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Efficient schemes for databasing emission and absorption coefficients are developed to model radiation from
hypersonic nonequilibrium flows. For bound-bound transitions, spectral information including the line-center
wavelength and emission and absorption coefficients is stored for typical air plasma species. Since the flow is
nonequilibrium, a rate equation approach including both collisional and radiatively induced transitions is used to
calculate the electronic state populations, assuming quasi steady state. The general Voigt line-shape function is
assumed for modeling the line-broadening. The accuracy and efficiency of the databasing scheme was examined by
comparing results of the databasing scheme with those of NEQAIR for the Stardust flowfield. An accuracy of
approximately 1% was achieved with an efficiency about three times faster than the NEQAIR code.
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] electronic state i
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; 3 o1
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D = Doppler line half-width, cm K% (i,j) = heavy-particle-induced molecular excitation rate
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internuclear distance, units of length, not explicitly
evaluated

rotational line-strength factor

electron temperature, K

lower state electronic energy of the term symbol for
molecular radiation, cm™!

upper state electronic energy of the term symbol for
molecular radiation, cm™!

rotational temperature, K

translational temperature, K

vibrational temperature, K

vibrational quantum number

Gaussian width, A

Lorentzian width, A

Stark width, A

reference Stark width, A

Voigt width, A

horizontal coordinate of direct simulation Monte
Carlo computational domain for the Stardust
geometry, m

emission or absorption coefficients from the
database at the ith wavelength data point

emission or absorption coefficients from NEQAIR
at the ith wavelength data point

vertical coordinate of DSMC computational domain
for the Stardust geometry, m

net Kinetic energy of a free electron, cm™
data point interval

distance from line center, A

emission coefficient, W/cm?-pum-sr
assembled parameter for emission coefficient, W/sr
absorption coefficient, cm™!

assembled parameter for absorption coefficient, cm?
wavelength, A
wave number, cm™
ratio of nonequilibrium electronic state population
to equilibrium state

ionization cross section of hydrogen atom, cm?

2

1

1

bound—free absorption cross section, cm

hydrogenic free—free cross section, cm’
line-broadening function, um™'

ratio of summation of nonequilibrium electronic
state populations to that of equilibrium state
vibrational wave function, units of length—!/2,
not explicitly evaluated

atom

center

equilibrium state
electron

emission

ending data
hydrogenic

index of electronic state
initial data

kinetic

lower state

lower to upper state
molecule

cutoff limit
NEQAIR

principal quantum number
rotational state
upper state

upper to lower state
vibrational state
heavy particle
wavelength

+ = ion

00 = ionization
Superscripts

bf = bound-free

c = constant

e = electronic state

ff = free—free

* = normalized quantity

1. Introduction

YPERSONIC vehicles reentering into Earth’s atmosphere

generate nonequilibrium flows consisting of dissociated and
weakly ionized air species. These typical conditions exist behind a
high Mach number shock wave leading to high temperatures that
affect operational flight issues related to thermal protection system
materials and radar communications. In addition, due to the high
Mach number, radiation has an important role in generating heat
loads to the vehicle surface, with contributions sometimes as high as
18% of the convective heat [1]. Modeling the radiative sources in
hypersonic shock layers and fluxes to a spacecraft is a complex task
and we mention here only some of the important work in this field.
The Langley LORAN code [2] and the NEQAIR code [3] have been
used extensively in many atmospheric entry radiative simulations.
NEQAIR includes atomic bound-bound, bound-free, free—free
transition, and line-by-line models for molecular bands. The
LORAN model is similar to NEQAIR, and was developed to lower
the computational cost of NEQAIR by using a smeared rotational
band model for the molecular species. Both NEQAIR and LORAN
use the quasi-steady-state (QSS) assumption to determine the
electronic state population. More recently, Johnston [4] developed a
radiation model that applied up-to-date atomic and molecular data for
both the non-Boltzmann modeling of the radiating state and spectral
distributions. In his model, an approximate atomic collisional
radiative model was developed to calculate the electronic state
populations of atomic species. For molecular radiation a simplified
non-Boltzmann model for the molecular electronic state populations
was developed by assuming that the contribution of electron-impact
dissociation and heavy-particle-induced excitation processes may be
neglected. The smeared rotational band model was chosen to reduce
the computational cost for molecular radiation. In nonequilibrium
flows, the radiation field may also affect the population of electronic
states to the extent that a coupled radiative transport solution is
required for an exact solution. Therefore, it becomes imperative to
determine emission and absorption coefficients in an efficient
manner such that a large number of solutions of the radiative
transport equation (RTE) may be performed.

In this work, we develop an efficient databasing scheme for
generating spectral coefficients using the NEQAIR code. In contrast
to the models mentioned above, we use assembled parameters,
extracted directly from NEQAIR, to calculate spectral line strengths.
One of the main challenges in developing the databasing scheme was
to incorporate the QSS procedure, which includes the calculation of
about 40 electronically excited states for atomic oxygen and nitro-
gen. Also, because the reentry flows are optically thick to maintain
accuracy in computing the radiative heat loads, the databasing
procedure has to incorporate the Voigt line shape. The accuracy and
efficiency of atomic and diatomic emission and absorption coeffi-
cients obtained from the new database are examined for a flow
condition close to peak heating along the Stardust reentry trajectory.
Since atomic radiation is dominant for the hypersonic reentry flow
conditions under consideration here, only the accuracy of the atomic
spectral coefficients generated from the database are investigated in
this paper. In the final section, the accuracy of the databasing scheme
are examined by comparing the radiative heat fluxes using the
database with those obtained directly from NEQAIR. The efficiency
of the databasing scheme is quantified and the radiative heat genera-
tion using the new database are calculated for a Stardust reentry
flowfield.



SOHN ET AL. 625

II. Databasing Schemes for Atomic Species

In this section, the basic spectral relationships for the emission and
absorption coefficients are introduced. The databasing strategy is
examined and the variables that are databased are defined in terms of
the spectral quantities.

A. Basic Relations of Radiation by Atomic Species

There are three radiative mechanisms in a radiating nonscattering
medium: spontaneous emission, stimulated emission and absorption.
The spontaneous spectral emission coefficient is defined as [3]

11
&, = gulNyAuLhcd; N (1

Stimulated emission and absorption, unlike spontaneous emission,
are caused by the presence of photons in the vicinity of the emitting or
absorbing species. The effective volumetric absorption coefficient is
obtained in terms of the stimulated emission and absorption
coefficients, as given by [3]

h
Ky, = (8N BLy — 8UNUBUL)x¢A 2

Using detailed balance [3,5], g;Biy = gyBu.. the absorption
coefficient expression can be reduced to

h
16, = (N _NU)gUBULX¢A 3)
Normalized emission and absorption coefficients can be defined by

dividing Egs. (1) and (3) by the number density of the radiating
species, N,, giving

f B (N
g=y = (N—”) 4 “
" Ky, c N N,
where & and «§ are defined as
c 1
& = gvAuhy— (6)
, h
Ky = gUBULX )
and
25
ByL=5— 8
UL = Qe UL ®)

for all bound—bound transitions at the specific line-center wavelength
[3,5,6]. This leads to an important result for organizing the database;
i.e., &5 and «{ are independent of parameters, such as ion and electron
number densities and temperatures.

There are two other transition mechanisms that lead to a change of
energy level by emission or absorption of a photon. Transitions from
a bound to a dissociated state, known as bound—free transitions and
the reverse transitions, called free-bound transitions are two such
mechanisms. Also transitions between two continuum states, called
free—free transitions, are possible mechanisms caused by photon-
atom interactions. For atomic radiation, the bound—bound transitions
are the largest contributions to the radiation compared with bound—
free and free—free transitions. The bound—free radiation occurs when
the upper state is in the ionized, or continuum state. In that case, the
wavelength of the transition is determined by the kinetic energy of
the free electron, Ey, or

1 1

SAE E. E 1B ©)

where E, is the ionization potential of the atom and E; is the energy
of the ith bound level. Since the electron kinetic energy E; is

continuously distributed according to a Maxwellian distribution,
radiation from bound—free transitions is spectrally continuous. The
bound-free absorption cross section o is defined in terms of the
ionization cross section of the hydrogen atom oy 5 multiplied by a
correction factor known as the Gaunt factor [7]. The hydrogenic
cross sections are defined by Kramer’s formula [8] as

)\ 3
oo =79 x 10_1811()\—) (10)

n

where the value of A, is given as A,, = n>10% /1, I; is the ionization
potential of atomic hydrogen, 109, 679 cm™!, and n is the principal
quantum number. The Gaunt factor GF; is defined as

obf
GF,, =L an
O\H

The Gaunt factor is determined by comparing the cross sections with
those of Peach [7]. Note that for a specific electronic state o> is only a
function of wavelength. Finally, the bound—free absorption coeffi-
cient for each energy level is obtained by the bound—free cross
section multiplied by the electronic state population as

1
K=" "(ab:N,) (12)
i=1

where / stands for the number of electronic states modeled in the
NEQAIR database. For atomic O and N, there are / = 15 out of the
total 19 states and 14 out of 22, respectively. The remaining levels do
not contribute to the sum because they are assumed to be quasi-non-
bound or existing in the continuum. The bound—free emission is
calculated from Eq. (12) using relations given by [3]

! 2hc?
bf _ bf AT
o= Z("“N’ TSN, /Ny = 1)) )

i=1

where Ny, is chosen as the population at the ionization limit given by

N.N, hec E,,
Ny =2.07 x 1071° Q{TI.S exp(—TT) (14)

The value of 2.07 x 107'¢ is calculated from the expression of
(h?/(27tm,k))*/? /2 given by [3]. Free-free transition occurs when an
electron in the vicinity of an ion or an atom is decelerated and emits
radiation to conserve energy. The free—free absorption coefficient
divided by the atomic number density, employing the hydrogenic
free—free cross section, ol,, is calculated as [3]

KT N.N,

where dj; is a correction factor for the free—free cross section of
nonhydrogenic atomic species [7]. The free—free emission is
calculated using the blackbody function given by [3]

ff — 4t 2hc?
0 MSlexp(he/AKT,) — 1]

(16)

B. Calculation of Excited State Populations:
Quasi-Steady-State Assumption

Under nonequilibrium flow conditions, the atomic electronic
states are excited and deexcited by collisional and radiative pro-
cesses. When an atom collides with other atoms, molecules, or
electrons, the electronic states potentially become excited. Collision
induced electronic transitions in an atomic or molecular system are
particularly effective when the collider is an electron. Specifically,
when a free electron with large energy collides with an atom in a
bound state, the energy of the free electron can be transferred to the
atom in the form of electronic state excitation. In this case, the excita-
tion rate from the initial state i to the final state j is K°(i, j)N;N,. In
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nonequilibrium flow conditions, radiative transitions also have an
important role in determining the electronic state of neutral species.
A summary of the excitation/deexcitation processes of atoms may be
written as

Ke(i.j)

o) +e <20@) +e 17
0(i) +e <L 0" +2e (18)

0 ()<L 0(j) + hv (19)
06) + <L 0+ 4 e 20)

where O(i) and O™ represent an atomic species of electronic energy
level i and its ion, respectively. Under nonequilibrium flow
conditions, there are not enough collisions to describe the electronic
states by a Boltzmann distribution; therefore, a rate equation ap-
proach must be needed to calculate the electronic state populations
[5]. The time rate of change of number density N, is given by the
difference between the sum of the rates of all collisional and radiative
transitions that populate and depopulate state i:

o,
ot

= formation-removal (21)

where the population and the depopulation of the ith state may be
expressed for formation as

1 1
> K(j. )N;N, + K(c., )N N> + Y " A(j, i)N; + A(c., NN,
j=1 j=1

(22)

and for removal as

1 1
> K(i. )NiN, + K(i.c)N,N, + Y A(i. ))N; + A(i, c)N;

j=1 j=1

(23)

When the rate of change of N, on the left-hand side is much smaller
than both the sum of all population rates and all depopulation rates on
the right-hand side, the QSS condition holds. For this condition, the
left-hand side is set to zero and the system of differential equations
can be rewritten as a set of algebraic equations as follows:

A, j) + A, o)
DAl

[ZKe(l J)+ K(i,c) + j !

i ..
eri o~ NieAGL D . ANy
_;[K (hJ)-FN—iE—Ne pj=K(l,c)+A(c,l)NiE 24

where

Ke(i, )Nig = K°(j.0)N;y K(i,c)Nip = K(c, )N, N, (25)

pi =N;/Nig (26)

and N, is the number density of the ith state in equilibrium. The
symbols N,, N,, N,, and T, are the ion, electron, atom number
densities, and electron temperature, respectively. Since the sum over
all N; must be equal to the total number density of the atomic species,
or

1
Ny Nz
D g = x 27)

Eqgs. (24) and (27) can be rewritten in the matrix form of

Na
N,

ak

Mp=C+D (28)

where x = N,/N,g and
!
Ny = ZNiE
i=1

and the matrix M and vectors C and D are functions of only T, and N,
[5]. Finally, the normalized population can be expressed as

N;
v —F(TF,N> £ 4+ G(T,.N,) (29)
where
_N _ N,
F(T,,N)=M"'C-E  G(T,.N)=M"'D-E  (30)
N+ NaE

The two functions F; and G; contain the effects of both collisional
and radiative transitions for the excitation of atoms in the ith
electronic energy state.

C. Strategy for Generating Databases of Atomic Spectral Quantities

For the bound-bound transitions, the line-strength factors &f and
k5 for the emission and absorption coefficients given by Eqgs. (6) and
(7), respectively, are obtained from NEQAIR [3]. The line-center
wavelengths at which the bound-bound transitions occur and the
potential upper and lower electronic states for each bound—bound
transition are also obtained from NEQAIR. Tables 1 and 2 show the
first five line-strength factors &5 and &, the line-center wavelength,
and the upper and lower electronic energy levels for each bound-
bound transition for atomic O and N, respectively. The normalized
electronic state populations calculated using the QSS assumption are
given by Eq. (29). In this equation, since the ion and atomic number
densities will be obtained from the flowfield solution directly, one
needs to database values of F;(T,,N,) and G;(T,,N,) at various
values of T, and N, to calculate the normalized electronic state
populations for each electronic state i. Cubic spline interpolation of
F; and G, atarbitrary T, and N, values may then be used. The data set
for F,(T,,N,) and G,(T,, N,) are defined at 50 N, values and 70 7,
values, with N, varying from 10'® to 4 x 10'® cm~ and T, ranging
from 1000 to 28,000 K, with a equally spacing given by

H; = (Hy + (j — DAH*H)! 31

where AH%! = (H%, — H%:1)/(P — 1). Here, P is the number of

it

data points, 50 for N, and 70 for T,, and j denotes the data point

Table 1 Data sets for &5 and x5 of atomic O

Electronic levels

Wavelength, A &, W/sr K$, cm? Upper Lower
807.365 1.374 x 1070 3.957 x 1072* 19 1
879.450 7.007 x 107" 3.095 x 107 19 1
879.538 2.156 x 1071°  9.526 x 107 19 1
880.599 5742 x 107" 2553 x 107 19 1
880.648 4252 x 107" 1.891 x 1072# 19 1

Table 2 Data sets for &5 and «§ of atomic N

Electronic levels

Wavelength, A &5, W/sr «$, cm? Upper Lower

1101.276 2.841 x 107! 3.8633 x 107 12 2
1134.725 6.962 x 10" 1.0966 x 10~ 5 1
1134.975 1.392 x 10710 2.2012 x 102 5 1
1135.535 1.837x 10710 29113 x 1072 5 1
1164.412 2.605 x 10713 4.6820 x 107> 10 2




SOHN ET AL. 627

index, 1 < j < P.The form of Eq. (31) reduces the computation time
for interpolation of F; and G; at any N, and T, conditions because
searching for a desired point is faster using equally spaced rather than
non-equally-spaced data points. The total size of the database of
F(T,,N,) and G;(T,, N,) of each atomic species O and N is about
6.2 MB. This approach allows us to incorporate all of the models
developed over many years in NEQAIR for the QSS model as well as
permit the efficient recalculation of the database as the QSS model
evolves.

To complete the database formulation, we need to specify the line
shape. The Voigt line-shape function is selected because it is the most
general form of line-broadening. It considers both thermal and
collisional broadening effects, as required to properly simulate line-
broadening under nonequilibrium flow conditions. The approximate
formula of Whiting [9] is given as

¢, =[(1 —w,/w,) exp(=2.772(AL/w,)?)
+ (wi/w,) /{1 + 4(Ak/w,)*} + 0.016(w;/w,)
x (1 —wy/w,)(exp{—0.4(Ak/w,)"**}
—10/{10 + (AL /wy)*» N1/ [w,{1.065
+ 0.447(w,;/w,) + 0.058(w,/w,)?}] (32)
where w; and w, denote the Lorentzian and Voigt widths, respec-
tively, and AA is given by
AL =L —A, (33)
The Voigt width is calculated from the following approximation [10]:

w, =[1 —0.18121 x (1 — d?) — (0.023665 exp(0.64)
+0.00418 exp(—1.9d) x sin(d)|(w; + w,) (34)

where d = (w; — w,)/(w; + w,) and w, is Gaussian or Doppler
width. The main contribution to the Lorentzian width for hypersonic
flow conditions is due to Stark broadening caused by high energy
electron collisions with atoms. The Stark line-broadening widths,
wy, at half-line-center peak height are calculated for each individual
line by the following equation [11,12]:

T, \* N,
Ws = w”’(lo, 000 K) (1 x 1016 cm*3) 33)

where the reference Stark width w , and the exponent b are stored in
the database for each atomic line. The Doppler line half-width D, for
the Gaussian broadening is given by [6]

. [2kT,
D, = )LC ﬂ () (36)
c m

where T, is the translational temperature, and m is the mass of the
radiating species. The Voigt line-shape function of Eq. (32) is a
function of two parameters, w;/w, and AMA/w,. Therefore to
calculate the spectral emission and absorption coefficients broadened
by the Voigt profile at any wavelength or flow condition, values of
w;/w, from 0 to 1 and AX/w, from O to 200 are prestored at
increments for w;/w, and AA/w, of 0.002 and 0.025, respectively.
During the RTE calculation the line shape can be calculated using a
bilinear interpolation of these stored database parameters.

Figure 1 shows the required cutoff range AA /w,, for the half-width
of the full line shape that satisfies 99.9% of the integrated emission as
afunction of the ratio of the Lorentzian to Voigt width for all possible
N, and T, values. It can be seen that the cutoff range rapidly increases
as the ratio of w;/w, increases to 2.4 x 107> and then remains
constant. In other words, when the ratio of the Lorentzian to Voigt
width is greater than 2.4 x 1072, the minimum cutoff limit for a
single line such that it will capture 99.9% emission is 121.2.

In a thermochemical nonequilibrium flowfield the widths of
different atomic lines can be vary by orders of magnitude because the
change in electron number density and electron temperature in the

140
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Fig. 1 Cutoff range of the Voigt line shape to satisfy 99.9% integrated
line for atomic line with respect to the ratio of Lorentzian to Voigt width.

hypersonic shock layer is large. Since this large variation in the line
width can lead to different line-broadening shapes for individual
atomic lines, an efficient approach to determine the proper cutoff
wavelength for each atomic line is needed to accurately model
emission and absorption of radiative energy in the radiative heat
transport calculation. This approach is particularly important in radi-
ative transport for the optically thick hypersonic flows considered
here because transport through the line wings cannot be neglected. In
the present work, the cutoff wavelength that guarantees that the
emission integrated over the line shape gives 99.9% of the total line
emission is stored for each line as a function of the ratio of the
Lorentzian to Voigt width.

With the atomic line shape defined, the normalized emission and
absorption coefficients given by Eqgs. (4) and (5) are calculated for
any given density, temperature, and wavelength. For the bound—free
case, the normalized bound—free absorption coefficients are
calculated using the bound—free cross sections, Eq. (12), and the
normalized electronic state populations, N;/N,, which are already
calculated for the bound—bound radiation. Finally, the normalized
free—free absorption coefficients are obtained by Eq. (15) and
computed using the density values from the flowfield solution and
physical parameter data sets available from NEQAIR.

III. Basic Formulas for Radiation of Diatomic Species

Modeling of molecular radiation is more complex than for atomic
species because in addition to electronic transitions, rotational and
vibrational transitions must also be considered. The large number of
rotational lines in a diatomic band system makes the task of deter-
mining the Einstein A coefficient for each line from the NEQAIR
database complicated. In NEQAIR, the transition probabilities are
calculated from a number of parameters. The expression for the
Einstein A coefficient, Ay, , is given by [3]

647403
Ay = (TUL) (eap)*Re*qy,y, S;,, /21y + 1) 37

where
VyL = . =Ty—Ty + [G(VU) - G(VL)] + [F(JU) - F(JL)]
(38)

By using Eqgs. (1) and (37), the spontaneous emission coefficient can
be written as [13]
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354
167 vy, c

T30, + )

(eao)zNUgURGZQVUVL S0, Do (39)

where ¢, is again the line-shape function and Ny, is the upper state
population in a given vibrational-rotational state. The normalized
emission and absorption coefficients can be defined in a manner
similar to the atomic cases given in Egs. (4) and (5). Here, & and «§
for molecules are defined as

167° ) ¢
& = 32y + 1) (eag)*guRe*qy, v, S, (40)
5
K5 =& 2th2 41)

To database &5 and «§ we need to determine the dependency of the
quantities in Eqgs. (40) and (41) on the flowfield variables. Since an
electronic transition in a molecule takes place much more rapidly
than a vibrational transition, in a vibronic transition, the nuclei have
very nearly the same position and velocity before and after the
transition [14]. A transition moment between two vibrational
quantum numbers, V; and V; of different electronic states can
therefore be approximated by [14]

Ry,v, = Re/lIIVU\IJVL dr (42)

where Re is an averaged value of the electronic transition moment.
The transition probability is directly proportional to R%,UVL or
| [ Wy, ¥y, dr|?, where the vibrational overlap integral, gy, y, =
| [ Wy, Wy, dr|, is called the Franck—Condon factor and does not
depend on species concentrations or temperatures [14]. The line-
strength factor S, ; , depends on the type of electronic transition and
the spin multiplicity as well as rotational quantum number. Using
standard spectroscopic relationships it can be shown that the upper
state population, Ny, is given by

N¢ he (G(Vy)  F(Jy)
Ny=—Y_QJ,; +1 ——( v )] 43
= 0y P T )exp[ ot )] @

where Nf; and (Qyr)y are the electronic upper state population and
upper state total partition function, respectively. Using the above
relationships, the population ratio, N; /Ny, is given by

N ML (2 1) e (G0 =G0
Ny N (Que) \2Jy +1 k Ty

F(Jy) - F(,)
M )]

(44)

where the upper state total partition function Qyp is given as [13]

Vy=max Jy=max h
Q= Y [( > (2JU+l)exp(—BvUJu(JUH))é))

Vy=0 Jy=0

X exp(—G(VU)kth)] (45)
v

A. Calculation of Excited Electronic State Population
for Diatomic Species

In this section, derivation of the excited electronic state popu-
lations N{, for diatomic species using the QSS assumption is
discussed. The baseline excitation/deexcitation processes for di-
atomic species are modeled as

Kyi

Z+U+WzUG) +W (46)
K.
e” +ZUt +e <>ZU(i) + e 47)
. KY(i.j) ,
ZU(i)) + W=<—=ZU(j) + W (48)

Ke(i.j)

e+ ZU()<==ZU(j) + e (49)
NAGL) ,
zUG)'E'zu () + hy (50)

where Z and U represent atomic species, and W and e~ represent a
heavy particle and an electron, respectively. Equations (46-50)
represent heavy-particle- and electron-induced recombination,
heavy-particle- and electron-induced excitation, and spontaneous
emission, respectively [15]. The time rate of change of normalized
number density, p; = N;/N,g, is given by the difference between the
incoming rates and outgoing rates [3,15]:

100 [ A wers o owes o~ Nw  AGL)
Neat—[—jzzl[l((t,])—i-l( (l,])Ve—i- N

e

N,

AGj, i) Ne Ny
+ P+ | Ko + Ky =2 51
N, Nyg|" ie TEWIN, 6D

e NW S e(; & A NW
+Kic+KiW_:|pi+le:|:K i) +K (l’j)Ve

where K°(i, j) is the electron-impact excitation rate coefficient
between two electronic states of a molecule, KW (i, j) is the excitation
rate coefficient by neutral impact between two electronic states, and
K;w and K. represent dissociation rate coefficients due to heavy-
particle collision and electron impact, respectively. Note that the
reversal of indices such as iW to Wi changes the rate coefficient from
collisionally induced dissociation to a recombination mechanism.
Under the QSS condition, the left-hand side is set to zero and the
system of differential equations becomes a matrix equation of the
form

M,p=C, + D, (52)

where

and the matrix M,, and vectors C,, and D,, are assembled by
excitation and dissociation rate coefficients. The final form of the
diatomic QSS relation is given as

N;
NiE

=M;! (ém +D,, %) (53)

z

/_)z

The upper and lower electronic state populations, Nj and Ny, are
solved by a 4 x 4 matrix inversion.

B. Strategy for Creating Databases of Spectral Quantities for
Diatomic Emitters

In this section, databasing schemes for diatomic gas species will be
introduced. First, the diatomic line-strength factors & given by
Eq. (40) are extracted from NEQAIR and stored with line-center
wavelengths. Since the vibrational term energy G(V) and rotational
term energy F(J) are not dependent on gas concentration or
temperature, these energy terms, which are needed to calculate the
upper and lower state populations, will also be stored with the corre-
sponding line-center wavelength. In this work, the assembled line-
strength-factor line-center wavelength and vibrational-rotational
term energy of NI, NO, N,, and O, are extracted from NEQAIR and
stored in the database. Table 3 shows the types of electronic
transitions for NZ+ , NO, N,, and O, considered in NEQAIR, and
Table 4 presents the first five rows of the N first negative transition
data set. The electronic state populations will be obtained from the
QSS assumption and then the final forms of emission and absorption
coefficients will be constructed combining the line-center data set
with the electronic state populations. Similar to the atomic case, a
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Table 3 Electronic transitions of diatomic species in NEQAIR

Molecule Name Spectral range, A
N 1~ (first negative) 2547-25,759
N Meinel 2749-1,645,451,798
N, 17 (first positive) 4125-3,691,642
N, 2% (second positive) 26027229
N, Birge—Hopfield 870-1568

N, Birge—Hopfield 2 827-1889

N, Carrol-Yoshino 845-1240

0, Schumann—Runge 1763-5919
NO Beta 1681-9210
NO Gamma 1653-5403
NO Delta 1553-3519
NO Epsilon 15324130
NO Beta prime 1479-2913
NO Gamma prime 1395-2229
NO (C-A) 5700-222,006,382
NO (D-A) 6436-47,484
NO B’-B 4777-57,779
NO E-C 5186-70,955
NO F-C(3) 6087-129,110
NO H-C 5689-110,131
NO H-C 5845-82,550
NO E-D(5) 6870-38,754
NO F-D(3) 6447-36,623
NO H-D 7019-24,737
NO H’-D(5) 6940-14,439
NO IR 2986-178,078

Voigt line-shape function is assumed for each vibrational and
rotational line center.

IV. Application of Radiation Databases to Reentry
Flow Cases

A. Investigation of the Accuracy of Spectral Coefficients Generated
Using the Database

Before considering the radiation from specific reentry flows, we
discuss the accuracy of the new databasing schemes by comparing
the emission and absorption coefficients with those obtained from
NEQAIR. Figures 2 and 3 show comparisons between the database
and NEQAIR of the emission and absorption coefficients of atomic O
for the wavelength range from 500 to 2000 A with a wavelength
increment of 0.003 A and from 2000 to 7000 A with 0.005 A steps.
For this comparison the database and NEQAIR use the Voigt line-
shape function. The density and temperature conditions were
obtained from the flowfield solution of the Stardust vehicle with a
speed of 12 km/s at 81 km altitude, calculated using the direct
simulation Monte Carlo (DSMC) method. The conditions represent
the location in the flow where high radiation occurs due to the high
electron temperature. The error in the emission and absorption
coefficients is defined as

X guta — X
error (%) = (7| "d‘|‘;“( Q’|’NEQ|) x 100 (54)
i,NE!

where X 45, and X; ngq are the emission or absorption coefficients
from the database and NEQAIR at the ith wavelength data point,
respectively. In this comparison, most of the errors between the
database and NEQAIR are observed to be smaller than 1%, except for

the continuum radiation below 800 A and the bound-bound
transitions at 5331 and 6158 A. The error at 5331 A is due to the
overlap of the line-shape functions in the wings of each of the three
atomic oxygen transitions, all closely located at 5330.46, 5331.07,
and 5332.14 A. The error observed at 6158 A is due to a similar
problem. The continuum spectral coefficients for both bound—free
and free—free transitions are linearly interpolated using the
precalculated values stored in increments of 1 A. As discussed in
the previous section, bound—free transitions occur in spectral regions
with sharp wavelength start and stop intervals. Because there is a
delta-function-like cutoft, the linear interpolation error can be larger,
due to large gradients in the emission and absorption lines with
respect to wavelength. Figures 4 and 5 show the comparisons of the
emission and absorption coefficients for atomic N between the
database and NEQAIR for the range from 500 to 7000 A. Again, the
error in the emission and absorption coefficients of atomic N are
below 1.0%.

Now we compare the bound—bound line strengths and continuum
spectral coefficients of atomic species generated from the database
with those from NEQAIR for the entire range of N, and T,
conditions. The bound-bound emission line strengths and contin-
uum spectral coefficients at three interior points between two
successive data points of N, and T, were generated and compared
with NEQAIR. The maximum error in the bound-bound emission
line strength of atomic O and N was found to be within 0.12% for the
entire range of N, and 7, conditions. Since the emission line strength
is proportional to the upper state electronic population, the
comparison shows that the electronic state populations of atomic O
and N are well predicted by the database and interpolation schemes.
For the absorption bound—bound line strength, it was observed that
below 10,000 K there are some absorption line-strength errors
greater than 3%, but this was the largest discrepancy observed. Since
the absorption line strength is proportional to the difference of the
lower and upper electronic state populations, the error in the
difference may be larger than the error in the upper electronic state
population. However, there are only 1702 absorption line strengths
that have errors of over 3% out of a total of 15,904,000 cases (200 for
N, points x 280 for T, points x 284 for lines for N and O). Since the
ratio of absorption line strengths with error greater than 3% to the
maximum absorption line strength is within 10, this larger error of
3% does not affect the radiation calculation.

The average error in the continuum emission and absorption
coefficients was also investigated. Since the absorption and emission
coefficients of the bound—free transition are related to the electronic
state population as given by Eqgs. (12) and (13), respectively, the
accuracy of the bound—free spectral coefficients depends on the error
of the electronic state populations. As discussed earlier in the bound—
bound line-strength comparisons, the electronic state populations
calculated from the database agree well those from NEQAIR, and
thus the bound—free spectral coefficients obtained from the database
are expected to be in a good agreement with those of NEQAIR. The
free—free absorption and emission coefficients are calculated directly
in terms of number density and electron temperature, as given by
Eqgs. (15) and (16), respectively. Therefore the only difference
between the continuum spectral coefficients obtained from the
database and NEQAIR can occur from the bound—free transitions.
The error in the continuum spectral coefficient was investigated for a
range of 500 to 10,500 A with a 0.2 A wavelength increment. The
same number of N, and T, conditions used in the bound—bound line-
strength comparisons (200 for N, points x 280 for T, points) were
considered, again, to cover all possible flow conditions. Finally, the

Table 4 Data set example for N7 first negative transition

Wavelength, A &5, W/sr —2G(Vy), K  %Fy).K  2(G(V)—-G(Vy).K (FU)—FUp). K
2547.335 1.149 x 10715 —3.486 x 10* —1.265 x 10? 1.968 x 10* 16.318
2547.340 0.848 x 10716 —3.486 x 10* —9.488 x 10! 1.968 x 104 16.210
2547.353 1.149 x 10715 —3.486 x 10* —1.265 x 102 1.968 x 10* 15.915
2547.355 0.847 x 10716 —3.486 x 10* —9.487 x 10! 1.968 x 10* 15.865
2547.364 1.313x 1075 —3.486 x 10* —1.626 x 10? 1.968 x 10* 15.679
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average error in the continuum emission and absorption coefficients
was found to be less than 0.05 and 0.03%, respectively.

With respect to radiation from molecular species, Figs. 6-9 show
the emission and absorption coefficients from NEQAIR and the abso-
lute difference of coefficients between the database and NEQAIR for
the N3, NO, N, and O, molecular systems, respectively. There are
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Fig. 4 Comparison of emission and absorption coefficients of atomic N from

small differences between the databasing scheme and NEQAIR
mainly due to the difference in the implementation of the Voigt line
shape. NEQAIR uses an approximate approach to define the Voigt
line shape for each rotational line. In our databasing scheme we use a
more accurate procedure to apply the Voigt line shape with no
additional computational cost. A summary of the differences in the
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N, =3.1609 x 10'5 em™3, N, =5.5472 x 10" em~3, N, = 1.2667 x 10"* em=3, T, = 24,187 K, and T, = 17,485 K.
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procedures is as follows. In NEQAIR, the Voigt width is assumed to line center. The value of line-shape function is not calculated exactly
be constant for a given vibrational band, whereas in the present at the desired spectral point in NEQAIR. Rather, it is assumed that
databasing scheme, the Voigt line width is calculated at the line-center some of the spectral points coincide with the line-center wavelength.
wavelength of each vibrational-rotational line. NEQAIR prepares a The line-shape function is thus approximated by the value at a
template for the Voigt line shape for a single rotational line in the wavelength fixed a distance away from the line-center wavelength. In
vibrational-rotational transition. The same template is then copied to the databasing scheme, the line-shape function is calculated at the
all the lines in that particular vibrational band. In the databasing exact wavelength position. In NEQAIR, whether the contribution
scheme, different line shapes are used for each vibrational-rotational from a line is important or not is determined by a cutoff limit based on
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Fig. 7 Comparison of emission and absorption coefficients of NO from 2000 to 7000 A between the database and NEQAIR for
Nyo = 2.5624 x 1013 cm~3, Ny = 3.9464 x 105 ¢cm~3, Ny = 1.2829 x 10 em~3, N, = 1.1607 x 10" cm~3, T,,, = 34,469 K, and T, = 16,511 K.
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the emission line strength, whereas in the database, we specify two
separate cutoff limits on emission and absorption line strength. The
absorption limit is specified as a fixed value and the emission cutoff
limit is related to the absorption cutoff limit according to the
following relation:

e —x 2hc?
T A lexp(he/AcKT) — 1]

(55)

The emission cutoff limit changes each line differently. In the
database scheme we are interested in retaining some of the lines
which are not important from the emission point of view but are
important from the absorption point of view and vice versa.

To verify the accuracy of the new databasing schemes for diatomic
species, the emission and absorption coefficients from the database
and NEQAIR are compared using the same Voigt line distribution
method for both the database and NEQAIR. The accuracy of the
databasing scheme is temporarily degraded in order to compare as
closely as possible with the NEQAIR approach. In this comparison
the four methods for the distribution of Voigt line-shape function are
applied to the database and NEQAIR. Voigt widths are determined at
the vibrational band center. The line-center wavelength in Eq. (33) is
defined for each different vibrational-rotational transition. Emission
and absorption coefficients at a given wavelength are approximated
using the nearest spectral data point in NEQAIR. The emission and
absorption coefficients are also directly calculated in the database
using the same approach. The emission cutoff limit is used as a single
value, given by NEQAIR, for the entire spectral region. Figures 6-9

also show the absolute difference of spectral coefficients between the
database and NEQAIR calculated under the same Voigt line
distribution method. It can be seen that there is excellent agreement
between the emission and absorption coefficients predicted by the
temporarily degraded database and NEQAIR.

B. Investigation of Databasing Scheme Efficiencies

The objective of this work is to create a database that can be used in
calculating the spectral coefficients efficiently. This is essential for
the coupled study of radiation heat transfer in hypersonic
nonequilibrium flowfields. These databasing schemes provide an
efficient way for calculating the spectral coefficients for full as well
as narrow wavelength ranges. For molecular band calculation, all the
rotation—vibration lines that contribute to the spectral coefficients at
each given wavelength, are stored in the database. The spectral
coefficients for a given narrowband can be efficiently generated
using this information. Note that the basic database, example shown
in Table 4, is read only once and the actual computational time of the
database is much less than that of NEQAIR because it is not needed to
repeat many arithmetical operations to calculate the basic radiation
parameters. The CPU times of the dual 2.4 GHz AMD Opteron
processors shown in Tables 5 and 6 clearly demonstrate that by using
our new database scheme spectral coefficients can be generated more
efficiently both for a large wavelength range and for small
narrowbands than by the present procedure in NEQAIR. In this CPU
time study, the wavelength increment is 0.05 A, and 20 gas cells were
considered from the stagnation line flow condition of Stardust at the
68.9 km altitude calculated by DSMC. In these gas cells, the electron
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Table 5 Comparison of computation time for narrow
spectral region from 500 to 2000 A

Species NEQAIR Database
Atomic species 5.33s 0.36s
Diatomic species 12.15s 3.86s
All species 17.27 s 355s

Table 6 Comparison of computation time for wide spectral
region from 500 to 10,000 A

Species NEQAIR Database
Atomic Species 48.65s 2.13s
Diatomic Species 230.33 s 75.41s
All Species 279.90 s 79.05 s

temperature varies from 5252 to 19,846 K. Atomic N and O bound—
bound, bound—free, and free—free transitions and six molecular
bands (first negative for N3, first and second positive for N, and B,
and y for NO and Schumann—Runge for O,) were considered in this
example. Because we use an efficient interpolation scheme for
generating atomic spectral coefficients, there is large savings of com-
putational time for the atomic calculations. The data interpolation
scheme provides an efficient and accurate means for generating
spectral coefficients for atomic bound—bound, bound—free, and free—
free transitions.

The efficiency of applying a variable cutoff range in the atomic
radiation calculation was also examined. Atomic O and N bound—
bound radiation was considered, and 40 gas layers were used from
the stagnation line flow of a Stardust flowfield at the 68.9 km altitude
simulated by DSMC method. The wavelength range from 100 to
20,000 A was assumed to capture emission far from the line center for
all the lines and the spectral resolution was 0.0025 A. The error in the
total emission energy,

Eemis = 47'[/ edA
A

between the integrated emission obtained using a variable and a fixed
cutoff range compared with the summation of the line strengths of all
atomic lines is shown in Fig. 10 for each cell along the stagnation
streamline. A value of 121.2 was chosen as the fixed value for all
atomic bound-bound transitions because, as shown earlier, it
captures 99.9% of the total emission energy for all ratios of
Lorentzian to Voigt widths. From the figure it can be seen that the
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Fig. 10 Comparison of total emission energy error using fixed and
variable cutoff ranges for atomic bound-bound radiation along the
stagnation line of Stardust at 68.9 km altitude.

Table 7 Free stream conditions of Stardust reentry flow

CFD DSMC 1 DSMC 2
Altitude, km 61.76 68.9 81.0
Velocity, m/s 10.871 11,902 12,800
Temperature, K 234.95 224.0 217.6

Number density, m™  4.407 x 10*'  1.603 x 10?!  2.639 x 10%

variable cutoff range satisfies 99.9% total emission energy. The
variable cutoff range scheme leads to a reduction of computational
time because the unnecessarily large cutoff range is not applied to all
atomic lines. The CPU time for the calculation using the variable
range is 16.4 s, whereas using the fixed cutoff range it was found to be
20.72 s. Most of the atomic lines in the spectral region below 2000 A
need to use a value of 121.2 as the cutoff range to satisfy the 99.9%
total emission energy criteria, under the high electron number density
and electron temperature gas conditions. Therefore, only a reduction
of about 20% in computational time was achieved. However, when
iterative calculations are used, such as in the photon Monte Carlo
RTE, and in highly optically thick conditions [16,17], this reduction
of the computational time without loss of accuracy will be important.

C. Application of Databasing Schemes to Radiation Calculations

In the previous section, we have shown that the database procedure
calculates emission and absorption coefficients accurately for a
single flowfield condition. As the final verification of our databasing
scheme, we have used it to demonstrate the calculation for radiative
heat generation rate along the stagnation line and a flowfield
condition close to the shoulder line of the Stardust vehicle. For non-
equilibrium gas conditions, calculations of radiative heat generation
require data for both the emission and absorption coefficients. Thus,
the objective of this work is to verify the reliability of the emission
and absorption coefficients through the radiative heat generation
computation for all possible flow conditions. In this work, flowfield
solutions for three free stream conditions were used to provide
species concentrations and temperatures in each cell. The radiation
computation was performed using the tangent-slab approximation
and radiative results obtained from the new databasing schemes were
compared with those of NEQAIR. Because of the fact that diatomic
species contribute much less to the radiative heat flux compared with
atomic emitters, it is not necessary to use a fine wavelength resolution
for the entire wavelength range. Hence, a variable wavelength
increment in this calculation was used as follows: AL = 0.005 A for
500 to 5000 A and Ax = 0.01 A for 5000 to 14,000 A.

Radiative transfer calculations were performed along two lines:
the stagnation streamline and one of the lines normal to the vehicle
shoulder body. The flowfield solutions are obtained from the data-
parallel line relaxation (DPLR) computational fluid dynamics (CFD)
code [18] and direct simulation Monte Carlo (DSMC) method [19].
The free stream conditions of each flow solver are listed in Table 7.
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Fig. 11 Geometry of the Stardust vehicle.
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These flow solvers include chemical reaction processes of 11 species
suchasN, O,N*,0*",N,, O,,NO,N5,0f,NO*, and e™. Figure 11

shows the locations of the stagnation stream line and shoulder line for
the Stardust vehicle. For the two locations, the radiative heat

generation per unit
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volume was calculated using the database and

Distance from the wall (cm)

compared with the results of NEQAIR. The spatial distribution of
number densities of the six radiating species such as N, O, N;r ,NO,
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dominant in the shock layer, due to the strong dissociation of the
molecular species. The figure also shows that the electron number
density is high in the shock layer, due to ionization processes in the
shock.

Figure 14 shows comparison of the total emission and radiative
heat generation per unit volume from the aforementioned six
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horizontal axis in Fig. 14 indicates the distance from the vehicle wall.
In these calculations, all three types of transitions for the two atomic
species and 26 electronic band systems of the four diatomic species
were considered. Since electron temperature is not calculated
directly in the DPLR CFD flow solver, it is assumed to be equal to
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translational temperature for radiation calculation using the database
and NEQAIR. To confirm the accuracy of the emission coefficients
from the database, total emission along the two lines was compared
with NEQAIR results. Because of the fact that radiation from atomic
species is dependent on electron temperature, location of the
maximum peak heat generation coincides with that of the maximum
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electron temperature. Good agreement of radiative heat generation
and total emission between the new database and NEQAIR is
obtained with errors below 0.5% in the peak heating region.
Figures 15-19 show number densities and temperature profiles along
the stagnation line and shoulder line obtained from the DSMC
flowfield at 68.9 and 81 km altitudes, respectively. Figures 17-20
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show that the new database and NEQAIR predict the same amount
and spatial dependency for radiative heat generation and total
emission along the stagnation line and shoulder line of the Stardust
blunt body at 68.9 and 81 km altitudes, respectively. In the DSMC
method, the electron temperature can be directly calculated and is
predicted to be lower than the total averaged translational temper-
ature in the shock layer for both 68.9 and 81 km altitudes. From the
figures, it can be seen that the database and NEQAIR predict that
there is significant heat generation and total emission created in the
high electron number density and electron temperature region. This
result is reasonable because radiation from atomic species is strongly
dependent on electron number density and temperature. For the
stagnation streamline and shoulder line, it is found that the radiative
heat generation calculated using the spectral data from the database is
in good agreement with NEQAIR with an error below 1% in the high
radiative heating region.

V. Conclusions

New databasing schemes have been developed for advanced
radiation calculations of hypersonic nonequilibrium reentry flows.
Because of the nonequilibrium flow conditions, the quasi-steady-
state assumption was used for generating the electronic state
populations of atomic and diatomic gas species. A Voigt line-
broadening function was used to describe the line shape of bound-
bound spectral lines. The emission and absorption coefficients for
any given flow condition and wavelength range were accurately and
efficiently calculated using the database and its associated inter-
polation schemes. Comparisons of the emission and absorption
coefficients for atomic O and N between the database and NEQAIR
were performed to validate the accuracy of the databases and good
agreement within 1% error was observed. For diatomic species N5,
NO, N,, and O,, there are some differences of results between the
database and NEQAIR. This is because the broadening method as
implemented in NEQAIR is different from that used in the database.
It is also found that there is excellent agreement for spectral
coefficients when the same broadening method was applied to both
the database and NEQAIR. Radiative heat generation for the Stardust
reentry for two different flowfields computed using CFD and DSMC
methods, was calculated using the database. The radiative heat pro-
duction from the databasing schemes predicts the same magnitude
and spatial distribution as NEQAIR more efficiently. The improved
computational method will have a significant impact for coupled
radiation/gas-dynamic calculations.
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