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This article deals with the evaluation of thermal radiation from atmospheric atomic species with the direct
simulation Monte Carlo method under conditions of nonequilibrium. Models to calculate bound-bound, free-
bound, and free-free radiation are introduced. This new scheme attempts to improve and extend an earlier
approach towards a more detailed modeling of the mechanism of radiation. The results are compared against
experimental results and the differences are discussed and evaluated.

I. Introduction

T HE shock layer of a re-entry vehicle provokes the de-
velopment of an extended region in thermal and chemical

nonequilibrium in the flow between the vehicle and the shock
layer. Due to the high temperatures behind the shock layer,
excitation of the internal energy mode takes place that is
followed by chemical activity and thermal radiation, the result
of electronic excitation. As a result of this chemical activity,
high-enthalpy flows have most of their molecular species dis-
sociated to a large degree. In such a flow atomic species are
the major source of radiation. It has been found1 that in some
cases the atomic species radiation can contribute up to 80%
of the total radiation.

The most effective mechanism for the electronic excitation
of the heavy particles is collisions with electrons. Electrons
are very effective in transferring their energy to a bound elec-
tron of the heavy particle, thereby exciting it to a higher state
or even releasing it from the attraction of the nucleus, thus
ionizing the particle. This is not the only mechanism though.
Electronic excitation is possible even without the presence of
electrons. Flows having a lower enthalpy content than that
necessary to cause ionization can be electronically excited.
Collisions between atoms can be an alternative mechanism,
and although this is less effective than the electron-atom
collisions in slightly ionized flows, it becomes particularly im-
portant since it is the only one. Additionally, secondary ra-
diation mechanisms are associated with the presence of elec-
trons in the flow. These mechanisms are emitting radiation
during the neutralization of ions or during the movement of
electrons in the electric field of the ions (Bremsstrahlung).
These last two mechanisms are not associated with transitions
between particular states, and therefore, the energy of the
emitted photons is not monochromatic.

Although the electronic excitation of atoms is a mere energy
exchange process and the impact of radiation on the flow
characteristics is not decisive, there are a number of novel
phenomena that are introduced. Absorption of the emitted
radiation may lead to further excitation or ionization. Ex-
perimental results have shown that electronically excited par-
ticles may be effective in promoting reactions in a similar way
that vibrational energy controls dissociation reactions. Ra-
diation may also be absorbed by the surface of the vehicle,
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adding to its thermal load. Radiative heating of the surface
usually accounts for a small (but significant) fraction of the
total heating of the surface. The calculation of electronic ex-
citation and thermal radiation is particularly important though
for the calculation of the emitted signatures that can lead to
the detection of the vehicle and the determination of its iden-
tity and speed.

The scope of this article to present a new method of cal-
culating the most important radiation mechanisms, applied to
the direct simulation Monte Carlo (DSMC) method. The new
method is an extension of an earlier method of the same
authors and it makes use of both theoretical and experimental
data to calculate the excitation probabilities. The previous
approach dealt with the cases of molecule-electron and atom-
electron interactions only. In this article a new more realistic
approach for the electron-atom interaction is proposed and
methods for the cases of radiation due to atom-atom colli-
sions (bound-bound), ion-electrons collisions (free-bound),
and electron-electric field interaction (free-free) are also in-
cluded in the model.

The calculation of radiation with any statistical method,
such as DSMC, has the obvious disadvantage of dealing with
radiation from rare species. The solution to this problem is
to increase the number of particle simulators until a suffi-
ciently large sample has been obtained. This will impose an
overhead on the calculation. Other methods such as the use
of weighting factors can also be used for rare species, but in
general, this is a technique that is avoided as it can bring with
it further problems. However, this disadvantage of the DSMC
method is outweighed by its ability to calculate radiation from
flows in a high degree of nonequilibrium, a task that is im-
possible for most continuum solvers.

II. Electronic Excitation of Atomic Species
Although the collisions between atoms is a less effective

mechanism for the electronic excitation of atoms, in cases
where the degree of ionization is small it can become as sig-
nificant as the electron-atom collisions. The excitation of
atoms by collisions with other heavy particles provides a
mechanism by which flows that have energy content below
the ionization threshold become electronically excited and,
therefore, radiate.

The two mechanisms for the electronic excitation of atoms
(atom-atom and electron-atom) are different in principle.
In the case of the electron collisions, the projectile electron
passes its energy to the bound electron, exciting it to a higher
energy level. The phenomenon, therefore, can be treated as
a mere interaction between electrons in the potential field of
the nucleus. In the case of the atom-atom collisions the two
particles temporarily form a molecule. During this period
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energy exchange takes place between the two particles. In
such a case there is the possibility that energy from the trans-
lational or the internal modes is transferred to one of the
electrons of the pseudomolecule. The atoms then separate
leaving the electrons in their excited state. The same proce-
dure that applies to the collisions between atoms can be ap-
plied to collisions between ions and atoms.

In addition to these mechanisms, electronic excitation may
be caused by absorption of light (a mechanism common to
molecular species as well). Although this phenomenon is ex-
tremely uncommon in rarefied flows, it is particularly efficient
in resonantly exciting a particle to the state from which the
photon originated.

HI. Thermal Radiation and Electronic
Excitation in DSMC

The DSMC method developed by Bird2 is a physical sim-
ulation of the Boltzmann equation. The flow is simulated with
several thousand particles that move and collide within the
computational domain. In the framework of DSMC each
physical phenomenon is described with a probability of oc-
currence. The phenomenon occurs if the probability is greater
than a random number selected between 0 and 1. Every time
that we have a collision all the possible outcomes are consid-
ered and the probability of their occurrence is calculated. The
basic characteristic of all DSMC models is their computational
efficiency. Since each outcome is considered millions of times,
the efficiency of the computational model is particularly im-
portant, and one may have to sacrifice physical accuracy for
computational efficiency. DSMC is applicable to all density
regimes, but it is the rarefied one where it becomes favorable
to the continuum Navier-Stokes approaches. The current
state of the method involves modeling of the nonequilibrium
internal and translational energy exchange, chemical and ionic
reactions.

In the context of a DSMC simulation we can determine if
electronic excitation will take place during an interaction if
we know the probability of an encounter resulting in the ex-
citation. The probability of such an occurrence can be cal-
culated with the aid of electronic excitation cross sections.
These cross sections in general depend on the species in ques-
tion, the available energy, the states between which the tran-
sition takes place, and on the energy configuration of the
particle (vibrational, rotational, and electronic energy state).
The case of an encounter resulting in electronic excitation is
treated as a mere case of energy exchange. The comparison
of the cross section for a particular transition with the total
cross section gives the relative probability of this transition
to take place. Whenever an encounter (collision) takes place
for which there is a potential for excitation, the cumulative
distribution is constructed and the outcome is determined by
random selection from this distribution.

There are six main air species (N2, O2, NO, N, O, and
N2

f) that can be electronically excited, and therefore, radiate.
For the four molecular species Bird2 has proposed a set with
the states that are more likely to be excited. Electronic ex-
citation is considered only for these states because the elec-
tronic excitation probability of the other states is significantly
lower. A similar group of states for the molecular species has
been proposed by Park.1

The number of electronic states for the atomic species is
very large, and so they have to be grouped into a manageable
set. According to Bird,2 eight main groups of states are con-
sidered enough for both atomic oxygen and atomic nitrogen.
Park1 in his model proposed 22 groups of states for nitrogen
and 19 for oxygen, which allow a finer resolution of the ex-
citation process and a more detailed modeling of thermal
radiation. In this study the grouping proposed by Bird has
been adopted.

Attempts to simulate thermal radiation for the rarefied hy-
personic regime (e.g., Bird2; Carlson and Hassan3) have used

the assumption of an equilibrium distribution of the electronic
states after the collision and of the electron velocity before
the collision. However, this assumption is inappropriate in
this regime where large areas of significant molecular non-
equilibrium are met.

A model to simulate the process of electronic excitation
due to electron collisions without the assumption of equilib-
rium was proposed by Gallis and Harvey.4 In this approach
the excitation probability was calculated with the use of mea-
sured and calculated cross sections for each possible transi-
tion. In the case of a successful excitation event the energy
of the particles was assumed to be the energy of the state that
the particle was excited to. This process indicated the need
for accurate cross sections that would give a realistic descrip-
tion of the excitation process. This need was particularly im-
portant for the case of electron-atom collisions that were
calculated using a classical mechanics approach.

In the previous Gallis and Harvey4 model no attempt was
made to deal realistically with the atom-atom collision ex-
citation nor with any of the additional radiation mechanisms.
The rectification of the deficiency and the use of more precise
cross sections for the electron-atom collisions are the subject
of this article.

IV. Electron-Atom Collisions
Due to the grouping of atom electronic states that was done

to make the simulation of atomic excitation possible, the states
cannot be addressed either with their spectroscopic code or
with their quantum numbers. This excludes all direct quantum
mechanical approaches that could be used to calculate the
interaction. In addition to these models there is a number of
phenomenological formulas that have been proposed by Sea-
ton, (in Green),5 Van Regemorter,6 and others for the cross
sections. In most cases these formulas are in good agreement
with the available experimental data. The phenomenological
formulas of this type require information about the quantum
states between which the excitation takes place (oscillator
strength), limiting their applicability to cases where this in-
formation is known. The excitation probability of a group of
states can be calculated with the excitation formula of Gry-
zinski,7 which by using the principles of classical mechanics,
requires only the energy of the final state as input. According
to this method the excitation is reduced to a coulomb inter-
action between the bound and the projectile electron. Al-
though the Gryzinski formula is very easy to apply, the fact
that is based on classical mechanics for the electronic exci-
tation, a phenomenon clearly quantum mechanical, poses a
question mark on the suitability of the theory.

Park has made a collection of experimental and theoretical
excitation rates for the atomic species to be used as input data
to the NEQAIR code. These rates are considered to comprise
the most complete and reliable set of excitation rates for the
case of electron-atom collisions. They have been obtained
from a large number of both theoretical and experimental
studies and cover the transitions to all states of interest from
any other state.

In light of the previous analysis for the availability of cross
sections, and due to the profound difficulty in deriving the
excitation probability, it was considered that a cross section
database similar to Park's excitation rate database should be
used in preference to Gryzinski's approach used in the earlier
study by Gallis and Harvey.4 The shape of the cross section
as a function of the energy is similar for all electron-atom
transitions. From a finite value at the threshold the cross
section peaks at about 2-3 times the threshold energy and
then it starts decaying in an almost exponential manner.

A mathematical function that has been found to describe
accurately the cross sections for electron-atom interactions
is the Green7 formula which is given in the form

a = c[l - (l/e)]«(l/e)» (1)
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where s is the electron energy nondimensionalized by the
threshold energy of the transition, and a, b, and c are constant
parameters. This formula has been shown to adequately pre-
dict the cross section for electron impact excitation for allowed
and forbidden transitions for many species. For the applica-
tion of this formula in the DSMC code the a, b, and c pa-
rameters need to be derived. In this study these parameters
were calculated so that the resulting excitation rate at equi-
librium would match the one given by Park.1

The extracted cross sections were compared with experi-
mental data whenever this was possible to verify that the
derived cross sections are physically meaningful. Figure 1 shows
two examples of cross sections calculated this way, compared
with experimentally measured cross sections. The two cross
sections correspond to transitions from 2p4 3P to 3s \S (1-5)
in atomic oxygen, and from 2p3 4S to 2s 4P (1-4) in atomic
nitrogen. The experimental results have been taken from Stone
and Zipf.s 9 Similar agreement was achieved for other cross
sections where the experimental data were available. From
this comparison we conclude that the simulation of cross sec-
tion with the proposed function can produce results in good
agreement with the experimental results. This justifies the use
of Eq. (1) for the prediction of the required cross sections.

The constants a,b, and c control different parts of the cross
section. In this sense the evaluation of them is possible by
matching the corresponding parts of the cross section given
in Eq. (1) with the experimental data. The a, b, and c defined
this way are not unique, but the comparison with experimental
data indicates that the selection of values was successful.

V. Atom-A torn Collisions
The second most important electronic excitation mecha-

nism after the electron-atom collisions is the collisions be-
tween atoms. As explained in the Introduction the atom-
atom excitation constitutes a completely different excitation
mechanism than the electron impact. The latter can even be
treated as an interaction between the projectile and the bound
electron (coulomb interaction), while atom-atom collisions
are interactions between two neutral particles.

The problem of simulating the electronic excitation process
due to atom-atom collisions and calculating the electronic
excitation probability has so far been treated with simplistic
and approximate methods. Park1 assumed that the electronic
excitation rates by atom collisions were a fixed fraction of
those of the electron collisions. This fraction was assumed to
be 10 4. In a similar manner Bird2 assumed that the electronic
excitation cross sections are a tenth of the equivalent elec-
tron-atom ones.

In view of the completely different mechanisms of elec-
tronic excitation, the derivation of the atom-atom excitation

probability from the electron-atom one can only be consid-
ered as approximate and qualitative.

There are a number of quasiclassical and quantum me-
chanical approaches to calculate the atom-atom cross sec-
tions, the description of which is not in the scope of this article.
All these methods use information about the interaction po-
tential. The calculation of most of these cross sections requires
complicated and time-consuming calculations that prohibit
their usage in a DSMC code. For further information the
reader should consult Massey10 or Bates.11

In the present analysis we will follow the work of Sobelman
and Vainstein12 to calculate the cross section with an approx-
imate, but fairly accurate, method. The first step is to assume
that the interaction potential V can be described with a func-
tion of the form

V = (A//?") - e~hRf(R) (2)

where R is the internuclear distance, A and b are parameters,
and f ( R ) is a polynomial function that satisfies the condition

V(R)R- const (3)

If we assume that the principal contribution to the transition
probability is given for distances R > lib, this potential func-
tion can be further simplified leaving us with a multipole
potential function. In this case we can assume a two-state
strong coupling approximation. For such a system the cross
section for a transition from level / of energy Ef to level / of
energy Ef can be calculated approximately as

a = 27r(A/w)2 / ("~1) exp[-2("+ "'"V/^ sm(ir/2n)]I,,(pn) (4)

where u is the relative speed of the particles and /3f, is a
function of the energy difference given as

A, = (5)

where h is the Planck constant and /^ is given as for {$„ »
1:

(6)

For the case of ft, — > 1 we have

The order n of the multipole function depends on the type of
the interaction and it takes the value of 2 for allowed tran-
sitions and 3 for forbidden. For the general case of a collision
in which one of the colliding atoms passes from level /, to
level/;, and the second one from J2 to J'2, and both transitions
are allowed, the parameter is given as

A = —
sklsk2 (7)

where S k [ , Sk2 are the line strengths of the electric multipole
transitions, and g,, g2 are the statistical weights of the initial
states.

For the case of an allowed transition during an interaction
between an ion with atomic number Z and an atom, the
previous equation takes the form

A = (27T/h)Ze(S/3gy/2 (8)

This approximate theory describes correctly the transition for
the two limiting cases of A/M —» 0, A/w —> °°. Examination of
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the special case of transitions in collisions between hydrogen
particles where accurate solutions exist shows that this ap-
proximation describes fairly accurately the intermediate range
as well.

Using this approach the excitation probability for nitrogen
and oxygen atoms in the DSMC code was found to be 1-2
orders of magnitude less than the electron-atom one.

Figure 2 (adopted from Massey9) shows a comparison of
calculations made with Vainstain's method, Bern's, and the
four-state approximation for the excitation of the 2s state of
atomic hydrogen. Although the energy range of this figure is
well above the energy range of interest in aerospace appli-
cations, the example is indicative of the agreement that can
be achieved between this method and the more accurate, but
also more complicated, and time-consuming four-state ap-
proximation. The agreement with the Born cross section is
not excellent, but this is expected since the Born cross section
becomes reliable only for very high energies.

Simple formulas for the calculation of the cross sections for
atom-atom inelastic collisions have been proposed by Landau
and Zener and by Demkov (both in Bernstein13). According
to them the cross section for a collision with energy E can be
given as

a = 7rR2[l - (EJE)]G(u/u*) (9)

where R is the radius of the interaction region, E() is the mean
potential energy in the center of the transition zone, u* is a
parameter with dimensions of velocity, and G is a function
of the velocity ratio. It is worth noting that these functions,
given appropriate parameters, present similar energy depen-
dence for the cross section as the Vainstain approach.

VI. Continuum Radiation
Radiation can be emitted when a free electron recombines

with an ion to form a neutral atom. In the case of aerospace
applications the most important neutralization reactions are

N+

O+

N + hv
O + hv

(lOa)

(lOb)

The energy of the emitted photon hv can roughly be obtained
from the formula

heA =

where Eion is the ionization potential, Eelcc is the kinetic energy
of the electron, and E, is the electronic state of the resulting

atom. From this equation we conclude that since the electron
energy varies from collision to collision, the wavelength of
the resulting photon will vary as well. With a continuous
distribution of the electron velocity, the wavelength will fol-
low a continuous distribution as well.

The cross section for the absorption of an electron from an
ion with atomic number Z to a level n has been given by
Zel'dovich and Raizer14 as

(12)

where v is the frequency of the emitted photon, c the speed
of light, and e and mc the electron charge and mass, respec-
tively. This formula gives cross sections in the order of 10 21

cm2. Park15 used Griem's theoretical approach to calculate
the radiative recombination rate for oxygen and nitrogen ions.
The rates for both reactions as predicted with the two methods
are presented in Fig. 3. In both cases (O and N) Park's rate
was found to be around two orders of magnitude less than
the one given by ZeFdovich's approach, although the shape
of both curves are similar.

ZeFdovich and Raizer14 have calculated the cross section
for the reverse phenomenon, i.e., the absorption of a photon
by an atom or ion:

(13)3V3c/zVVs

In this study the ZeFdovich approach was used. These cross
sections can be used to calculate the emission of free-bound
and the absorption of bound-free radiation.

Radiation is also emitted from the movement of electrons
in the electric field of the ions. Depending on the interaction,
electrons may be slowed down giving away part of their energy
in the form of photons. The emitted radiation is a function
of the electron temperature (electron energy) and the density
of charged species in the flow. The emitted radiation can be
calculated under the assumption of the Maxwellian distribu-
tion of the electron energy.

Finkelnburg and Peters16 have given the following expres-
sion for the total radiant energy emitted per unit volume in
the frequency band from v to v + dv:

(14)

where Nf and Ne are the ion and electron densities, respec-
tively, and Tt. is the electron temperature. It is worth noticing
that the radiant energy does not depend on the frequency v.
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Since the electron velocities in the flow are 3-4 orders of
magnitude greater than the heavy particle velocities, the elec-
tron collision frequency is greater than the heavy particle
collision frequency. As a result, the electron energy is ex-
pected to reach equilibrium quicker than the heavy particles.

VII. Quenching Effects
An excited state can decay either by unimolecular fluores-

cence or through a bimolecular transfer process. Quenching
processes may be divided into chemical quenching (where
chemical rearrangement of the species takes place) and phys-
ical quenching. The latter can be treated as a special case of
inelastic collisions. It would be expected that since the elec-
tronic excitation energies are usually quite large (above 1 eV),
the conversion to translational or vibrational energy would
be difficult. However, experimental results have shown that
such processes do occur, and with significant efficiency.17

Quenching was considered in this study. In the absence of
data describing this process it was assumed that whenever a
collision involving electronically excited particles was taking
place, the electronically excited particle was losing its energy.

VIII. Computational Results and Comparison
with Experiment

A test simulation that has been extensively used as a bench-
mark case is a shock wave in air at 10.2 km/s, freestream
temperature 300 K, and pressure 0.1 torr. These conditions
correspond to experiments made originally by Alien18 and
more recently by Sharma.19

The first case, at the previous conditions, simulates a shock
wave in real air with a binary mixture of nitrogen and oxygen
(79% N2, 21% O2) at the above conditions. Eleven species
chemistry was used and it was found that behind the shock
wave almost complete dissociation of the molecular species
takes place. Downstream, the degree of ionization was found
to be 2.7%. The simulation was performed with 400,000 par-
ticle simulators over a computational grid of 1000 cells. Steady
state was reached after about 60,000 time steps and sampling
started at 70,000. Computations of the same case over a grid
of 100 cells with 100,000 particle simulators gave approxi-
mately the same results indicating that the presented results
are independent of the grid resolution and the number of
particles.

The temperature profile of the shock wave is presented in
Fig. 4. In this figure the flow comes from the left to the right.
At about x = 0.03 m the translational energy starts rising and
overshoots to about 27,000 K. The rotational temperature
follows the translational overshooting to about 20,000 K. The
vibrational energy mode that was frozen upstream is activated

by the chemical reactions raising the vibrational temperature
to about 10,000 K. The electron temperature, i.e., the trans-
lational energy of the electrons, overshoots in the area of the
shock wave and then quickly equilibrates with the vibrational
temperature as predicted by the TTv model of Park.1 From
this figure we notice that nowhere in the shock wave area is
equilibrium between any of the energy modes achieved, high-
lighting the nonequilibrium nature of the phenomena in-
volved. The "near equilibrium" region behind the shock wave
corresponds to a flow time of less than 10™6 s. The equili-
bration of the energy modes is not achieved until far further
downstream.

Alien's18 and Sharma's19 measurements for the spectral ra-
diation from the nonequilibrium region and the near equilib-
rium region are presented in Figs. 5 and 6, respectively, with
solid markers for Sharma's measurements and crosses for Al-
ien's. The results of the previous Gallis and Harvey4 model
are also presented as squares. The new calculation is pre-
sented with vertical lines. The experimental results do not
agree for all wavelengths, but since Sharma's results are more
recent, they are considered to be more reliable. The exper-
imental results by Sharma19 cover a narrower wave band (0.3-
0.7 /x) than Alien's18 (0.2-1.2 p).

Close examination of these figures shows that the addition
of the atom-atom electronic excitation process enhanced the
thermal radiation emitted from the atomic species. A signif-
icant shift to higher energies is observed, especially in the
nonequilibrium area where most of the atomic lines were
previously underestimated. There are two wavelengths, 0.38
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and 0.55, the contribution of which appears to be low. It
should be noted that from Sharma's results no line radiation
was found to be emitted in these wavelengths. It was only the
continuum radiation that was detected. As a result the low
contribution of these wavelengths should be expected.

Many of the atomic lines seem to be enhanced, whereas
high-energy wavelengths in the region 0.1-0.2 that did not
appear with the previous model were accounted for with the
new model. This enhanced radiation must be attributed mainly
to the added atom-atom excitation mechanism, and secondly
to the new electron-atom cross sections. The new excitation
model for the atomic species influenced the radiation emitted
from the molecular species since a different fraction of the
electron energy was made available to them. As a result the
radiation from high-energy wavelengths of 0.2 was reduced
while the relatively less energetic 0.39 wavelength was en-
hanced.

The comparison between the experimental results and the
DSMC predictions revealed that there are a number of weaker
atomic radiation lines that have not been included in this
simulation and that will have to be added in future work. By
adding these lines the total radiation energy will not change,
only its distribution among the lines will change.

The addition of a new electronic excitation mechanism was
reflected on the total available energy for radiation. The ra-
diation peak was found to be at 27 MW/m3 (Fig. 7) compared
with 20 MW/m3 for the previous Gallis and Harvey model.
The total radiation emission from the shock wave was not
measured in the experiment, but qualitative measurements of
the total emitted radiation were obtained from both experi-
ments. These measurements show that the radiation peaks in
the nonequilibrium region and then it drops exponentially.
From tables,20 giving the absolute intensity of radiation at
various altitudes and velocities, we read that the level of ra-
diation behind the shock for the conditions of the experiment
should be 10 W/cm3. From the measurements presented (Al-
ien and Sharma) we conclude that the nonequilibrium radia-
tion peak should be around 2 to 3 times the value of the
equilibrium value, which is in agreement with the prediction
above.

Although some discrepancies still exist in the spectral
intensity distribution for both the equilibrium and non-
equilibrium region, the total radiation seems to be in better
agreement with the available data, both qualitatively and
quantitatively.

Due to the small concentration of atomic ions (0.5%) the
free-bound radiation was found to be too weak in this case.
The free-free radiation was calculated and it was found to be
two orders of magnitude smaller than the bound-bound ra-
diation.
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As a second test case, the rarefied flow around a 70-deg
spherically blunted cone was selected. Such flows have re-
cently attracted much interest21 22 and they have been exten-
sively studied. The flow around a blunted vehicle presents the
very interesting feature of areas with very high and very low
density. From previous studies it was found that the density
of the flow in front of the body is about 120 times the free-
stream density, and behind the body in the area of the wake
the density drops to about 0.1 times the freestream density.
This density variation in the same flowfield allows the full
band of the radiation mechanisms to be activated with varying
significance in different parts of the flow.

The particular test case studied here simulated the flowfield
around a 2-m-diam vehicle at 10 km/s at an altitude of 85 km.
For the simulation 500,000 particles were used over a grid of
12,330 cells. The calculation took 10,000 CPU minutes on a
HP-9000/730 workstation.

The temperature contours as calculated with the new ra-
diation method are presented in Fig. 8. The temperature in
this figure has been nondimensionalized with the freestream
temperature (185 K) and is presented in Fig. 8. It has been
found from previous studies that radiation in most cases does
not influence the temperature profiles significantly. Figure 8
can be expected therefore to describe the temperature profiles
for both radiation models. The peak average temperature in
front of the body was found to be 200 times the freestream
temperature (200 x 185 = 36,000 K). Due to the expansion
in the wake area the temperature of the high-temperature
layer that is formed in front of the body drops to 10 times
the freestream temperature. In the wake area and due to a
diffuse recompression wave at around x = 3 m, the temper-
ature starts rising again in a narrow cylindrical region around
the axis of symmetry. The temperature there reaches a value
of about 25 times the freestream temperature.

In Figs. 9 and 10 the predictions for the total radiation in
W/m3 are presented with the new and the old model, respec-
tively. From the comparison of these two figures we note that
the radiation in front of the body, where all three radiation
mechanisms contribute, was enhanced with the new model.
The new radiation model predicted a radiation peak of about
0.1 MW/m3, whereas with the old one the radiation peak was
found to be 0.09 MW/m3. More important differences are
found at the back of the body, where the old scheme predicted
very weak radiation around the axis of symmetry in the area
of the recompression wave. The new scheme predicts a sig-
nificantly higher radiation activity both around the axis of
symmetry and higher in the region between y = 0.4 m and
y — 2 m. The radiation around the axis of symmetry is mostly

o.oo 0.01 0.050.02 0.03 0.04

Distance (m)
Fig. 7 Air 10 km/s shock wave. Total radiation.

1 2 3

Distance (m)
Fig. 8 Cone at 10 km/s. Temperature profile.
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Distance (m)
Fig. 9 Cone at 10 km/s. Total radiation with the new model.

Fig. 10
Distance (m)

Cone at 10 km/s. Total radiation with the old model.

due to bound-bound transitions. Bound-bound transitions
(atom-atom and electron-atom) are possible in that region
because of the local temperature rise (5500 K). The bound-
bound radiation emitted from the wake area was found to be
atomic, low-energy radiation (large wavelengths). Continuum
radiation appears to be the most prominent characteristic of
the new radiation profile. This radiation is mostly due to free-
free radiation, following the concentration of electrons in the
wake, but free-bound radiation was also observed in the form
of separated radiation "bubbles" in the "main stream radia-
tion." Statistical noise is inevitable in this case due to the
relatively small proportion of particle simulators that radiate.
Smoothing of the results has not been applied.

Comparison of the spectral radiation profiles in Fig. 11
shows how the atomic lines are enhanced. In this figure the
predictions of the new model are presented with vertical lines,
whereas the predictions of the old one are presented with
solid squares. In comparison with the old scheme the new
one predicts new lines added and the existing ones enhanced.
It is important to notice that the new model in both the one-
dimensional and the two-dimensional case predicts radiation
from the small atomic wavelengths (high-energy photons) in
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Fig. 11 Cone at 10 km/s. Spectral radiation.

contrast with the previous model. Unfortunately, no valida-
tion of these calculations can be done because no spectral
data have been published, and they are included only as a
demonstration of the ability of the new model.

IX. Conclusions
Simulations of the atomic thermal radiation under condi-

tions of nonequilibrium have been made. To do so available
measured and calculated cross sections were used. A model
for the calculation of the atom-atom cross sections was de-
veloped that allows a fairly accurate and computational ef-
ficient simulation of the physical process. For the calculation
of the electron-atom cross sections, Park's data were used.
Models calculating the continuum radiation were also incor-
porated into the code.

Improvement was observed in most of the simulated wave-
lengths. The use of Park's cross sections is considered to be
an improvement compared with the Gryzinski formula. It is
not easy to quantify this improvement because the uncertainty
of these cross sections can be high. It is believed that even if
some of these cross sections are in error, no common tendency
could force the results in one or the other direction.

Application of the new scheme to low-energy wake flows
demonstrated the ability of the method to predict the signa-
tures of flows below the ionization threshold. It was shown
that when the electron-impact excitation becomes ineffective,
atom-atom collisions and continuum radiation become the
main radiation mechanism.

The comparison with the experimental results indicated that
there is a number of radiative transitions for atoms that ap-
peared to contribute significantly in the spectral radiation and
that have not been included in the present model. The en-
hancement of the resolution of the radiation model will be
the aim of future work.
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