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Nonequilibrium Infrared Emission Model for the Wake Flow

of Re-Entry Vehicles

Robert L. Sundberg,* James W. Duff,T and Lawrence S. Bernsteinf
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A chemical and thermodynamic nonequilibrium emission model has been applied to the problem of a
high-velocity re-entry vehicle. The model consists of a ‘“detailed’’ state-to-state treatment of the translational-to-
vibrational and vibrational-to-vibrational energy transfer processes occurring in a one-dimensional wake flow-
field. The resulting nonequilibrium vibrational populations are used to determine vibrational temperatures for
the fundamental modes of molecular species. The mode vibrational temperatures are then used to determine
approximate vibrational temperatures of hot bands that are used in a rapid, approximate radiative transfer
algorithm to predict infrared emission for fundamental and hot-band emission at moderate spectral resolution
(5 ecm~1). Application of the model to CO; 4.3-pm band employs a chemical-kinetics mechanism involving 28
CO; vibrational states, from which vibrational temperatures of the »1, »2, and »3 fundamental modes are
determined. Approximate vibrational temperatures are then determined for 10,000 hot bands that are included
in the spectral emission predictions for the 4.3-um band. Significant nonequilibrium radiation effects are
illustrated for CO> vibrational bands at 2.7, 4.3, and 15 pm at an altitude of 57.9 km and the 4.3-um band at

30.5 km.
Nomenclature

C; = chemical species
C = first radiation constant, 3.741 x 10~12 W c¢m?
C, = second radiation constant, 1.439 cm K
E, = vibrational energy of fundamental #, cm —!
E, = rotational energy of the state, cm ~ !
E, = vibrational energy of state , cm !
8y = vibrational degeneracy
I(») = monochromatic spectral radiance,

W/sr/cm?/cm !

k;(T) = temperature-dependent rate constant for the jth
energy transfer process

ki (T) = temperature-dependent reverse rate constant for
the jth energy transfer process

ki (v) = absorption coefficient for the /th emission line,
m- 1

M = total number of species

N = total number of energy transfer processes

R = “‘effective’’ source term, W/sr/cm2/cm ~!

R, = effective source term for the kth segment,
W/sr/cm?/cm~ 1 -

R() = monochromatic emission source term,
W/sr/cm?/cm !

R,(») = emission source term for the kth segment,
W/sr/cm?/cm !

R/(») = single-line emission source term for /th line,
W/sr/cm?/cm -~ !

Sk = path-averaged line strength from observer to kth
segment, cm ~ !/(molec. cm~2)

S, = integrated line strength of the /th line,

cm ~ !/(molec. cm~2)
s = position along the streamline, m
T = flowfield gas temperature, K
T = vibrational temperature for fundamental n, K
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T, = vibrational temperature for state, K

u = flowfield velocity along streamline, m/s

Uy = total absorber column density from the observer to
the end of the kth segment, molec./cm?

Wp = Doppler single-line equivalent width, cm ~!

wy = Lorentz single-line equivalent width, cm ~!

W, = single-line equivalent width, cm !

Wy = Voigt single-line equivalent width, cm 1 -

Wy = weak-line limit equivalent widths, cm —!

Xp = optical depth at center of line, m

ap = Doppler line width, cm ~!

e = path-averaged line width from the observer to kth
segment, cm ~ !

oy = Lorentz line width, cm ~!

¥ = ratio of the upper-to-lower state rotational
vibration populations

Av = spectral interval, cm ~!

€ = gpectrally averaged emissivity

& = spectral interval averaged emissivity from the
observer to start of the kth segment

Mn = number of vibrational quanta in mode »

v = frequency, cm ~!

v = stoichiometric coefficients for reverse energy
transfer process

v = frequency center of the emission line, cm ~!

vy = stoichiometric coefficients for forward energy

transfer process

p - = flowfield density, molec./cm?

0i = species density, molec./cm?

Oy = vibrational state number density, molec./cm?3

7 (V) = transmittance from the observer to the beginning of

the kth segment
71(v) = transmittance for the single emission line

Xi = mole fraction of ith species, p;/p
Subscripts

i = gpecies index

J = energy transfer process index

k, m = segment indices

) = emission line index

n

= fundamental mode index

Superscripts
! = upper states
= lower state

”
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Introduction

HE flight of a high-velocity re-entry vehicle (RV) through

the Earth’s atmosphere provides an extremely bright and
spectrally extensive source of radiation. Quantitative predic-
tion of the emission is of importance for a number of different
applications. Examples include prediction of radiative heat
loads on vehicle surfaces! and evaluation of sensors for locat-
ing, tracking, and identifying re-entry vehicles. The focus of
the current investigation is on the modeling of the infrared
(IR) ‘emission that emanates from the high-temperature
gaseous flowfield behind the vehicle. There are two distin-
guishing features to the current modeling approach: 1) the use
of a detailed state-to-state collisional excitation-relaxation
model for polyatomic molecules, and 2) the development of a
rapid, moderately spectrally resolved (5 cm~!), nonequi-
librium IR radiative transfer algorithm for polyatomic
molecules. .

The emissions arise from a variety of molecular, atomic,
and ionic species that are created and excited in the high-tem-
perature flowfield. For nonablatively cooled vehicles, the
types of species produced are governed by the chemistry of
high-temperature air.2 For ablatively cooled vehicles, many
additional gaseous and particulate species can participate in
the chemistry.!

The prediction of emission from RV flows is greatly compli-
cated by the nonequilibrium nature of the excitation, de-exci-
tation, and radiative processes. This arises because the colli-
sional excitation and de-excitation processes can occur on a
time scale that is slower than that for radiative emission. In
such instances, the thermodynamic and radiative properties of
the gaseous species cannot be well characterized in terms of a
single temperature, the gas-kinetic temperature. Most previ-
ous models-have treated this problem by using either a two- or
three-temperature approximation.’ In the two-temperature
approach, the entire gaseous species mixture is assumed to be
described by just two temperatures, one for translational and
rotational modes and one for the vibrational and electronic
degrees of freedom. In the three-temperature approximation,
the vibrational and electronic states are assigned separate tem-
peratures. Some consideration has been given recently to the
effect of assigning different vibrational temperatures to the
diatomic species present in hot air. These approaches have
worked well for their intended application, prediction of the
maximum radiative heat loads on vehicle surfaces, where the
emphasis is on the emission in the visible and ultraviolet
spectral regions. For such cases, the predicted radiative-heat
loads are not too sensitive to the exact distribution of vibra-
tional excited states, and thus a simple, global characterization
by a single effective vibrational temperature is adequate.

log(o (XD)

Fig.1 Absolute value error contours for Voigt equivalent width
approximation.

However, the prediction of IR spectral emissions depends
strongly on the detailed vibrational excited state distribution
for each diatomic and polyatomic species.

The computational approach discussed here involves several
steps. First, the bulk flowfield properties, such as the gas-ki-
netic temperature, pressure, and species concentration are cal-
culated using an appropriate flowfield model.* For the sample
calculations presented later, a one-dimensional wake flowfield
model was employed. Second, the ‘“detailed’’ vibrational state
populations for each molecular species are determined by
overlaying a chemical-kinetics calculation on the bulk flow-
field properties. Although the population of each vibrational
state is determined, only the vibrational populations of the
fundamentals and ground state are explicitly used in the emis-
sion calculation. Approximate vibrational temperatures are
determined for hot bands from the vibrational temperatures
of the fundamentals. Finally, the spectral emission along an
arbitrary flowfield line of sight (LOS) is computed using a
novel nonequilibrium radiative transfer algorithm.’

The most accurate method for performing radiative transfer
calculations is to use a line-by-line approach, where each
emission-absorption line is explicitly considered and a very
fine spectral grid is used to resolve the line shape of each
vibrational-rotational line. This approach is infrequently used
because it involves a relatively large computational effort. A
typically stressing calculation was done for the Jupiter Galileo
probe and involved upwards of 100,000 lines for diatomic
ultraviolet-visible (UV-VIS) emitters.! The situation is even
worse in the IR for polyatomic molecules, where, for example,
at a moderate re-entry temperature of 5000 K approximately
2 x 106 CO, lines contribute to the spectral emission.

A rapid radiative transfer approach’® has been developed
that involves three simplifications over the more exact line-by-
line method. These simplifications are the following: 1) the
spectrally integrated emission for each line is rapidly evaluated
using an analytical approximation to its equivalent width, 2)
the effect of line overlap is estimated using a statistically based
approximation formula, and 3) a band shape symmetry ap-
proximation is used to rapidly scale the contribution of hot
band lines from their corresponding fundamental band coun-
terparts. The cumulative effect of these approximations is to
enable an approximately 10,000-fold increase in computa-
tional efficiency over the line-by-line approach, while main-
taining errors of less than 10%.

Chemical-Kinetics Overlay Model and Rate Equations

The computation of the spectral radiance from a given
species requires that a set of vibrational populations (or,
equivalently, vibrational temperatures) be provided as input to
the radiation transport model. In the equilibrium limit, the
vibrational temperatures are simply given by the gas-kinetic
temperature computed by the flowfield model. However,
when the time scale for radiative relaxation is comparable to
that for collisional excitation and de-excitation, nonequi-
librium conditions exist. Under these conditions, the vibra-
tional temperatures are obtained by solving a set of rate equa-
tions for an assumed chemical-kinetics mechanism in
conjunction with the flowfield model. This procedure can be
quite cumbersome if many vibrational states are required for
an adequate description of the energy transfer process. In
addition, the rate equations describing energy transfer pro-
cesses often tend to be stiff,® requiring a somewhat robust
numerical integration scheme.

The solution of the coupled chemical-kinetics/flowfield
model can be simplified tremendously by realizing that the
infrared radiation results from minor species such as CO,,
CO, and NO, as well as other ablation products. Under the
conditions that the energy transfer processes involving minor
species in the flow do not influence the macroscopic flowfield
properties (such as temperature, velocity, and density), the
flowfield solution can be uncoupled from the chemical kinet-
ics involving minor species. An appropriate flowfield model
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can first be used to obtain the gas temperature, velocity,
density, and species mole fractions along flowfield stream-
lines. The vibrational populations are then obtained by solving
the chemical-kinetics rate equations along the flowfield
streamlines for the previously computed flow properties; i.e.,
the solution to the rate equations is overlaid on the flowfield.
This procedure allows the implementation of complex chemi-
cal kinetics mechanisms and flowfield models that may be
necessary for a realistic treatment of vibrational energy trans-
fer in re-entry vehicle flowfields.

The vibrational energy transfer mechanism involving M
species (which may or may not possess vibrational states)

participating in N energy transfer processes can be written as

M M
Y yCi= Y vC
=1 f

Note that the »;and »;/ are integer coefficients, and since there
are typically only a few species participating in any given
energy transfer process, the »; and »/ matrices are quite
sparse. The rate equation for the mole fraction of species i, x;,
corresponding to Eq. (1) is given by

Jj=1...,N 1)

dXi N M M ,
U = _El (i — Vij)l:kj(T)l_I] Py = Kj"(T)_Hl p?"’] @
j= i= i~

The dependence of p, u, T, p;, and x; on streamline position
s has been suppressed. The rate constant k;(T) for the jth
energy transfer process depends only on the gas temperature
and thus on streamline position. The reverse rate constant
k;/(T) is related to k;(T) by microscopic reversibility. Each
coupled differential equation represents the rate of energy
transfer for species along the flowfield streamline. The vibra-
tional populations are obtained by solving Eq. (2) given the
flowfield properties and initial mole fractions using a numeri-
cal algorithm’ based on Gear’s method.® A vibrational tem-
perature for each state can be defined based on the fraction of
molecules in the vibrational state and the energy of that state.

Radiation Transport Model

Computation of the nonequilibrium spectral radiance for a
LOS through an RV flowfield requires detailed information
about the flow, including gas-kinetic temperature, pressure,
species column densities, and either vibrational temperatures
or vibrational populations. The flowfield properties are deter-
mined for a finite number of stations along the LOS, and the
LOS is represented as series of homogeneous segments. For »
homogeneous segments the exact monochromatic spectral ra-
diance is given by

I() = kgl R ()7 (@) — 7ic 4 1(9)] 3

Equation (3) is valid for both equilibrium and nonequilibrium
conditions, but different computational techniques are nor-
mally used for determining the emission source term and
transmittance in the two limits.

An approximate, spectrally averaged LOS radiance is ob-
tained by replacing the emission source term in Eq. (3) with an
““effective’” emission source term that is a slowly varying
function of the frequency and by integrating over a narrow
spectral interval of width Ay. This results in the equation

I = ; Ri(Erv1— &) @

Our approach for determining the source term and average
emissivity for a nonequilibrium gas is discussed later.

Emission Source Term

The exact monochromatic emission source term for a homo-
geneous, nonequilibrium gas is given by

R() = Z{: R, (n)ki(v)/ ; ki(v) &)

where the sum extends over all emission lines. The nonequi-
librium nature of the gas results from the fact that each of the
emission lines may have a different source term. The single-
line source term is given by

CV3 Yi

Ri() =— T ©®

The population ratio for each emission line includes degener-
acy factors and is given by

Y =8/ /8/ p) expl— CyE, — E,")/T] M

The exponential term represents the thermal populations of
the rotational states, and so their explicit populations are
replaced by a Boltzmann distribution. In the equilibrium limit,
the vibrational populations, as well as the rotational popula-
tions, are given by a thermal Boltzmann distribution and the
single-line emission source function, Eq. (6), converts to the
Planck blackbody radiation function.

The exact nonequilibrium source term in Eq. (5) is replaced
with an effective source term that is a slowly varying function
of frequency, which allows the source term to be removed
from the spectral averaging integral that was used to obtain
Eq. (4). The effective source term is obtained by replacing the
absorption coefficient in Eq. (5) with the spectrally integrated
line absorption and by evaluating the single-line source func-
tion at the center of the emission line »;. The effective source
term is then given by

R = E Rj(Vj)Sj/E Sj (8)
J J
and the sum is over the lines contained in the interval Ap.

Spectrally Averaged Emissivity

The spectrally averaged emissivity for an ensemble-averaged
set of emission lines, where the distribution of line positions is
assumed to be uniform across the spectral interval Ar and
there is no correlation between line positions, is given by

@=1—H<1—K’> ©)

i Ay

where W, is defined by

W, = S dp[l — 7;(»)] (10
Ay
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Fig.2 Dependence of the CO2 4.3-um spectral absorption coeffi-
cients at 3000 K on the maximum vibrational energy.
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Equation (9) includes the effect of line overlap and is similar
to the average emissivity expression obtained by Plass for a

statistical band.® The only difference in the expressions results °

from Plass’s assumption that the line strengths, along with
positions, are randomly picked from a normalized distribu-
tion. The known line strength distribution is used in the pre-
sent formulation.

Single-Line Equivalent Width

For the conditions encountered in RV wake flowfields, the
emission lines can vary from a pressure-broadened Lorentz to
a Doppler line shape, and so a mixed line shape (Voigt) must
be used. The Voigt line shape is simply a convolution of the
Lorentz and Doppler shapes. The most accurate technique
used in calculating the Voigt equivalent width is direct numer-
ical integration.’ This technique is quite time consuming and
therefore impractical for modeling RV wake signatures be-
cause millions of rotational vibration lines are expected to
contribute to the emission. _

Several computationally rapid approximations for the Voigt
single-line equivalent width have appeared in the literature.
The approximations either replace the Voigt line shape with an
approximate line shape that allows for analytic solutions!%-!!
or interpolates between the Doppler and Lorentz equivalent
widths to obtain an approximate Voigt equivalent width,!2:13

Rodgers and Williams!2 have suggested an interpolation
formula for the Voigt equivalent width given by

W, =NWE + W5 — (WL Wp/Wy) an

This formula has been shown to give peak errors of 8%. This
approximation can be improved to have peak errors of about
1% by using the correction factors developed by Oinas.!?
However, additional computer time is required to calculate the
correction factors. Since computational speed is a major con-
sideration for our model, the approximation given in Eq. (11)
is used without correction.

Equation (11) requires the Lorentz, Doppler, and weak-line
limit equivalent widths. There are accurate expansions that
can calculate the Lorentz and Doppler equivalent widths with
maximum relative errors of 5 x 10~6,!2 but since the Voigt
approximation has peak errors of 8%, more rapid and less
accurate approximations can be used to calculate W, and
Wp.1% In Fig. 1 we show the percent error of the previous
approximation when compared with ‘‘exact’” numerical Voigt
equivalent widths. The percent error is shown as a function of
the optical depth at the center of a line X and the ratio of the
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Fig. 4 Comparison of 4.3-um CO; spectral absorption coefficients
using approximate emission lines and the model by Bernstein et al.

Lorentz-to-Doppler line widths. These two parameters deter-
mine the value of Wy,. The peak error for this formulation is
less than 10%.

To simplify the equivalent width evaluation for a multiseg-
mented LOS, the Curtis-Godson approximation!-16 is used to
define a path-averaged homogeneous path from the observer
to the current homogeneous segment. The path-averaged line
strength and line width from the observer to the end of the kth
segment are given by

Sk = ;1; mél Smltm (12)
and
1k
oy = Ekjk mz=:1 Sl Ot (13)

where o refers to «p or oy.

Emission Line Approximation

The radiation transport model developed in this paper is
based on the calculation of single-line equivalent widths for
each molecular emission line. To perform these calculations,
the necessary emission line information must be tabulated in a
data base. The data base must contain line strengths, line
widths, and vibrational and rotational energies of the lower
state involved in the transition. These parameters are neces-
sary to calculate the temperature-dependent lines’ strengths
and widths along the optical path. Standard absorption line
compilations, such as the HITRAN atmospheric line parame-
ter compilation,!” have been generated for atmospheric condi-
tions. Therefore, they generally include rotational and vibra-
tional transitions that are important at relatively low
temperatures found in the atmosphere (less than 800 K). There
are an enormous number of lines that are important at high
temperatures that are missing from these compilations. Since
these lines must be included to adequately simulate high-tem-
perature wake flowfield emission, theoretical models that have
constants derived from low-temperature spectral measure-
ments are used to generate the necessary information. For
linear molecules, like CO, or diatomics, it is a straightforward
procedure to augment the line data base using well-known
transition energy and line strength formulas, for example, see
Bernstein.!® For nonlinear molecules, like H,O, one can use
existing asymmetric top codes to predict higher lying transi-
tions and strengths.!® Since the spectroscopic constants used in
generating these lines are based on low temperature measure-
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Fig. 5 Calculated and observed spectral emissivities from measure-
ments of Coppalle and Vervisch for three optical densities (atm cm).
The calculations are shown as lines, observed data as symbols. Calcu-
lated error bars are shown for the intermediate optical density using
quoted experimental uncertainties.

Table 1 Inputs for model calculations

Optical density,, - Length, Temperature,

atm -cm cm K Xco, Xco Xu0
0.5 2.0 2900 0.25 0.10  0.58
1.41 6.8 2900 0.21 0.12 0.58
5.3 - 212 2900 0.25 0.10 0.58

*Pressure of 1 atm for all optical densities.

ments, the calculated high-temperature lines suffer from max-
imum errors in the emission frequency of approximately 5
cm ™! and a strength error of 15%.

However, calculation of all of the necessary rotational-
vibration lines for a polyatomic molecule would be very time
consuming and approximate, since spectroscopic constants
required for accurate line position and strength determination
exist for only a few of the low-lying bands. This means that
some approximate set of constants would be used for the
thousands of hot bands for which accurate constants are un-
known. Another approach that has been used to determine
line positions-and strengths for hot bands is to assume that the
ro-vibrational lines of hot bands have the same structure and
intensity distribution as the fundamental band.3-2%2! This al-
lows approximate hot band parameters to be determined by
shifting and scaling the fundamental’s set of lines. Bernstein
has pointed out that this approximation should apply only to
bands of the same symmetry type, since the band contours for
modes of different symmetry generally exhibit significant dif-
ferences.?! The use of shifted and scaled fundamental bands to
represent the hot bands limits the spectral resolution of our
model to 5 cm~!. An important advantage to using this ap-
proximation is that the required data base is reduced to stor-
age of the fundamental set of lines (a few hundred) and a
““bands”’ file that contains the hot band locations,. degenera-
cies, and their strengths relative to the reference band. There
is also some computational advantage in using this approach
because several path-related variables, like the Curtis-Godson
zveraged line strengths and widths, can be reused for each hot

and

Figure 2 shows the effect of adding additional hot bands to
the high-temperature absorption. coefficient of CO, in the
4.3-um spectral region. The absorption coefficient is com-

puted, considering all vibrational transitions up to 2 maximum
lower state vibrational energy of E.,. The figure shows plots

“for Eq.x of 5000, 15,000, and 25,000 cm ~ !, along with the

reference band. The emission bands included belong to the
transition sequence (71;1,/n3x)— (nn5{n; + 1x). The notation
for the vibrational states (n,n,/n;x) is standard HITRAN no-
tation,!” where the first, second, and fourth integers represent
the number of quanta in the »;, »,, and »; vibrational modes,
respectively. The third integer is the angular momentum, and
the fifth integer designates the Fermi level. Band center loca-
tions were estimated using anharmonic coupled oscillators to
represent the different modes. Harmonic oscillator scaling was
used for the band strengths of the hot bands. This amounts to
scaling the bands by -a factor of (n; + 1) relative to the funda-
mental. More accurate hot band intensities can be used if they
are available. When E.x = 25,000 cm ™ 1. there are 10,000 hot
bands (corresponding to 2 X 10% rotational-vibration lines)
that are necessary to accurately represent the spectral absorp-

tion coefficient up to 3500-K.

The use of scaled and shifted fundamental lines to represent
hot bands is tantamount to assuming that vibrational-rota-
tional coupling does not vary with vibrational energy. Con-
sider the implications of this approximation for the 4.3-um
band of CO,. At room temperature the fundamental band
contributes ~ 92% of the integrated intensity. Since our apr
proach includes the fundamental band without approxima-
tion, low-temperature emission. calculations should be accu-
rate to a few percent. The largest fractional errors encountered
using our approximate lines occur at moderate temperatures, -
500-1000 K, where the lower overtones and hot bands con-
tribute a significant fraction of the total spectral intensity. At
high temperatures the band intensity is spread over millions of
overlapping lines, and so small errors in the approximate
location of the lines are not significant. The error in using the
approximate lines can be determined by comparing calculated
absorption coefficients using the approximate lines and the
more accurate HITRAN data base. The percent error in the
500-K absorption coefficient is plotted in Fig. 3 for spectral
resolutions of 1 and 5 cm ~ 1. As expected, the errors are rather
large at a 1 cm ™! resolution, reaching peak values of nearly
=+ 200%. Most of this error is due to the errors in the emission
frequency of the approximate calculation. The 5-cm ~ ! resolus-
tion plot shows peak errors of roughly 20% in the absorption
coefficient.

For a high-temperature comparison, the use of approximate
lines can be compared with a more exact quantum mechanical

T T I T I T ‘ T I T I T
- DATA MODEL 1

EMISSIVITY

41 43 45 47 49 51 53 55
WAVELENGTH (um)

Fig. 6 Calculated and observed spectral emissivities from measure-
ments of Ferriso et al. for three optical densities (atm cm). The
calculations are shown as lines, observed data as symbols.



736 SUNDBERG ET AL.: NONEQUILIBRIUM INFRARED EMISSION

formulation developed by Bernstein et al.2 In Fig. 4, the
S-cm~! resolution CO, absorption coefficients for 3000 K
determined using the present approach are compared with
those determined using the more exact approach. The curves
have very similar shapes and differ by less 10% throughout the
band.

Validation of Radiation Transport Model

There have been several high-temperature experiments mea-
suring the emissivity of CO, under a variety of optical densi-
ties. These experiments include shock tube? and flame experi-
ments.?*?> The most recent experiment was conducted by
Coppalle and Vervisch.?* They measured spectral absorptivity
and emissivity of CO, produced in an oxygen-methane flame
at 2900 K in the 4.3-um spectral region. In Fig. 5, the calcu-
lated emissivities are compared with the experimental results
for three optical densities of CO;: 5.3, 1.43, and 0.5 cm - atm
that correspond to path lengths of 21.2, 6.8, and 2.0 cm,
respectlvely The detailed inputs for our calculations are
shown in Table 1. There is excellent agreement between our

model and the experiments for the optically thin and thick

.cases. ‘In the intermediate case, our model predicts approx-
1mate1y '20% more emissivity than observed in the experi-
ments. Coppalle and Vervisch estimated their errors to be
+ 150 K for the temperature and 5% on the concentration
measurements. Usmg these errors, we calculated the maxi-
mum and minimum emissivities at two frequencies; see Fig. 5.
Clearly the experimental errors cannot account for the differ-
ence between the model and the experimental data for the
intermediate optical density.

Another, high-temperature emissivity measurement for the
CO,; 4.3-um band was performed by Ferriso et al.?> These
experiments include two emissivity measurements with optical
densities that are similar to the intermediate case of Coppalle

Table 2. Flame conditions for calculation

Optical density,  Pressure, Temperature, .
atm - cm atm K Xco, Xco Xuo
0.28 1.0 2650 0.17 022 0.8
1.12 2.0 2850 024 0.18 0.35
1.67 5.0 3000 020 0.20 0.32
o ___ 2001
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Flg 7 Energy levels of the CO; vibrational states used in the chemi-
cal kinetics mechanism for radiation from the 2.7-, 4.3-, and 15-pm
bands.
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Fig. 8 Axial dependence of the major wake flowfield species, N> and
03, and the dominant radiating species, CO», at 30.5 km.

and Vervisch. Ferriso et al. measured the Spectral emissivity
for temperatures of 2850, 2650, and 3000 K for CO, optical
densities (total pressure) of 1.12 (2 atm), 0.28 (1 atm), and

~ 1.67 atm -cm (5 atm), respectively. The total pressures are

higher, 2- or 5-atm pressure, compared with 1-atm pressure in
the measurements of Coppalle and Vervisch, although for
pressures above 0.5 atm the high-temperature emission of CO,
has been shown to be pressure independent.?* In Fig. 6, the
three sets of data measured by Ferriso et al. are compared with
our present model using the detailed inputs given in Table 2.
The agreement between the model and the data is quite good
for all measured optical densities. The calculations are low by
less than 10%, which is comparable to the estimated uncer-
tainties of the measurements. The intermediate optical density
emissivity measurements by Coppalle and Vervisch appear to
be inconsistent with the measurements of Ferriso et al. The
model calculations predict emissivities that fall between the
experimental results.

Application to Re-Entry Vehicle Wakes

Molecular infrared radiation from the wake region of re-en-
try vehicles in the endosphere has only been studied assuming
the vibrational temperatures are in equilibrium with the flow
temperature. The justification for such an assumption has
been that the collision rate is large enough to keep the vibra-
tional and translational degrees of freedom in equilibrium.
This section evaluates the equilibrium assumption by using the
chemical-kinetics overlay model with a one-dimensional wake
flowfield model. As a major contributor to IR radiation and a
minor wake flow species, CO, is a good species to use for
investigation: of nonequilibrium effects. Furthermore, the

‘spectroscopic data base and radiation transport model have
- beén extensively validated for CO,.

Vibrational Temperatures

The calculation of vibrational state populations requires
that the vibrational energy transfer pathways for a given radi-
ating species be understood well enough to establish the chem-
ical-kinetics mechanism [Eq. (1)]. Furthermore, since popula-
tions are established by collisions between the radiating species
and other flowfield species, the collisional excitation and de-
excitation rate constants must also be known. The chemical
kinetics involving vibrational energy transfer for various vi-
brational modes of CO, have been well studied to provide an
understanding of the CO,-N, laser system?® and the energy
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Fig.9 Axial dependence of the flowfield gas-kinetic temperature and
the vibrational temperatures of the »1, »2, and »; fundamental bands
of CO; at 30.5 km assuming initial vibrational temperatures in equi-
librium with the flow.

budget of the upper atmosphere.2’” Even though most studies
have focused on energy transfer involving CO, fundamental
transmons, a reasonably realistic energy transfer mechamsm
can be constructed for vibrational states up to approximately
5000 cm~!. The CO, energy levels necessary to reliably de-
scribe energy transfer among vibrational states below 5000
cm~! are shown in Fig. 7. The notation for the vibrational
states (nn,0n3x) is standard HITRAN notatlon 17 which was
explained earlier.

Energy transfer for COZ can be more easily discussed by
grouping the vibrational states together, where the individual
states in each group are strongly coupled to each other due to
the small energy difference between the states. For example,
the groups illustrated in Fig. 7 are composed of combination
states: (022n31 < 100n5x), (033n31 -~ 111n3x), and (044n;1 -
122n;x «200n;x) with ny = 0, 1. Although the states within a
particular group are strongly coupled to each other via colli-
sions, they are also coupled to other states by radiative relax-
ation, vibrational-translational (V—T) energy exchange with
major flow species (N,, O,, and O), and vibrational-vibra-
tional (V—V) energy exchange with N,. The V—V energy
exchange between CO, and N,

COy(mnalnsx) + Ny(0) = COx(mymplng — 1x) + Ny(1)  (14)

is a near-resonant process and is the major contributor to the
excitation of the »; fundamental and combination bands.
Emission at 4.3 pm involves the relaxation of the »; manifold

CO(malnyx) = CONmmyln; — 1x) + by (15)

The most important V—T energy transfer process involves the
v, manifold of states

CONmmlnyx) + M= COxnyny — U ~ Insx) + M~ (16)

where M represents N, O,, and O. The V—T quenching of »;
by N, or O, is not nearly as efficient as the V—V transfer of
v; quanta with N,. Relaxation of the », manifold of states
produces 15-pm radiation.

The initial wake conditions are provided by a series of
computer codes that treat the aerodynamic heating, ablation
of the heatshield material, the shock structure, and the
_ boundary-layer flowfield of the vehicle along a specified tra- -

O 1000 2000 3000 4000 5000
AXIAL DISTANCE (m)

Fig. 10 Axial dependence of the flowfield gas-kinetic temperature
and the vibrational temperatures of the »1, #2,-and »3; fundamental
bands of CO; at 57.9 km assuming initial vibrational temperatures in
equilibrium with the flow.

jectory. The wake flowfield is computed assuming a quasi-
one-dimensional laminar flow at the ambient pressure with
finite rate chemistry. This algorithm has been successfully
used in studies of wake radar cross sections.

The dependence of several molecular densities on down-
stream distance predicted by the one-dimensional wake flow-
field code at an altitude of 30.5 km is shown in Fig. 8. The
major species in the flow, N, and O,, increase as a function of
distance downstream- due to the mixing of the flow with the
ambient atmosphere, of which N, and O, are the major com-
ponents. The CO, shows the expected decrease in density with
downstream distance due to the expansion of the flow, which
is also typical of all other ablation products in the flow.
Similar behavior is predicted by the one-dimensional calcula-
tion at an altitude of 57.9 km, although the densities are
approximately a factor of 30-40 lower than the densities at
30.5 km for N, and O,. The density of CO, is roughly the same
at 57.9-and 30.5 km. S o _

A chemical-kinetics model for the CO, energy transfer in
the wake flowfield has been constructed using the states shown
in Fig. 7 and the important V—T and V—V energy transfer
processes mentioned previously. Rate constants for V—T and

' V=V energy transfer among the lower vibrational states

(01101 < 00001, 02201 ~ 1000x, and 00011 ~00001) have been
measured in the laboratory. 26 Since there are no measurements
for the energy transfer among ‘combination states, rate con-
stants for these processes have been scaled from those involv-
ing the lower lying vibrational states. The resulting rate equa-
tions are solved along the streamlines for the CO, and N,
vibrational populations using the wake flowfield properties.
The initial vibrational temperatures for-the COj5 and'N, vibra-
tional states were assumed to be in equilibrium at the initial
wake temperature: It is assumed that the ambient atmosphere
that.mixes with the wake is vibrationally cold, i.e., the N, and
O, species are in their ground vibrational states. The vibra-
tional temperatures for the CO, » (10001), v, (01101), and »;
(00011) fundamental bands and the one- -dimensional wake
flowfield gas temperature are shown in Figs. 9 and 10 for
altitudes of 30.5 and 57.9 km, respectively, The vibrational
temperature of the first excited state of N,, which is not shown
in these figures, is nearly equal to the CO, »; fundamental
temperature due to the very fast V—V energy exchange be-
tween CO, and N,. In fact, the mixing of the vibrationally cold
ambient N, with the flow tends to quench the CO; »; funda-

"
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mental vibrational state, resulting in a reduction of the vibra-
tional temperature downstream. At 30.5 km, the excitation/
de-excitation rate is large enough to maintain vibrational
equilibrium with the flow temperature until a downstream
distance of 200 m is reached. At this point, the vibrational
temperatures of CO, »; fundamental and vibrationally excited
N, show a significant departure from equilibrium, whereas the
remaining CO, vibrational states are in equilibrium with the
gas temperature. Although there are enough collisions to keep
the CO, »; fundamental mode in equilibrium with N, there
are not enough collisions to keep the N, vibrational states in
equilibrium with the flow. The V—T rates for vibrational
relaxation and excitation of N, are simply not very efficient at
these flow densities. Vibrational. nonequilibrium effects are
even more dramatic at 57.9 km, where all of the CO, vibra-
tional modes display significant nonequilibrium behavior at
downstream distances greater than 400 m. The vibrational
temperatures of »; and », fundamentals are frozen at distances
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Fig. 11 Axial dependence of the flowfield gas-kinetic temperature
and the vibrational temperatures of the »;, »2, and »3 fundamental
bands of CO; at 57.9 km assuming initial vibrational temperatures in
equilibrium with the ambient atmosphere.
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Fig. 12 * Axial dependence of station radiance for the CO2 4.3-um
band at 30.5 km under equilibrium and nonequilibrium conditions.

£

slightly greater than 400 m. This behavior is due to radiative
relaxation (which is slow for »; and », fundamentals), being
the only mechanism for vibrational relaxation since the excita-
tion/de-excitation rate is less significant. In contrast, the »,
fundamental temperature displays significant nonequilibrium
behavior throughout the flowfield. At distances less than 400
m, the fundamental »; temperature is less than the gas temper-
ature, as the radiative relaxation rate is greater than the excita-
tion/de-excitation collisional rate. As the wake continues to
expand, the gas temperature rapidly decreases and there are
not enough collisions to keep N, and CO, »; fundamental in
equilibrium with the flow. The »; fundamental vibrational
temperature decreases more rapidly with axial distance than
the »; and », fundamental vibrational temperatures, again due
to the mixing of cold N, with the wake. - .~ ,

The calculation of the vibrational temperatures in the wake
flow requires that an initial temperature be provided at the
beginning of the flow. For the calculations of temperatures
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Fig. 13 Axial dependence of station radiance for the CO; 4.3-um
band at 57.9 km under equilibrium and nonequilibrium conditions.
The nonequilibrium calculations assume that initial vibrational tem-
peratures are in equilibrinm with the wake flowfield (NEQ.-1) and
with the ambient atmosphere (NEQ.-2).
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shown in Figs. 9 and 10, it was assumed that the start-line
vibrational temperatures were at equilibrium at the flow tem-
perature. At 30.5 km, it was shown than all CO, vibrational
temperatures are in equilibrium with the flow up to 200 m
downstream, indicating that the choice of initial vibrational
temperatures is not important. However, at 57.9 km, the CO,
»3 fundamental mode is in nonequilibrium throughout the
flow, thus bringing into question the choice of initial vibra-
tional temperatures. To assess the sensitivity of the vibrational
temperatures to the initial conditions, CO, vibrational temper-
atures at 57.9 km were calculated using initial temperatures
equal to the ambient atmospheric temperature of 260 K in-
stead of the initial flow temperature of 3430 K. The resulting
vibrational temperatures are shown in Fig. 11 and are to be
contrasted with the temperatures shown in Fig. 10. As ex-
pected, there is relatively little effect on the »; and », funda-
mental modes throughout the flow. At distances greater than
400 m, the »; fundamental temperatures are also nearly inde-
pendent of the initial temperature. However, at distances less
than 400 m, »; fundamental vibrational temperatures can vary
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Fig. 15 Axial dependence of station radiance for the CO2 15-um
band at 57.9 km under equilibrium and nonequilibrinm conditions.
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tensity at 57.9 km for several axial locations.
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Fig. 17 Nonequilibrium calculation of the CO3 15-pm spectral inten-
sity at 57.9 km for several axial locations.

by 500-1500 K depending on the initial vibrational tempera-
tures and location in the flowfield. Thus, a reliable prediction
of the »; fundamental vibrational temperature requires an
understanding of the collisional history of the »; mode before
CO, enters the wake region.

Optical Signatures

The spectral radiance is calculated for broadside LOSs
through the wake flowfield using the model described earlier.
As demonstrated in Fig. 2, the radiance calculation for CO,
4.3 um at 3430 K requires vibrational states up to a maximum
energy of 25,000 cm~! (approximately 10,000 vibrational
bands). Completely including all of these vibrational states in
a chemical-kinetics mechanism is prohibitive because V—~T
and V—V energy transfer processes and associated rate con-
stants must be specified for over 3000 vibrational states.
Therefore, the CO, chemical-kinetics mechanism described
previously (see Fig. 7) is used to determine the vibrational
temperatures for three fundamental modes of CO,, which are
used to determine approximate vibrational temperatures for
the hot bands. The first step in determining the approximate
vibrational temperature is to decompose the upper state vibra-
tional energy of the band into a sum of integer multiples of the
n mode energies,

3
E, = El Nk a7
ne
An approximate vibrational temperature for the state is then
given by
: 3 -1
T, = E( ) "—"§> (18)
n=1 Ty

The approximate vibrational temperature is used with each
state energy to determine the population using a Boltzmann
distribution.

The station radiance for CO, 4.3-um emission is shown in
Figs. 12 and 13 for 30.5 and 57.9 km, respectively. At both
altitudes considered, the radiation from the CQO, 4.3-um band
shows very significant downstream nonequilibrium effects.
The decrease in nonequilibrium station radiance with increas-
ing axial distance is simply due to the radiative relaxation of
the vibrational modes. It is interesting that nonequilibrium
effects do not always result in an increase in emission inten-
sity. In particular, nonequilibrium effects will usually result in
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a decrease of radiation if vibrational nopequilibrium exists
from the beginning of the wake flowfield (see Figs. 10 and 11),
since the vibrational temperatures are lower than, or equal to,
the gas-kinetic temperature near the beginning of the flow. At
30.5 km, the total intensity integrated over 5000 m indicates
that nonequilibrium effects result in 36% more total radiation
than calculations based on equilibrium conditions. However,
the same calculation at 57.9 km shows that nonequilibrium
conditions produce 17-52% less radiation than equilibrium
calculations, depending on the initial vibrational tempera-
tures.

Figures 14 and 15 show the station radiance for CO, 15-um
emission at 30.5 and 57.9 km, respectively. The 15-um emis-
sion represents the extremes of equilibrium and nonequi-
librium behavior. At 30.5 km, the emission is basically equi-
librium, which was expected based on the discussion of
vibrational temperatures. Significant nonequilibrium effects
are indicated at 57.9 km, where the integrated nonequilibrium
emission is 400% greater than the equilibrium calculation. In
contrast to 4.3 um, the 15-um nonequilibrium station radiance
is virtually constant for distances greater than 400 m due to the
0.6-s vibrational lifetime of the », manifold.

Spectral intensity calculations at 57.9 km for the CO, 4.3-
um and 15-pm bands corresponding to several axial locations
in the flowfield are shown in Figs. 16 and 17, respectively. As
the axial distance increases, the magnitude and width of the
spectral intensity decreases due to the decreasing vibrational
temperatures. For the 4.3-um band, the centroid of the band
shifts to the blue (higher energy) due to fewer hot bands and
rotational lines contributing to the band intensity. The shape
of the 15-um band does not change drastically, although the
Q-branch of the fundamental transition (01101—00001) be-
comes a dominant spectral feature at axial locations greater
than 500 m.

The calculation of the vibrational state populations and the
4.3-pm spectral signature for CO, requires roughly 1 min of
computer time on a 20 MIPS Data General AViiON Server.
The memory requirements vary with the number of axial

" stations, radial streamlines, and emission lines. The calcula-
tions shown here required about 3 megabytes of computer
memory.

Conclusions

A chemical and thermodynamic nonequilibrium emission
model has been applied to the problem of a high-velocity
re-entry vehicle wake flow. The model consists of a ‘‘detailed’’
state-to-state treatment of T—V and V—V energy transfer
processes occurring in a one-dimensional wake flowfield. The
resulting nonequilibrium vibrational populations are used to
determine vibrational temperatures for the fundamental
modes of the molecular species. The mode vibrational temper-
atures are then used to determine approximate vibrational
temperatures of hot bands that are used in a rapid, approxi-
mate radiative transfer algorithm to predict IR emission for
fundamental and hot band emission at moderate spectral reso-
Iution (5 cm~1), as well as spatially resolved emission for
arbitrary spectral bandpasses. Significant nonequilibrium ra-
diation effects are illustrated for CO, vibrational bands at 2.7,
4.3, and 15 pm at an altitude of 57.9 km and for the 4.3-um
band at 30.5 km.

The application of the nonequilibrium model to other spe-
cies, such as CO, H,0, and NO, present in the wake flowfield
is currently being investigated. Detailed kinetic mechanisms,
similar to that developed for CO,, have been developed for

" energy transfer among CO, H,0, and NO for vibrational
states up to 5000 cm ~ !, It appears that nonequilibrium behav-
ior in the wake flowfield is widespread among many species
produced during the ablation process.

Further application of the nonequilibrium model to more
complicated species is currently limited by a lack of under-
standing of the kinetic energy transfer processes. The model-
ing of the nonequilibrium processes for many of these species

does not appear possible at the present time. Based on the
present work, it appears that equilibrium calculations should
be capable of providing IR signatures within a factor of 2 of
the more rigorous nonequilibrium results.
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