n(")] &)

When the values of a and v, are specified, the value of F(v')
= F(v,) at the peak of the Gaussian is given by
F(v,) = (1.0 — a) + a[n(0)/n(v,)] (6)

F(v') can now be found from expressions (2) and (4) given
for F(N') except, of course, that v’ is substituted for N'.

C. Computed Spectra After Adjustments

The computed spectra after making the adjustments as pre-
viously discussed are shown in Figs. 8 and 9. Clearly, the
agreement with the experimental data is now quite good. How-
ever, for the steady-state region (and certainly for an actual
equilibrium region) it would be unrealistic to adjust the species
concentration or level population without changing the tem-
perature. The fact that we must change some level populations
to agree with the data clearly indicates, as previously noted,
that the shock-tube flow may be in a steady state at x = 2.21
cm behind the shock wave, but it is not in equilibrium. Some
of the difference may be because of radiative cooling, which
is not included in the calculations.
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V1. Discussion of Models

A. QSS Formulation

The fact that the results were unaffected by setting the es-
cape factor to either 1.0 or 0.0, indicates that there may be a
problem with the lumping of several electronic states into a
single composite state for ease of QSS computations. The ef-
fect of the excitation rates and radiative rates on individual
levels may differ substantially from the average effects over a
composite state.

The upper state populations are calculated using the QSS
formalism, which has been proven to be of enormous value.
However, the present implementation of this method has some
severe limitations. Atoms typically have several hundred en-
ergy levels below the first ionization level and a few others
above this level. The present QSS code, as noted previously,
lumps many of these levels into composite levels to reduce the
effort required to produce the excitation data file and the com-
puter time required to run the code. For example, the first five
levels of atomic N are used explicitly and the others are
lumped into 17 composite levels. For atomic O, the first seven
levels are used explicitly and the others are lumped into 12
composite levels. The excitation array for N then contains 22
X 22 = 484 elements, each of which must contain all of the
appropriate excitation and radiation cross section. As many
(most) of these parameters are not known experimentally, they
are usually calculated from empirical equations that fit theo-
retically produced values. It is not very clear how many elec-
tronic levels would be required to provide an acceptable ac-
curacy. But it must be pointed out that the size of the required
array elements in the computation matrix grows proportional
to the square of the number of electronic states. For example,
100 electronic levels would require a 100 X 100 array, and
that would involve 10,000 array elements!

The QSS situation for diatomic molecules is in a more dif-
ficult position than for atoms. There are about as many mo-
lecular electronic states as there are atomic states, but most of
them lie at very high energy levels and are not needed in the
QSS formalism to estimate the populations of the lower states.
Presently, only 35 electronic energy states are included in the
QSS code. Such a simplified procedure cannot be expected to
predict accurately all of the effects of an enormously complex
process.

The N3 (17) band system, whose radiant intensity was pre-
dicted quite accurately for the steady-state conditions, and was
only a factor of 3 too high for the nonequilibrium conditions,
involves transitions between the second excited state (B2}
state) and the ground state (X°2; state). The upper state is
only 25,460 cm™' above the ground state and nearly 50,000
cm™! below the dissociation level of the ground state. These

conditions probably give the limited QSS procedure used the
best opportunity to produce reasonable results.

The cases for the N,(1*) and N,(2%) band systems are not
so ideal. Both of these transitions are from an upper excited
state to a lower excited state, where the upper states are near
the dissociation energy of the ground state. For example, the
upper state of the N,(2*) band system (C’I1,) is actually 10,422
cm™' above the dissociation energy. Further, there are 11 elec-
tronic states of lower energy and at least 10 other nearby states
of slightly higher energy. The calculation of a reliable popu-
lation for this state might require as many as 20 states in the
QSS formulation.

B. Temperatures

The effective rotational and vibrational temperatures as cal-
culated by the flow code are shown in Fig. 10. The total ra-
diation in arbitrary units as seen by a PMT is also plotted in
the figure, as a locator of the points of peak nonequilibrium
radiation and steady-state radiation. Interpreting the population
ratios as temperatures has little physical meaning, but it does
provide a comfortable intuitive picture of the trend caused by
increasing or decreasing the populations.

In the flow code the rotational temperature is set equal to
the translational temperature. However, from Fig. 7 it can be
easily seen that the resultant rotational temperature at the point
of peak radiation needed to fit the data exceeds the transla-
tional temperature from the flow code. A low calculated trans-
lational temperature is a possibility. Presently, the calculated
translational temperature immediately behind the shock wave
is less than the full Rankine—Hugoniot temperature, as some
adjustment of the internal energy of the gas is allowed. Other
factors that may affect the calculated vibrational and rotational
temperatures are the radiative cooling, as previously noted, and
the nonequilibrium population distribution. An evaluation of
these effects is currently being explored by using an iterative
process.

VII. Summary

The GENRAD code, a modified version of the NEQAIR
code, which incorporates a radiation model based on our pres-
ent understanding of nonequilibrium phenomena, tends to
overpredict the intensities of many atomic O and N lines, and
underpredicts the intensity of the N,(2%) band system. The
plateau in the total radiation trace, historically termed an equi-
librium region, does not represent a true equilibrium regime.
Some electronic states still remain in nonequilibrium in this
region, and therefore, at best, this plateau may be referred as
a steady-state regime. The code predicts the intensity of the
N7 (17) band system for the steady-state regime reasonably
well, and for the nonequilibrium regime within a factor of 2—
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3. However, the experiments show that in the nonequilibrium
region, the upper states of various atomic transitions are over-
populated by the code and that the rotational and vibrational
populations are not described by a Boltzmann distribution.

After some arbitrary adjustments in the electronic state pop-
ulations and the distribution of rotational and vibrational pop-
ulations, it was possible to match the calculated data with the
experiments. From this exercise it appears that, for correct
modeling, the QSS formulations must be expanded to include
a more individual level, as opposed to combining several
densely packed electronic levels into one composite level.
However, in doing so, the computational size of the problem
will increase as the square of the number of electronic energy
levels. Radiative cooling may also be playing a role in reduc-
ing the upper state populations by reducing the electron tem-
perature. This aspect requires further investigation.
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