JOURNAL OF SPACECRAFT AND ROCKETS
Vol. 45, No. 5, September—October 2008

Spectrum Modeling for Air Shock-Layer Radiation
at Lunar-Return Conditions

Christopher O. Johnston* and Brian R. Hollist
NASA Langley Research Center, Hampton, Virginia 23681
and
Kenneth Sutton?

National Institute of Aerospace, Hampton, Virginia 24060

DOI: 10.2514/1.33004

A new air-radiation model is presented for the calculation of the radiative flux from lunar-return shock layers. For
modeling atomic lines, the data from a variety of theoretical and experimental sources are compiled and reviewed. A
line model is chosen that consists of oscillator strengths from the National Institute of Standards and Technology
database and the Opacity Project (for many lines not listed by the National Institute of Standards and Technology), as
well as Stark broadening widths obtained from the average of available values. Uncertainties for the oscillator
strengths and Stark broadening widths are conservatively chosen from the reviewed data, and for the oscillator
strengths, the chosen uncertainties are found to be larger than those listed in the National Institute of Standards and
Technology database. This new atomic line model is compared with previous models for equilibrium constant-
property layers chosen to approximately represent a lunar-return shock layer. It is found that the new model
increases the emission resulting from the 1-6-eV spectral range by up to 50 %. This increase is due to both the increase
in oscillator strengths for some important lines and to the addition of lines from the Opacity Project, which are not
commonly treated in shock-layer radiation predictions. Detailed theoretical atomic bound—free cross sections
obtained from the Opacity Project’s TOPbase are applied for nitrogen and oxygen. An efficient method of treating
these detailed cross sections is presented. The emission from negative ions is considered and shown to contribute up to
10% to the total radiative flux. The modeling of the molecular-band systems using the smeared-rotational-band
approach is reviewed. The validity of the smeared-rotational-band approach for both emitting and absorbing-band
systems is shown through comparisons with the computationally intensive line-by-line approach. The absorbing-
band systems are shown to reduce the radiative flux by up to 10 %, whereas the emitting-band systems are shown to
contribute less than a 5% increase in the flux. The combined models chosen for the atomic line, atomic bound—free,
negative-ion, and molecular-band components result in a computationally efficient model that is ideal for coupled
solutions with a Navier—Stokes flowfield. It is recommended that the notable increases shown, relative to previous
models, for the atomic line and negative-ion continuum should be included in future radiation predictions for lunar-
return vehicles.
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Subscripts

CL = indicates the centerline in the spectrum of an
atomic or molecular line

e = refers to the electronic energy mode

EQ = assumes that Boltzmann—Saha equilibrium exists
among the electronic levels

hv = indicates a spectral dependence in terms of
electron volts (1.24 x 107*v/c)

i = refers to the lower electronic state of an atomic
transition

J = refers to the upper electronic state of an atomic
transition

Vv = refers to the vibrational energy mode

v = indicates frequency dependence

Superscripts

— = indicates a negative ion

= defines a value in the upper electronic state of a
molecular transition

= defines a value in the lower electronic state of a
molecular transition

I. Introduction

ENEWED interest in lunar and Mars return has initiated studies

of the aerothermal environments produced around the vehicles
used for such missions. This requires, among other challenges, the
prediction of the radiative flux to the vehicle from the shock-layer
gas. Although experimental data are available for validating these
prediction models in the infared (IR) region of the spectrum [1], there
is essentially no data for the equally important vacuum ultraviolet
(VUV) region. Furthermore, comparisons of the available IR data
with a preliminary version of the model presented in this paper [2]
and an updated version of the NEQAIR code [3] have indicated a 10—
20% underprediction of the measurements. Other comparisons
between various experimental data and various radiation models
have provided no better agreement. Therefore, to increase the
confidence in both the IR and VUV shock-layer radiation predic-
tions, an assessment of the relevant data available for high-
temperature air-radiation modeling is needed. Both a review of the
data applied in previous models, which are discussed in the following
paragraph, and a compilation of recently available data are required
for this purpose. In addition, a computationally efficient method of
applying these data is of interest for applications such as coupling the
radiation model with a flowfield solver.

The three main codes that have provided the majority of the shock-
layer radiative heating predictions at NASA over the past 35 years are
the RAD/EQUIL, NEQAIR, and LORAN codes. The earliest of
these, which is referred to in the literature as either RAD/EQUIL,
RAD, or RADICAL, was developed by Nicolet [4]. This code
modeled the spectral shape of each atomic line based on the atomic
line data compiled by Wilson and Nicolet [5]. Not all of the atomic
lines listed by Wilson and Nicolet were treated individually in the
code. To reduce computational time, lines spaced closely in the
spectrum were combined into composite lines, and weak lines were
ignored. The atomic continuum and molecular bands were modeled
as smooth curve fits, similar to those presented by Hoshizaki and
Wilson [6]. The radiative heating prediction capability of RAD/
EQUIL was developed assuming chemical and thermodynamic
equilibrium. The second significant radiation code, NEQAIR, avoids
this equilibrium assumption by applying a collisional-radiative, or
non-Boltzmann, model. This code was developed by Park [7,8] and
was based on the original code by Whiting et al. [9]. The atomic line
data complied by Wiese et al. [10] and Griem [11] were applied in the
original version of this code. Nearly 4 times more lines were treated
in NEQAIR than in RAD/EQUIL. The molecular-band systems were
modeled in NEQAIR using the line-by-line approach presented by
Arnold et al. [12]. This is a significant difference between NEQAIR
and RAD/EQUIL because of the large computational cost of

applying the line-by-line approach relative to RAD/EQUIL’s
approximate curve-fit approach for the molecular-band systems. As
an alternative to the RAD/EQUIL and NEQAIR codes, Chambers
[13] developed the code LORAN, which is composed essentially of
the atomic spectral model and quasi-steady-state model of NEQAIR
along with a smeared-rotational-band (SRB) model for the molecular
bands. This avoids the computationally intensive line-by-line
molecular-band computation applied in NEQAIR. A comparison of
the LORAN and NEQAIR results was presented by Hartung [14],
who showed that the two codes predicted wall radiative-flux values
that differed by only 6% for the cases considered.

In the time since the development of the RAD/EQUIL, NEQAIR,
and LORAN codes, new data for atomic line, atomic photo-
ionization, and molecular-band radiation has become available. The
purpose of this paper is to determine the influence of this new data on
the radiative heating emitted from lunar-return shock layers
(8000 < T < 11,000 K and 0.1 < p < 1.0 atm). Furthermore, a
new radiation model is proposed in this paper based on this new data.
This model is developed with the intention of applying it to
nonequilibrium chemistry, multiple temperature, and non-
Boltzmann conditions [15]. The ability to treat these nonequilibrium
conditions is achieved by formulating the emission and absorption
coefficient as a function of each radiative transition’s upper and
lower electronic state number density, respectively. Johnston [15]
addresses the problem of calculating the number densities of the
atomic and molecular electronic states required for this non-
equilibrium radiation calculation. For the examples worked in the
present paper, the assumptions of chemical equilibrium and
Boltzmann electronic state populations are applied. Although these
assumptions are restrictive, they are relevant to many of the shock-
layer conditions of present interest [3]. The convenience of these
assumptions is that they allow the number densities of the flowfield
species to be determined by specifying only the temperature and
pressure of the gas. The equilibrium chemical compositions applied
in this work are obtained from the code developed by Prabhu and
Erickson [16].

A simplified model of a shock-layer flowfield is treated throughout
this study to make clear the influences of the strongly emitting
inviscid region and the strongly absorbing boundary layer. This
model, which is shown in Fig. 1, consists of two constant-property
layers (which extend infinitely in the vertical direction) of
equilibrium air at the same pressure, but at different temperatures (7',
and T,) and with different thicknesses (Az; and Az,). The inviscid
region of the layer is modeled with layer 1 and the boundary layer is
modeled with layer 2. The equivalent of the wall-directed radiative
flux at the edge of the boundary layer (layer 1) is ¢, and at the wall
(layer 2) is g,. To model the stagnation line of an Apollo-like vehicle
at peak heating (see Fig. 1 of [2]), the required parameters are listed as
cases 1 and 2 in Table 1. Case 1 consists of only layer 1 and will be
studied extensively throughout this paper to compare the emission
from various models. Case 2 consists of layer 1, which is the same as
incase 1, as well as lower temperature and thinner layer 2. Also listed
in Table 1 are cases 3 and 4, which will be discussed in Sec. VII. Note
that the radiative flux from these constant-property (tangent-slab)
layers is calculated throughout this paper using the improved
exponential integral approximations presented in Appendix F
of [15].

To begin the discussion of the radiation model developed in this
paper, the radiative properties of atomic nitrogen and oxygen are
discussed in Sec. II. The atomic line models for these species are
compiled, including the Stark broadening half-widths, based on

A g,

Fig. 1 Layout and definition of the double-layer case treated
throughout this study.
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Table 1 Case definitions for the double-layer problem defined in Fig. 1

Case ID p, atm T,,K Az, cm 7,,K Az,,cm
1 0.5 10,000 15.0 _ —_
2 0.5 10,000 15.0 5000 1.0
3 0.5 8000 15.0 —_ —_—
4 1.0 15,000 0.8 8000 0.4

atomic data from various experimental and theoretical sources. The
uncertainties of the oscillator strengths and Stark broadening half-
widths are estimated from an extensive review of available data. The
results of the compiled atomic line model are compared with the
result of previous models. Details of the numerical treatment of the
atomic lines are discussed in Sec. III, which focuses on the layout of
the spectral grid. The atomic bound—free photoionization contribu-
tion is reviewed in Sec. IV, with a final model being developed based
on data from the TOPbase database [17]. The treatment of the
negative-ion continuum is discussed in Sec. V, and Sec. VI discusses
the implementation of the SRB method for calculating molecular-
band radiation. Sec. VII applies the models developed throughout
this paper to equilibrium conditions relevant to lunar-return shock
layers and provides a summary of the contributions from each
of the discussed radiation mechanisms. Comparisons between the
present model and the RAD/EQUIL code, which has been applied
in many previous shock-layer radiation studies [18-22] and
engineering correlations [23,24], are presented in each section for
reference.

II. Assembling Data for Atomic Line Radiation

The primary source of atomic line data for the present study was
the National Institute of Standards and Technology (NIST) atomic
line database [25], compiled by Wiese et al. [26] in 1996. This
database contains a comprehensive list of atomic line data for
nitrogen and oxygen atoms, along with many others. The
wavelengths and energy levels contained in this list are experimental
values from Moore [27] and Kelly [28], which are well known with
uncertainties of less than 0.001% [29]. The NIST values for the
absorption oscillator strengths f;; are from a combination of
experimental [30-34] and theoretical [35,36] sources. For the lines
with both experimental and theoretical data available, Wiese et al.
[26] applied the average of these values. For many of the weaker
lines, only the theoretical results from the Opacity Project (OP) [35]
were available, which Wiese et al. [26] used directly. The Opacity
Project is a completely theoretical atomic line database that contains
many lines not contained in the NIST database, although only
multiplet data, and not individual line data, are listed. These
additional lines are mostly those with upper-level principal quantum
numbers greater than 6, which were intentionally omitted from the
NIST database because their accuracy was considered poor [26]. For
the present model, the line data from the NIST database are applied
for all lines contained in that database, whereas for lines not in the
NIST database but included in the OP database, the OP multiplet data
are applied. This results in 263 and 176 line multiplets, which contain
1082 and 842 individual lines, from the NIST database for nitrogen
and oxygen, respectively. In addition, the 2190 and 2274 line
multiplets from the OP database, which are those that do not repeat
the NIST lines, are also applied. These OP lines are not separated into
individual lines because they are mostly optically thin and because
the data are not available. Furthermore, 99% of the OP line
contribution comes from the strongest 500 multiplets (ranked in
terms of their optically thin emission), which allows for a significant
reduction in the number of OP lines required.

The influence of the additional OP multiplets is indicated in Fig. 2,
which compares the radiative intensity, accounting for only the
nitrogen line emission and absorption resulting from case 1 (defined
in Table 1): in other words, a 15-cm constant-property layer of
equilibrium air at a temperature of 10,000 K and a pressure of
0.5 atm. The line broadening applied in this comparison is presented
later in this section. The “Wiese et al. (1996)” label refers to the NIST
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Fig. 2 Comparison of the intensity from an equilibrium slab of air,

assuming emission and absorption from only nitrogen atomic lines,
between various line models.

lines alone and the “Wiese et al. (1996) + OP” label refers to the
combination of the NIST lines and the additional OP lines. From the
difference between these values in each spectral range, it is seen that
the OP lines contribute noticeably in the 0—1-eV range, as well as the
10-12-eV range, with the total increase from the OP lines being
6 W /cm?/sr (or 15.3%), which is the cumulative effect of the large
number of weak OP lines (meaning that there are not just a few OP
lines that provide the majority of this increase). As will be shown in
Sec. IV, these two spectral ranges have the largest contribution from
the atomic bound—free mechanism, which is produced by transitions
between bound electronic states and an ionized state. The OP lines
are the result of transitions between two bound electronic states,
although the upper state is very near the ionization limit. Thus, these
lines should be located near the photoionization edges, which is
where the bound—free emission is the strongest. Armstrong [37]
showed that these lines could be treated approximately by shifting
the photoionization edges by roughly 0.15 eV. The result of this
approximate approach, which is applied in the RAD/EQUIL code, is
presented in Sec. IV.

Also shown in Fig. 2 are the results of the older Wiese et al. [10]
and Wilson and Nicolet [5] line models (obtained by applying both
their oscillator strength and Stark broadening data), which were
applied in the RAD/EQUIL [4] and original NEQAIR [7] codes,
respectively. These models are seen to be generally weaker in the 0—
6-eV range and stronger in the 6—12-eV range, compared with the
Wiese et al. [26] model. Note that RAQ/EQUIL applies the
photoionization edge shift, as mentioned previously, to account for
line upper levels near the ionization limit. This contribution is not
included in the Wilson and Nicolet [5] results shown in Fig. 2. Also
not included in the Wilson and Nicolet [5] results is the pseudo-
continuum that they apply in the 0-1-eV range to account for lines
with both upper and lower levels near the ionization limit [38], which
is why no line contribution is shown for Wilson and Nicolet [5] in the
0-0.6-eV range. For the present case, the pseudocontinuum
contributes 0.8 W/cm?/sr in the 0-1-eV range. To see the
differences between the spectrally integrated radiative-flux values
produced by the various line models, Fig. 3 presents the cumulative
radiative flux resulting from the emission of nitrogen atomic lines
and absorption from all radiative mechanisms.

To assess the Wiese et al. [26] oscillator strength data applied in
the present model, these values were compared with those from
various other sources for the strongest lines of nitrogen and oxygen.
The strongest line multiplets were selected by determining the largest
contributors to the radiative intensity for the constant-property case
from Figs. 2 and 3. These multiplets are listed in Table 2 for nitrogen
and in Table 3 for oxygen (note that none of the included OP lines are
strong enough for inclusion on these lists). For nitrogen, although the
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Fig. 3 Comparison of the cumulative radiative flux from an
equilibrium slab of air between various line models, assuming emission
from only nitrogen atomic lines and absorption from all radiative
mechanisms.

33 chosen multiplets contain only 147 of the total 1082 individual
lines listed by Wiese et al., they contribute roughly 75% of the total
line flux for case 1. The various theoretical and experimental
oscillator strength values available in the literature were compiled for
these lines. Figures 4 and 5 present these values, which are
normalized by the Wiese et al. data from 1996 (this is the only source
that provides a value for each of these lines), for the VUV and IR
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lines, respectively. The Wiese et al. oscillator strengths f;; are listed
in Table 2. The Wiese and Fuhr [39] values from 2007, which are
based entirely on the theoretical results of Fischer and Tachiev [40],
and the Tayal [41] values from 2006 are the most recent theoretical
results presented in this comparison. The older theoretical results of
Hibbert et al. [36] and Wilson and Nicolet [5] are shown for reference
and because the newer theoretical results are not available for many
of the VUV lines. Also, the Wilson and Nicolet values, as well as the
Wiese et al. [10] values from 1966 have been applied extensively in
previous shock-layer radiation calculations. The experimental values
from Goldbach et al. [30-32], Dumont et al. [42], and Hutchinson
[43] are shown for the VUV multiplets in Fig. 4, and those from
Musielok et al. [34], and Zhu et al. [33] are shown for the IR
multiplets in Fig. 5. Ignoring the older Wilson and Nicolet [5] and
Wiese et al. [10] values, the agreement between the various
experimental and theoretical results is relatively good, although not
as good as the published uncertainties by Wiese et al. [26] suggest.
Therefore, new uncertainties are presented in Table 2 based on the
deviation of the post-1970 data (therefore neglecting the Wiese et al.
[10] and Wilson and Nicolet [5] data) shown in Figs. 4 and 5 from the
Wiese et al. [26] values. For the multiplets with only the Wilson and
Nicolet [5] values to compare with the Wiese et al. [26] data
(multiplets 1, 2, 4, and 5), the Wilson and Nicolet [5] data were used
in the uncertainty determination. These new uncertainties are
generally higher than those proposed by Wiese et al. [26], although a
few remain the same. A minimum uncertainty of 10% was chosen
because no experimental measurements contain an uncertainty lower
than this value. The uncertainties listed in Table 3 for oxygen lines
are taken directly from Wiese et al. [26].

In addition to the oscillator strength and electronic level data
required for the modeling of each individual atomic line, the Stark

Table 2 Summary of the strongest nitrogen line multiplets

IDno. Wiese 96 No. hv,eV  Acpguenm 2 fij fij % Alg g, nm Ahgy % Wiese  Wilson 67
ID# of lines uncertainty uncertainty 66 ID¢ D¢
1 24 3 11.61 106.80 2 30 8.43e-3 75 9.7%9 —3 75 —_— 76
2 23 3 11.29 109.77 2 28 1.6le—2 75 5.70e — 3 75 — 71
3 19 3 10.62 116.79 2 18 3.69¢e—2 50 7.88¢ —4 40 9 63
4 17 3 10.53 117.69 2 15 1.28e-2 50 9.19¢ — 4 40 14 59
5 39 3 10.42 118.91 3 30 8.76e—3 75 1.21le -2 75 —_— 58
6 38 4 10.41 119.10 3 30 4.65¢-3 75 1.08e —2 75 — 57
7 1 3 10.33 120.00 1 4 25%-1 20 1.28e — 4 50 2 56
8 37 3 10.12 122.52 3 28 1.65¢—2 75 7.10e — 3 75 — 55
9 16 4 9.972 124.32 2 13 7.96e—-2 20 1.84e — 4 100 5 53
10 35 3 9.459 131.07 3 21 3.64e—2 60 7.36e —4 30 13 52
11 32 4 9.396 131.95 3 16 2.18-2 20 7.50e — 4 30 11 51
12 30 3 8.781 141.19 3 13 256e—2 20 2.52e —4 100 6 49
13 15 3 8.302 149.33 2 5 715 -2 10 2.97e — 4 30 3 48
14 29 4 7.110 174.36 3 5 36%-2 20 3.46e — 4 50 4 47
15 48 3 1.663 745.42 4 10 1.05e—1 10 8.94e -3 30 23 35
16 47 7 1.509 821.41 4 9 3l4e-—1 10 8.93e —3 30 22 33
17 52 4 1.438 861.98 5 12 35le—1 10 1.38e —2 30 25 32
18 46 8 1.426 869.40 4 8 4.66e—1 15 9.17¢ —3 30 21 31
19 65 2 1.369 905.24 7 16 1.10e+0 25 3.95¢e -2 30 33 30
20 127 3 1.369 905.01 13 28 4.80e—1 15 3.08e —2 30 27 —
21 126 4 1.347 919.82 13 28 33le—1 50 2.50e — 1 100 —_— —
22 51 3 1.319 939.79 5 11 58le—1 25 1.42e —2 50 24 29
23 72 10 1.260 983.33 8 20 1.36e—1 15 3.71e -2 50 35 27
24 70 4 1.241 998.70 8 18 257e-2 25 6.12e — 2 100 —_— —_—
25 71 8 1.240 999.10 8 19 390e—1 75 6.0le —2 100 — —
26 69 9 1.225 1011.7 8 17 8.05e—1 10 5.86e —2 50 34 26
27 80 7 1.158 1070.0 9 19 1.23e-1 75 5.43e -2 75 38 24
28 81 8 1.177 1052.6 9 20 6.73¢—1 10 3.34e -2 75 39 25
29 68 8 1.098 1128.9 8 14 155¢—1 15 9.17e — 2 75 45 23
30 61 3 1.068 1160.0 6 10 272¢-2 25 2.19% —2 100 7 —
31 100 4 1.029 1204.4 11 21 13le—1 10 7.86e — 2 100 42 21
32 99 3 0.994 1246.9 11 18 7.4le—1 15 7.83e —2 100 41 19
33 114 3 0.910 1362.0 12 21 649 —1 10 1.0le—1 100 —_— 11

“Multiplet number listed in 1996 by Weise et al. [20].

YLower electronic state i and upper electronic state j as defined by Johnston [15].

“Multiplet number listed in 1966 by Weise et al. [10].

dMultiplet number listed in 1967 by Wilson and Nicolet [3].
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Table 3 Summary of the strongest oxygen line multiplets (column definition same as Table 2)

1D no. Wiese No. hv,eV  Acpgpuonm @ fij fij % Algg, nm Akgso % Wiese 66 Wilson 67
1D of lines uncertainty uncertainty ID ID

1 2 3 9.51 130.35 I 5 519%-2 3 1.64e — 4 50 2 25

2 56 3 1.59 7717.55 4 6 1.00e+0 3 6.30e —3 50 11 14

3 60 3 1.47 844.88 5 7 10340 10 1.28e —2 50 12 13

4 64 9 1.34 926.64 6 10 9.55e—1 3 4.44e -2 50 28 12

5 78 6 1.09 1128.7 7 11 9.85e—1 3 5.70e —2 50 29 10

broadening full width at half-height AAg is also required. For the
partially optically thick cases of present interest, the spectrally
integrated radiative flux from strong atomic lines depends nearly
linearly on AAg, as shown by Johnston [2]. The most comprehensive
sources for these values are the theoretical predictions by Griem [11]
and Wilson and Nicolet [5]. These studies present values of AL for
an electron number density N, of 1 x 10'® particles/cm? and at
various temperatures. The value of AAg at this N, and a temperature
of 10,000 K will be labeled here as AL and referred to as the Stark
broadening coefficient. The value of AAg at any other temperature
and N, may be approximately related to AA , through the following
equation [44]:

T, \" N,
Aks = M”(lo, 000) (1 x lOlﬁcm”) o M

where the exponent n is chosen to fit the available data. For most
nitrogen and oxygen lines, a value of one-third is acceptable [45].
The Stark broadening of each individual line in a multiplet is
assumed to be identical, so that only a single A\ value is required
for each multiplet (which is consistent with the values presented by
Griem [11] and Wilson and Nicolet [5]). Even with this assumption,
detailed AAg, values were not available for all lines presently
treated. The remaining lines were treated with an approximate
correlation, which was chosen using the known A, values as a
guide. Applying the curve-fit form suggested by Cowley [46],
Amold et al. [47], and Park [45], the following equation was
obtained:

845.012,

Adgy =
50 (Eiunize - Eu)z'623

nm 2)

with A in nanometers and Ej,;,. and E,, in inverse centimeters. The
approximate nature of this equation is sufficient because it is only
applied to the lines with no available detailed value, which are nearly
all optically thin (with the exception of multiplets 21, 24, 25, and 30
in Table 2) for the conditions of present interest. As a result, the
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Tayal [41] -theory

Wiese et al. [26]-both
Wilson & Nicolet [5]-theory
Wiese et al. [10]-both
Goldbach et al. [30-32]-exp
Dumont et al. [42]-exp
Hutchinson [43]-exp
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Fig. 4 Summary of predicted and measured multiplet oscillator
strengths, normalized by the Wiese et al. [26] values, for the first 14
multiplets listed in Table 2 for nitrogen.

contribution of these lines to the spectrally integrated radiative flux is
weakly dependent on the line half-width.

For multiplets with both Griem’s [11] and Wilson and Nicolet’s
[5] ALg, values available, preference was given to the more recent
Griem [11] values, except for the 33 nitrogen and 5 oxygen lines
listed in Tables 2 and 3. The values for these important lines are
discussed in the following paragraph. For multiplets with no
available data, Eq. (2) was applied, as mentioned previously.

For the 33 strong nitrogen multiplets listed in Table 2, the AAg
values measured by Morris and Garrison [48], Helbig et al. [49],
Cullmann and Labuhn [50], Nubbemeyer [51], Goly and Weniger
[52], and Sohns and Kock [53] are compared in Fig. 6 with the
predictions of Griem [11] and Wilson and Nicolet [3]. In this figure,
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Fig. 5 Summary of predicted and measured multiplet oscillator
strengths, normalized by the Wiese et al. [26] values, for multiplets 15-33
listed in Table 2 for nitrogen.
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Fig. 6 Comparison of various experimental and theoretical Stark
broadening coefficients, normalized by the average, for the 33 nitrogen
lines listed in Table 3.
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the A)g, values are normalized by the average of all the presented
values for each multiplet. These averaged values are listed in Table 2
and were used throughout the remainder of this study for these strong
multiplets. For 11 of these multiplets, the Wilson and Nicolet [5]
values were the only available data, whereas for multiplets 21, 24, 25,
and 30, there were no available data. For these no-data cases, Eq. (2)
is applied.

To accompany the average Alg, values computed here and
applied throughout this study, an uncertainty estimate was made for
each multiplet based on the data in Fig. 6. For the multiplets with only
the Wilson and Nicolet [5] values available, an uncertainty of 75%
was assigned based on the comparison with other multiplets, whereas
for the cases with no data, an uncertainty of 100% was conservatively
chosen. For the multiplets with various measurements available, it is
noted that except for multiplets 7, 9, 12, and 14, the measurement
uncertainties overlap the averaged value (meaning that they overlap
the value of 1 in the figure) as well as the nominal values from the
other measurements and predictions. Considering this, the
uncertainty was chosen to capture the nominal values, relative to
the average, from all the measurements and theoretical results. The
resulting uncertainties are listed in Table 2 for each multiplet.

The remaining details regarding the atomic line data applied in this
model are the same as those described by Johnston [15]. The
Doppler, resonance, and natural broadening are all treated using the
standards expressions. For the line shape, the Voigt profile from
Whiting [54] is applied, along with the Voigt width expression from
Olivero and Longbothum [55].

For the VUV lines in the case presented in Figs. 2 and 3, the
Doppler widths are roughly an order of magnitude larger than the
Stark widths, and the resonance broadening contributes only for lines
with a ground state lower level. For the IR lines, the Doppler and
Stark widths are of nearly equal magnitudes, and the resonance
broadening is negligible. The natural width is negligible for both the
IR and VUV lines. Note that these relative half-width magnitudes are
very dependent on the gas pressure. For example, at the 2-orders-of-
magnitude-lower-pressure condition studied by Whiting and Park
[56], the Stark broadening was shown to be negligible relative to the
Doppler broadening. Note that the lines listed in Tables 2 and 3 are
blackbody-limited for this case, which means that the total spectrally
integrated flux or intensity is dependent upon the line shapes and
widths. As an extension of the present work, Kleb and Johnston [57]
assessed the sensitivity of the spectrally integrated radiative flux to
the Stark broadening and oscillator strength uncertainties listed in
Tables 2 and 3.

III. Atomic Line Numerical Spectrum Modeling

A feature of the present model that allows for a relatively rapid
calculation of the radiative spectrum is the nonuniform spacing of the
spectral grid. Similar to the RAD/EQUIL and LORAN models,
points are arranged in the spectral grid specifically for each line. For a
non-optically-thin line, the shape of the emission and absorption
coefficient spectrums must be sufficiently modeled for the flux or
intensity from that line to be accurately calculated. This requires the
use of accurate physical parameters, as discussed in the previous
section, as well as the accurate numerical representation of the line
shape. For the accurate numerical representation, both the spacing
and number of points included in the total spectral grid must be
sufficiently chosen for each line.

The distribution of spectral points for each line was achieved using
Roberts stretching formula [58]. The main issues in applying this
formula are determining the stretching factor, which indirectly sets
the distance of the first point away from the centerline, determining
the location of the point furthest from the centerline, and determining
the number of spectral points used to model each line. For the first of
these, it was found that setting the stretching factor to between 1.01
and 1.03, depending on the number of points used to model each line,
provided optimal spectral-point spacing for each line. The second of
these, determining the point furthest from the centerline, is more
complicated because it depends on the optical thickness of the line.
Because the goal of the present radiation model is to correctly predict

the radiative flux or intensity from a shock layer, the distance from
the centerline where 99.9% of the radiative flux is captured is the
ideal location for this point. A method for approximately calculating
this location for each line was developed by treating the shock layer
as a constant-property slab with thickness equal to the actual shock-
layer thickness and by setting the temperature and number densities
equal to those from the shock layer at the point of maximum electron
number density. By applying the Voigt formula proposed by Lui
etal. [59] and neglecting the Gaussian contribution (because the line
wings are usually dominated by the Lorenztian profile), an analytic
formula was derived [15] for the distance away from the centerline
where 99.9% of the radiative flux from the representative constant-
property slab was captured. This formula results in a nonphysical
answer for lines with negligible Lorenztian broadening, for which the
Gaussian profile is dominant even in the line wings. For these cases,
an analogous formula was derived for the representative constant-
property slab by neglecting the Lorenztian contribution (instead of
the Gaussian contribution) from the line profile of Liu et al. [59].

The determination of the number of spectral points required for
modeling each line was achieved by comparing the radiative flux
from layers 1 and 2 of case 2. Figure 7 presents the percent difference
in the radiative flux, considering only nitrogen atomic lines, from the
k = 17 case (where k is the number of points used to model each half
of a line). The contributions from the VUV and IR lines are shown
separately for the flux resulting from layers 1 and 2. The IR
contributions from layers 1 and 2 are indistinguishable (because both
the emission and absorption are negligible in layer 2 for these lines),
and so they are shown in the figure by a single line. For the VUV
lines, layer 2 absorbs roughly 25% of the flux emitted from layer 1,
although it is not any more dependent on the line spacing than the
other cases. This comparison shows that 9 to 11 spectral points per
half-line (meaning 19 to 23 points total for each line, accounting for
the center point) are sufficient to model the atomic line radiative flux
or intensity through a variable-property layer with an accuracy of at
least 2%. A value of 10 points per half-line was applied throughout
the remainder of this study. This is actually the minimum number of
points used to model each line, because the spectral grid arranged for
each line is combined with the grids from all other lines to form a
single grid, which results in overlapping grids for closely spaced
lines. An alternative discussion regarding the number of points and
point spacing for atomic lines was provided recently by Lino da Silva
[60], independently of the present work.

The preceding point spacing procedure was applied for non-
optically-thin lines, which are determined for each case by
comparing the height of the line center resulting from optically thin
flux (where the flux is assumed to be equal to 2, multiplied by the
emission coefficient) and actual flux, resulting from a constant-
property slab with a thickness equal to that of the shock layer. If the

=©— IR lines (layers 1 & 2)
=8= VUV lines (layer 1) H
-A- VUV lines (layer 2)

% difference from k =17 case

5 7 9 11 13 15 17
k = # points per half line
Fig. 7 Influence of the number of spectral points used to model each
line, for the double-layer slab case described in the text, on the radiation
considering only nitrogen atom lines.



JOHNSTON, HOLLIS, AND SUTTON 871

height of the line center for the actual flux is less than 99% of the
height of the optically thin line center, then the line is considered to be
optically thick, and otherwise it is considered to be optically thin. For
the optically thin lines, the detailed treatment of the line shape
described in the previous paragraph is not applied. Instead, the line is
modeled as a triangle using a total of three points to represent the line.
The width of the triangle is assumed to be equal to the Voight width,
and the height is chosen so that the frequency-integrated flux from
the line is equal to the optically thin flux from the line. This procedure
reduces the computational cost for the line calculation with a
negligible loss in accuracy. Most of the thousands of OP lines
described previously are optically thin for conditions of present
interest, making this procedure particularly useful.

IV. Atomic Bound-Free and Atomic
Free-Free Radiation

Bound-free radiation is the result of a bound electron being excited
to an energy level above the ionization energy, which results in the
bound electron becoming a free electron (Zel’dovich and Raizer [61],
pp. 248-276). The absorption coefficient resulting from this process
is written as

bf

v,i

K5 = 0PN, em™! 3)

where oL

o is the absorption cross section of level i and N; is the
number density of this level. The corresponding emission coefficient
may be derived by assuming that it is proportional to the ion and
electron number densities and a function ®,; that is independent of

the atomic state populations and the ion or electron number densities:
Jy=NyN,®,; erg/(cm’ -sr) @)

The function @, ; can be related to 5% by applying Kirchoff’s law,
which may be written as

o 2m?

hv
JvibQ =~ 2 KvikQ €XP (— ﬁ) erg/(cm? - sr) (5)

where the subscript EQ indicates that the electron, ion, and atomic
state number densities used in the emission and absorption
coefficients satisfy the Saha—Boltzmann equation:

20, (2wmkT,\3? E; — Eion;
(N+Ne) — Q+ ( Tmk e) exp ]’lC( i 1omze) (6)
EQ

N; 8i h? KT,

The requirement that the Saha-Boltzmann equation must be
satisfied for Kirchoff’s law to be valid implies that both the atomic
states are populated in a Boltzmann distribution and that chemical
equilibrium exists among the atoms, ions, and electrons. This is in
contrast to bound-bound radiation, where only a Boltzmann
distribution of the atomic states is required for Kirchoff’s law to be
valid. Combining Eqs. (3—6) and solving for ®,; results in the
following:

® 2m? g h? 3/2
YT 20, (2nmkn)

hC(Eionize B Ei) —hv
kT,

x oo exp[ ] erg - cm® 7

Note that, as was assumed previously, this function is independent
of the electron, ion, and excited state number densities. This fact
makes Eq. (7) valid regardless of whether there is chemical
equilibrium or a Boltzmann distribution of electronic states.
Combining Eqgs. (4) and (7), the bound—free emission coefficient
from a single level i becomes

by y 2 e (B
Joi =N Re ™ 2756\ 2mkT,
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The bound—free absorption cross sections o2 required for Egs. (3)
and (8) were obtained from the Opacity Project’s online database of
photoionization cross sections, called the TOPbase [14]. This
database provides spectrally resolved cross sections for all the levels
of all the atoms and ions of present interest. In fact, the spectral
resolution is so great and requires so many frequency points (over
12,000 for nitrogen) that a method of approximating the data using
fewer frequency points is required for the practical computation of
radiative heat flux through a shock layer. In the present study, two
different forms of approximation for modeling the cross-sectional
frequency dependence are applied. The cross sections for the first
three levels of oxygen and nitrogen are represented with a step model
consisting of enough steps to sufficiently model many of the discrete
linelike features of the bound—free spectrum. The step models
created for nitrogen and oxygen are listed in Appendix B of [15]. The
cross sections for the remaining levels are approximated by the
following function:

bf __ bf hvthresh,i % 2 9
Ovi = Othreshi \ ™1, cm (C)]

where the parameters o8l i, AUresn.i» and 6; are chosen to give the
best fit through the TOPbase data, and are listed in Appendix B of
[15]. This approximate treatment of the TOPbase cross sections
produces flux and intensity values that are nearly indistinguishable
from the results of the exact cross sections [15]. The TOPbase cross
sections have been compared with the less detailed values presented
by Hofsaess [62]. The total flux values predicted by the two models
agree within 5% for the conditions of present interest.

The finite number of levels treated for nitrogen and oxygen in the
present model result in the neglecting of the bound—free radiation
from the higher, untreated, levels. The bound—free radiation from
these levels, which are near the ionization limit, is similar to atomic
free—free radiation. It was found convenient and sufficient to treat
both the bound—free radiation from the untreated atomic levels and
the free—free radiation together using the Biberman continuum
described in [63], which is written for this purpose as

4/ 2% \V2 7265 hi
NN ()T 2l -
+e3 (3kaﬂ) hemv <) eXp(kTE) cm

10)

Biberman
K v -

v=v forv< Vihresh V= Vihresh for v > Vinresh (1 1)
and the threshold frequency vy, is the photoionization edge
location of the highest treated level. This is roughly 0.2 eV for both
nitrogen and oxygen in the present model. The £(v) factor is obtained
from Biberman and Norman [64]. Note that Eqs. (10) and (11) are
written in terms of N, and N,, instead of the usual N, to remove the
restriction of chemical equilibrium. The corresponding emission
coefficient is written as

. 8( 2m \'/?
iBiberman N.N, —
Iy +He3 (3ka(,)

2

Z2e® hv  hv
Sm §(v) exp (ﬁ - ﬁ) erg/(cm? - sr) (12)

X

In summary, Eqs. (3) and (8) are applied for the bound—free
radiation using the curve-fitted TOPbase cross sections for 35 and 32
levels of oxygen and nitrogen, respectively, and Egs. (10) and (12)
are applied to treat the free—free radiation as well as the bound—free
radiation from the higher levels of oxygen and nitrogen.
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Fig. 8 Nitrogen bound—free and free—free radiative-flux comparison
for case 1.
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Fig. 9 Oxygen bound—free and free—free radiative-flux comparison for
case 1.

Armstrong [37] described an alteration to the bound—free
spectrum required to accommodate the atomic line transitions with
upper levels very close to the ionization limit. These upper levels
include those with a principal quantum number of 8 or above.
Although these lines are not included in the NIST database by Wiese
et al. [26], many of them are included in the OP database [35], as
discussed previously in Sec. II. The alteration to the bound—free
spectrum suggested by Armstrong [37] requires the shifting of the
photoionization edges by the following frequency increment:

2/7
e

TV

Ahv=—1.79 x 1073

eV (13)

where N, is the electron number density in particles per cubic
centimeter and 7, is in Kelvin. This negative frequency shift is
applied to the TOPbase cross sections by extrapolating them to the
lower frequency limit. For the bound—free contribution from
Eqgs. (10) and (12), this alteration is accounted for by multiplying

these equations by exp(Ahv/kT,), as suggested by Wilson and
Nicolet [5]. The influence of this edge shift for case 1 is shown in
Figs. 8 and 9 for nitrogen and oxygen, respectively. The value of Ahv
for this case is —0.19 eV. For nitrogen, it is seen that the inclusion of
the edge-shift results in a 16 W/cm? increase in the integrated flux,
with aroughly equal increase above and below 6 eV. This increase is
compared with the 30 W /cm? increase due to the OP lines shown in
Fig. 3, which represents a more detailed treatment of this mechanism.
Because the OP line contribution is greater than the edge-shift
contribution, it is concluded that the OP lines sufficiently account for
the atomic lines with upper levels near the ionization limit.
Therefore, the results presented in the remainder of this study will not
include the photoionization edge shift.

V. Negative-Ion Continuum

Numerous experimental studies [65-73] of the radiation from
high-temperature air have noted measured continuum-radiation
values larger than those predicted by the combination of molecular-
band, atomic bound—free, and atomic free—free mechanisms. This
phenomenon has been attributed to the negative-ion photodetach-
ment continuum by many researchers, although it has also been
suggested to result from the overlapping of lines with upper states
near the ionization limit [74] or overlapping Holtsmark line wings
[75]. Nevertheless, the negative-continuum contribution from both
N~ and O~ are treated in the present model to ensure conservatism in
the radiative-flux prediction. The absorption coefficient due to the
negative continuum is written as

N,N,g,_h? he
- —gd___—_4eorm — (E. —E. -1 (14
- ” {2(27kaTe)3/2Qa exp|:kTe( - l)i|} o ( )

where the term in brackets represents the number density of the
electronic level of the radiating negative ion, calculated using the
Saha relationship. The process modeled by Eq. (14) is written
schematically as

A=(i=) + hv —> A()) + e~ (15)

where A and A~ represent the neutral atom and negative ion,
respectively. The most recent review of the negative-ion contribution
in air has been made by Soon and Kunc [76] and Chauveau et al. [77].
The theoretically derived cross sections suggested by Soon and Kunc
[76] for the N~ (*P) and N~ (' D) levels and the O~ (> P) cross section
suggested by Chauveau et al. [77] were applied in the present model
and are listed in Table 4, which also lists the energies and
degeneracies required for Eq. (14). These cross sections are on the
low end of proposed values [73] for N—, which are suggested in some
experimental studies to be up to an order of magnitude greater
[69.71].

The negative-ion emission, which is calculated from «, using
Kirchoft’s law (even for nonequilibrium conditions) is optically thin
in the 1-8-eV range where its contribution is most significant. The
last column in Table 4 lists the radiative-flux contribution from each
negative-ion transition for case 1. The total value of 22.8 W /cm? is
less than the 59 W/cm? predicted by the optional negative-
continuum treatment in the RAD/EQUIL code (which has not been
applied in most published results [19]) based on the data of Morris
et al. [67].

Table 4 Parameters used for calculating the negative-ion spectrum

A= (i—) A(i) gi. E_,eV  E,eV oy, cm? Flux, W/cm?

N-CP)  N(S) 9 0.1 0.0 Se— 18 (0.7 < hv < 2.43 eV) 203
le—17 (243 <hv<13.0eV)

N-(‘D) NCD) 5 1.44 2.38 Se — 18 (1.32 < hw < 2.43 eV) 22
le—17 (243 <hv<13.0eV)

o-cp) oCP) 5 1.49 0.0 le — 17 (149 < hv < 13.0 eV) 03
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VI. Modeling of Molecular-Band Systems

The radiation resulting from molecular species in equilibrium air
at conditions relevant to lunar-return shock layers is usually no more
than 7% of the total radiative flux. At nonequilibrium conditions, this
contribution can increase slightly, depending on the shock-layer
thickness and nonequilibrium region, but conditions in which this is
significant usually occur away from peak-heating conditions, where
the total radiative flux is relatively small. Because molecular-band
systems do not contribute significantly, it was desired to model them
using a computationally inexpensive technique that provides
reasonably accurate results. The SRB method developed by Patch
etal. [78] was chosen for this purpose. This method was extended by
Chambers [10] to higher-order accuracy and multitemperature
conditions. From Chambers, the equations for the absorption and
emission coefficients for a single molecular-band system are written
as follows

Kband — . ne E E 1 fV”V’
v e
me? |BV — By 0,0y

w
h h
X exp(—k—;va) exp(—k—;rE ) cm™! (16)
Jb.md N , Zh”ez 8¢ V3 fV”V’

met gy AT |By — By | Q;Qv

X exp(— :; Ev/) exp(—khTCEjr) erg/(cm? - sr) a7

The various terms in these equations are defined in the
Nomenclature, except for the rotational energy, which is
approximated as follows:
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The simplicity of applying the SRB approach is seen by writing the
absorption coefficient as

band
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The limiting frequencies for Eq. (19) may be calculated for each V'-
V” transition as
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The last term in this equation, suggested by Golden [79], improves
the agreement between this method and the line-by-line approach.
The subscript n on Py and vy is assigned by sorting the vy~
values in ascending or descending order, depending on the sign of
B,-B, for the band system (ascending if positive, descending if
negative).

The accuracy of the SRB method may be gauged relative to the
results of the detailed line-by-line (LBL) method, which is described
in detail in Appendix D of [15] for the simple case of a 2X-2%

transition. This case is of interest for the CN violet molecular band,
which was studied by Johnston et al. [80], among others, for Titan
entry. By comparing the SRB and LBL results, Johnston showed that
the SRB method was insufficient (for the specific case of Huygens
entry into Titan) because the spectrum was partially optically thick.
As aresult, the SRB method overpredicted the integrated flux by up
to 40% relative to the LBL method. Fortunately, the most
significantly emitting-band system for air (at conditions of present
interest) will be shown in the next section to be the N3 first negative
band system, which is also a 2X-2X transition. Thus, the LBL
method described in Appendix D of [12] may be applied to this band
system and compared with the SRB results for conditions typical of a
lunar-return shock layer. For a 4-cm constant-property slab of
equilibrium air at 1 atm and 10,000 K, Fig. 10 compares a limited
region of the radiative-flux spectrum predicted by the SRB and LBL
methods. Although the two spectrums appear to be very different,
they actually predict spectrally integrated flux values that agree
within 4% (resulting from integration over the entire spectrum, not
just the range shown in the figure). The reason for this good
agreement is that the spectrum is optically thin, which is indicated in
the figure by the Planck function B, being significantly larger than
any of the peaks in either the SRB or LBL spectrum (note that the B,
curve shown was divided by 30 so that it is in the range of the figure’s
vertical axis). The SRB method is guaranteed, as a result of its
derivation, to accurately reproduce the optically thin flux. Thus, the
fact that the strongest molecular-band emitter in air is optically thin
for the conditions of present interest indicates that the SRB method is
sufficient for treating the emitting band systems. For the strongly
absorbing band systems in the VUV, this conclusion is not
applicable. The influence of the absorbing-band systems on the
radiative flux, along with the validity of the SRB model for these
bands, will be discussed in Sec. VII.

The 15 molecular-band systems presently treated for air are listed
in Table 5. The data required to implement these band systems were
taken mostly from Laux [81], although for the VUV systems, various
other sources were used [82-85]. The oscillator strengths for the
Birge—Hopfield I and II systems were not available for many of the
vibrational transitions. These values were estimated using the
Franck—Condon factors from Generosa [85] and the available
oscillator strengths summarized by Chauveau et al. in [84]. The
uncertainty of these approximate values is estimated to be a factor of
2. The total molecular-band flux for case 1 is 18.2 W/cm?, which is
less than 5% of the total radiative flux for this case. The flux
contribution from each band system is listed in the last column of
Table 5.

A comparison of the molecular-band radiative flux predicted by
the present model and RAD/EQUIL, accounting for only molecular-
band emission and absorption, is shown in Fig. 11 for case 1. The
RAD/EQUIL model is based on spectrally smoothed curve fits. It
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Fig. 10 Comparison of the N} 1~ flux predicted by the LBL and SRB
methods for a 4-cm constant-property slab at 1 atm and 10,000 K.
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Table 5 Molecular band systems treated for air in the present model

Molecule Transition Name Spectral range, eV Reference Flux,! W/cm?
N, B*I,-A’S; 1+ (first positive) 0.2-2.5 [81] 0.26
N, CI1,-B*I1, 2+ (second positive) 2.7-4.7 [81] 0.94
N, ¢, Ti-XISF Carroll-Yoshino 11.5-14.0 (82-84] 0.18
N, ciIT,-X'EF Worley—Jenkins 11.5-14.0 [82-84] 0.16
N, b, XS Birge—Hopfield I 7.0-13.1 (83-85] 1.14
N, ZADIRES <)) Birge-Hopfield IT 7.6-14.0 [82-84] 0.91
N, 0,'TI,-X'=} Worley 10.4-14.0 [82-84] 0.27
N B*E X% 1~ (first negative) 1.2-4.6 [81] 11.77
NO B2IT,-X1I, B (beta) 2.1-6.9 [81] 0.26
NO A2TH-X?T1, y (gamma) 3.2-75 [81] 0.39
NO C2I1,-X°1H, § (delta) 3.7-7.6 [81] 0.73
NO D?ZF-X?11, ¢ (epsilon) 3.4-8.0 [81] 0.69
NO B2A-X2I1, B’ (beta-prime) 3.9-8.4 [81] 021
NO E2X+-X?11, y' (zamma-prime) 4.6-8.9 [81] 0.22
0, B*S,-X3%F Schumann-Runge 2.6-7.0 [81] 0.08

“Radiative-flux contribution in W/cm? for case 1 due to the emission of the specified band system and absorption from all mechanisms.

accounts for all of the presently treated band systems, except for the
N, Worley—-Jenkins, Worley, and Carroll-Yoshino systems. The
lower prediction from the present model in the 2—4-eV range is due
mostly to the N 1~ band system, for which the flux is roughly half of
the RAD/EQUIL prediction. Because the absorption from atomic
lines and continuum is not included in this comparison, the
contribution from the VUV band systems shown in Fig. 11 is larger
than that listed in Table 5.

VII. Results of the Air-Radiation Model
in Equilibrium

To summarize the contributions from the various radiative
mechanisms described in the previous sections, Fig. 12 presents the
contribution to the radiative flux from each mechanism for case 1 (the
spectrum is plotted with the left axis, which is a log scale, and the
cumulative curves are plotted with the right axis, which is linear).
The flux components shown are calculated by applying the emission
coefficient of the specified mechanism, along with the total-
absorption coefficient (from all mechanisms and species), in the
radiation transport equation. This is done so that the addition of the
various components results in the total flux, which is 373 W/cm?
(233 W/cm? below 6 eV) for this case. The dominance of atomic
nitrogen radiation is apparent in this figure, as is the relatively small
molecular-band contribution.

To complete the comparisons between the present model and the
RAD/EQUIL code, Fig. 13 presents the total flux spectrum and
cumulative flux for case 1 (comparisons between the individual
radiative mechanisms were presented in the previous sections). The
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Fig. 11 Radiative flux resulting from only molecular-band emission
and absorption predicted by the present model and RAD/EQUIL.

RAD/EQUIL results presented here are results of the actual RAD/
EQUIL code, whereas the results of the previous sections were
obtained by applying RAD/EQUIL’s atomic line, continuum, and
molecular-band data using the present code. This explains the
steplike nature of the RAD/EQUIL continuum above 10 eV in
Fig. 13, which is a result of RAD/EQUIL’s “line grouping”
approximation (that assumes a constant continuum value and Planck
function over a specified spectral range). Figure 13 shows that the
flux predicted by the present model below 6 eV is 34 W /cm? larger
than the RAD/EQUIL prediction. Figures 3, 8,9, and 11 indicate that
this is a result of the present model’s roughly 50 W/cm? larger
contribution from the atomic lines (below 6 eV) minus the roughly
22 W/cm? smaller contribution from the atomic continuum and
roughly 15 W/cm? smaller contribution from the molecular-band
systems. In addition, the present model includes the 22.8 W/cm?
contribution from the negative continuum (Table 4), whereas the
RAD/EQUIL result does not include this mechanism. This
cancellation of differences between RAD/EQUIL and the present
model explains how the individual components presented in the
previous sections can each disagree by no less than 20%, whereas the
total integrated flux values presented in Fig. 13 agree by better than
10%.

A comparison of the flux resulting from layer 2 of case 2 is shown
in Fig. 14. As mentioned previously, layer 2 approximates the
boundary layer present near the body of a shock-layer flowfield,
which is expected to absorb some of the flux resulting from the larger
inviscid shock-layer region represented by the 15-cm slab. The flux
below 6 eV is essentially unaltered from the results of Fig. 13 (note
that case 1 is the same as layer 1 of case 2) because of the weak
absorption in this spectral range. Above 6 eV, the absorption is
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Fig. 12 Contributions from the various radiative mechanisms to the
radiative flux of a 15-cm slab of equilibrium air at 10,000 K and 0.5 atm.
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Fig. 13 Radiative flux for case 1 (or layer 1 of case 2) predicted by the
present model and RAD/EQUIL (solid lines are the flux spectrums and
are plotted using the left axis, and dashed lines are the cumulative fluxes
and are plotted using the right axis).
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Fig. 14 Radiative flux for layer 2 of case 2 predicted by the present
model and RAD/EQUIL (same solid- and dashed-line definitions as
Fig. 13).

significant, with the present model being reduced by 63 W/cm?,
whereas the RAD/EQUIL result is reduced by 75 W/cm?. This
slight difference in absorption is a result of RAD/EQUIL’s increased
absorption from the Birge—Hopfield I and II band systems, which
accounts for roughly half of the VUV absorption. Neglecting the
VUV band systems decreases the 63 W/cm? of absorption to
33 W/cm? for the present model, and decreases the 75 W/cm? of
absorption to 31 W/cm? for RAD/EQUIL. Note that this absorbed
flux by the VUV band systems is almost twice as large as the emitted
flux from all band systems shown in Table 5.

As presented in Sec. VI, the SRB treatment of the strongly emitting
molecular-bands systems, which are located in the 2—4-eV range, is
accurate because they are optically thin for the conditions of present
interest. However, the validity of the SRB treatment for strongly
absorbing band systems, which are located in the 10-12-eV range,
was not proven. As was just discussed, the influence of molecular-
band absorption in the VUV is significant. To validate the SRB
treatment of absorbing-band systems, Fig. 15 compares the VUV
flux (between 10.5 and 13 eV) from layer 2 of case 2 obtained by
either ignoring the VUV band systems, treating them with an LBL
model, or treating them with the present SRB model (note that the
cumulative flux starts at 10.5 eV). The same oscillator strengths and
energy levels as presented in Sec. VI for the SRB model are used also
for the LBL model. It should be emphasized that the LBL model
requires many orders of magnitude greater computational time than
the SRB model (and in fact the entire present radiation calculation)
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Fig. 15 VUV radiative flux from layer 2 of case 2 obtained by either
ignoring the VUV bands, treating them with an LBL model, or treating
them with an SRB model.

[80]. By comparing the SRB and LBL cumulative results with the no-
VUV-band result, it is shown that the molecular-band absorption
predicted by the SRB and LBL models result in a 25.2 and
22.8 W/cm? reduction in the flux, respectively. This good
agreement is encouraging considering the differences in the
spectrums shown in Fig. 15. Although the SRB result does not
capture the peaks and valleys of the LBL model’s rotational lines, it
does nearly capture the average of these extremes, which allows it to
closely match the total cumulative flux of the LBL model. This result
for the treatment of absorbing-band systems with the SRB approach
provides further confidence in its application for lunar-return
conditions.

The comparison between the present model and RAD/EQUIL is
presented in Fig. 16 for case 3, which consists of a 15-cm constant-
property slab at 0.5 atm and 8000 K, instead of 10,000 K. The lower
temperature causes the molecular-band systems to be the dominant
contributor. For this case, the RAD/EQUIL predicts a total
molecular-band contribution of 29 W/cm? and a total line
contribution of 8 W/cm?, whereas the present model predicts a
total molecular-band contribution of 17 W/cm? and a total line
contribution of 11 W/cm? (along with an additional 4 W /cm? from
the negative continuum). The larger molecular-band prediction from
RAD/EQUIL causes its total flux to be larger than that from the
present model, unlike the 10,000 K case, for which the atomic line
contribution was dominant and the present model predicted a larger
flux.
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Fig. 16 Radiative flux for case 3 predicted by the present model and
RAD/EQUIL (same solid- and dashed-line definitions as Fig. 13).
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Fig. 17 Radiative flux for layers 1 and 2 of case 4 predicted by the
present model and by Chauveau et al. [77].

As a final assessment of the present model, the double-layer
example presented by Chauvaeu et al. [77] and defined as case 4 in
Table 1 is considered. Each layer consists of equilibrium air at 1 atm,
with the first layer having a thickness of 0.8 cm and a temperature of
15,000 K and the second layer having a thickness of 0.4 cm and a
temperature of 8000 K. Figure 17 presents the flux spectrum and
cumulative flux predicted by the present model at the edge of each
layer. Also shown are the cumulative-flux values from the present
model neglecting the OP lines and the cumulative flux predicted by
Chauveau et al., which do not include the OP lines. For layer 1, the
difference between the results of Chauveau et al. and the present
result without OP lines is nearly indistinguishable. For layer 2, the
agreement is also good, with both results showing significant VUV
absorption. The results of Chauveau et al. include the LBL treatment
of molecular-band systems, instead of the approximate SRB
treatment applied in the present model. The present model predicts
that roughly 500 W /cm? of the reduction between layers 1 and 2 is
due to VUV molecular-band systems. Therefore, the good agreement
between the present model and the Chauveau et al. result provides
further validation for the application of the SRB model for VUV
absorption.

VIII. Conclusions

New models for atomic lines, bound—free photoionization,
negative-ion continuum, and molecular bands were developed. The
atomic line model was based on the most recent experimental and
theoretical oscillator strengths and Stark broadening half-widths.
The uncertainty of these parameters was quantified by gathering and
comparing available data, and it was found that the uncertainties are
larger than those listed by NIST. All lines listed in both the NIST and
Opacity Project databases were included in the present model. The
addition of the Opacity Project lines, for lines not accounted for in the
NIST database, was shown to increase the atomic line flux by up to
15%. For the conditions of present interest, it was found that this new
atomic line model predicts up to a 50% larger atomic line flux in the
spectral region below 6 eV than previous models. A new atomic
photoionization model was applied based on the data compiled in the
TOPbase. This new model contains significant spectral detail, which
was simplified using a combination of curve fits and step models. The
application of the photoionization edge shift was studied and shown
to model many of the atomic lines listed in the Opacity Project with
an upper electronic state principal quantum number greater than 8.
Modeling of the negative-ion continuum was reviewed and its
contribution was found to be roughly 5-8% of the total flux. The
molecular-band systems were treated using the SRB method. For the
presently studied lunar-return conditions, the accuracy of the SRB
model for both strongly emitting and strongly absorbing band
systems was shown to be excellent relative to the more

computationally intensive line-by-line method. Molecular-band
absorption in the VUV was shown to absorb up to 10% of the total
flux. The comparisons of this new radiation model with the RAD/
EQUIL code indicated differences of no less than 20% for the atomic
line, atomic bound—free, and molecular-band contributions to the
radiative flux. Because these differences were both positive and
negative, and therefore cancelled each other, the difference in the
total radiative flux was only 10-15% for the cases studied.
Considering both the increase in the atomic line model and the
inclusion of the negative-ion continuum, the total radiative flux
predicted by the present model is as much as 20% greater than
previous models [4,9,15] for conditions relative to a peak-heating
lunar-return shock layer.
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