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Assessment of a Two-Temperature Kinetic Model for Dissociating
and Weakly Ionizing Nitrogen

Chul Park*
NASA Ames Research Center, Moffett Field, California

The validity of a two-temperature chemical/kinetic model is assessed by comparing the calculated results with the
existing experimental data for nitrogen in the dissociating and weakly ionizing regime produced behind a normal
shock wave. The shock tube radiation program (STRAP) based on the two-temperature model is used in calculating
the flow properties behind the shock wave, accounting for the diffuse nature of vibrational relaxation at high
temperatures but neglecting the preferential high-vibrational-state removal by dissociation. The nonequilibrium air
radiation (NEQAIR) program is used in determining the radiative characteristics of the flow. Comparison is made
between the calculated and the existing shock tube data on 1) spectra in the equilibrium region, 2) rotational
temperature of the N3~ B state, 3) vibrational temperature of the N3 B state, 4) electronic excitation temperature
of the N, B state, 5) the shape of the time variation of radiation intensities, 6) the times to reach the peak in radiation
intensity and equilibrium, and 7) the ratio of nonequilibrium- to equilibrium- radiative heat fluxes. Good agreement
is seen between the experimental data and the present calculation except for the vibrational temperature. A possible

reason for the discrepancy is given.

Nomenclature

= reaction rate coefficient, cm?/(mole-s)

= radiation power emission, W/cm?

o = dissociation energy

= reaction rate coefficient

= Boltzmann constant = 1.3805 x 10~ !¢ erg/(K)

= unspecified collision partner

= preexponential power in rate coefficient expression

= pressure

= heavy particle translational and rotational tempera-
ture, K

= vibrational, electron-translational, and electronic tem-
perature, K

= flow velocity, cm/s

= distance from shock wave, cm

= density, g/cm?

= a constant that characterizes a cross section for elec-
tronic excitation of molecules by heavy-particle im-
pact; see Eq. (12)

= vibrational relaxation time
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Subscripts

a = average between 7 and T,; see Eq. (10)
e = equilibrium

s = post-shock condition

oo = freestream

Introduction

HE concept of the aeroassisted orbital transfer vehicle
(AOTV) has been evolving rapidly in recent years.'> Of
the two possible basic types of AOTV, namely aeromaneuver-
ing and aerobraking, the aerobraking AOTV is generally ex-
pected to encounter a less severe thermal environment for its
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heat shicld than the aeromaneuvering AOTV during its atmo-
spheric flight phase, and therefore to be more easily developed.
The aerobrake consists of a blunt body with a large nose-ra-
dius, and hence convective heat transfer rates at its stagnation
point and elsewhere are likely to be relatively small. Because of
the large size, the thickness of the shock layer over the body
will also be large, which tends to increase the radiative-heat-
transfer rate to the body.

The magnitude of these radiative-heat-transfer rates for the
aerobraking AOTYV is at present uncertain. The flight altitudes
of the AOTYV are expected to be high, typically about 80 km.
At such high altitudes, air density is low and so the flow in the
shock layer over the aerobrake is likely to be in a chemical (and
thermal) nonequilibrium state. Controversy has existed since
the 1960s on the radiative behavior of gases in such low-density
nonequilibrium flows.* In laboratory tests using shock tubes,
the nonequilibrium phenomenon always led to an increase in
radiation emission, but the volume-integrated radiative heat
flux remained nearly constant over a range of freestream den-
sities. However, in the flight experiments of Fire and Apollo,*
the measured radiative heat fluxes were considerably smaller
than those deduced from the laboratory experiments. Two
different interpretations have been advanced. 1) The collision-
limiting theory states that the frequency of molecular collisions
at low densities is insufficient to maintain the atoms and
molecules in the excited states.? 2) The truncation theory states
that the cold viscous boundary layer at such low densities ex-
tends over most of the shock layer and therefore the shock
layer cannot radiate.*

The controversy cannot be resolved without further research
and experimentation. However, the careful theoretical analysis
of the existing data presented here will be useful. It focuses on
nitrogen flow only, because the kinetics for nitrogen flow are
considerably simpler than for air. The knowledge gained with
nitrogen flow will be helpful in understanding the processes in
air. During the 1960s, fairly thorough shock-tube tests were
carried out by Avco Everett Research Laboratory (in Everett,
Mass.) with nitrogen.>” The tested freestream densities corre-
sponded to those usually obtained at 1 to 10 Torr of pressure
at room temperature. The tested shock velocities were up to
6.4 km/s. In these thermodynamic environments, the kinetic
processes occurring in the flow are 1) vibrational relaxation, 2)
substantial dissociation, and 3) weak ionization. The tests pro-
duced data on the time variation of vibrational, rotational, and
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electronic excitation temperatures; time variation of -radiation
intensities at several selected wavelength regions; the times to
reach the peak in radiation intensity; the times to reach equi-
librium; and the ratio of nonequilibrium- to equilibrium- radia-
tive heat fluxes.

The purpose of the present work is to examine how closely
the best available theoretical technique reproduces the avail-
able experimental data and by confirming that it does, thereby
validate the theoretical technique. As noted earlier,® there are
uncertainties in several physical parameters in the chemical/
kinetic model for such environments. In the present work,
these unknown parameters are varied until the computed quan-
tities agree with the experimental data. The present work thus
serves indirectly to validate those chosen parameters.

The calculation is done using the shock tube radiation pro-
gram (STRAP) developed previously by the author.® Radiative
properties are calculated using the nonequilibrium air radia-
tion (NEQAIR) program developed previously also by the
author.'0:!!

Method of Calculation

A flowfield through a constant-area duct behind a normal
shock wave (as shown at the top of Fig. 1) is analyzed in the
present work. The position of the shock wave is assumed to be
fixed at x = 0.05 cm. The basic governing equations for such a
flow in high-temperature, low-density environments have been
presented in other studies.®*!? The present analysis is based on
the two-temperature model.® In the model, the rotational tem-
perature (7) of the molecules is assumed to be equal to the
translational temperature of the heavy particles (atoms and
molecules). The vibrational temperatures of all molecules in all
electronic states are assumed to be the same and to be equal to
the translational temperature of the electrons. For the purpose
of computing flow properties, the atoms and molecules at the
three lowest electronic-excited states are assumed to be excited
to the equilibrium values corresponding to the electron temper-
ature. (This last assumption is revoked in calculating radiation;
populations of various electronic states are calculated in detail
therein.!®!!) The common vibrational-electron-clectronic tem-
perature is denoted by 7,. The calculation is carried out using
STRAP.® The program accounts for the viscous effects and the
shock-slip phenomena caused by the viscous phenomena. In
the present work, minor improvements and changes were made
to the original STRAP program, as is next described.

Vibrational Model

Appleton'® has shown that, in the region immediately behind
a shock wave in N, where the temperature is below approxi-
mately 9000 K but dissociation has not yet commenced, that is,
in the dissociation incubation region, at least the lowest 10
vibrational states relax with the vibrational relaxation time
constant t given by Millikan and White!* following the
Landau-Teller theory. Based on this finding, Appleton et al.'®
deduced the rate coefficient for the thermal decomposition of
N, (N, + M - N+ N + M) from the rate of disappearance of
the eighth vibrational level seen subsequent to the incubation
period, for the temperature range of 8000 to 14,000 K, if we
assume that the vibrational temperature is the same as the
translational temperature during the dissociation process (one-
temperature model). Baulch ei al.’® considered the reaction
rate coefficient values so deduced to be the most accurate and
recommended them for general use.

This simplistic one-temperature description of the coupled-
vibrational-dissociation phenomena is subject to several uncer-
tainties, especially at high temperatures (above 14,000 K). The
first uncertainty concerns the breakdown of the relaxation time
expression of Millikan and White at high temperatures. Refer-
ence 8 points out that the expression implies an unrealistically
large cross section for vibrational excitation at very high tem-

peratures (temperatures in excess of 40,000 X). Reference 8
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then introduces a means of correcting for this deficiency, in
which the cross-section value asymptotically approaches a spe-
cified value in the limit of an infinitely high temperature. This
limiting cross-section value is presently an unknown quantity.
In the present work, an effort was made to determine the limit-
ing cross-section value through trial and error by comparing
the computed radiation behavior with the behavior observed
experimentally in a shock tube. The cross-section value of
10~ % cm? was found to be most appropriate.

The second problem concerns the depletion of vibrational
energy during dissociation. As pointed out by Treanor and
Marrone,'” thermal dissociation of a molecule occurs preferen-
tially from the upper vibrational states. According to the
theory, one dissociation event depletes vibrational energy by an
amount nearly equal to the dissociation energy of the molecule.
Thus, dissociation substantially lowers the average vibrational
energy of the molecules as compared to that predicted by the
Landau-Teller equation.

The third problem concerns the diffusive nature of vibra-
tional relaxation at high temperatures. It is well known that the
populations of the vibrational states during the combined vi-
brational excitation-dissociation process can only be described
accurately by simultaneously solving the equations of conser-
vation of individual vibrational state populations (see, for ex-
ample, Refs. 18 and 19), that is, the master equations. The
system of master equations can be represented approximately
by a deffusion equation when the gas temperature is sufficiently
large compared with the individual vibrational energy gaps for
the vibrational levels to be considered continuously dis-
tributed.?’ The diffusive nature originates from the fact that the
rate of change of one vibrational state is proportional to the
difference between the rate of incoming collisional transitions
and outgoing collisional transitions, which is, in turn, propor-
tional approximately to the curvature of the population distri-
bution with respect to the vibrational levels. This diffusive
nature additionally reduces the rate of vibrational relaxation at
high temperatures'® as compared to that predicted by the
Landau-Teller equation.

The second and the third problems invalidate the underlying
assumption used by Appleton et al.'* and Baulch et al.'® deduc-
ing the rate coefficient from the experiment of Appleton et al.
In order to interpret correctly the experiment, one must at the
very least know the functional dependence of the rate co-
efficient on the translational-rotational and vibrational temper-
atures. Granting that the populations of the lowest few
vibrational states can be described by a Boltzmann equation
using a unique vibrational temperature, and assuming that the
upper levels deviating from the Boltzmann distribution satisfy
the quasi-steady-state assumption (that is, the rate of change of
the population is negligibly slower compared with the rates of
incoming and outgoing collisional transitions), one can show
from the general properties of the diffusion equation that the
dissociation rate coefficient is a function of the translational-
rotational temperature 7 and vibrational temperature 7,. It is
intuitively obvious, however, that a lower T or T, should result
in a lower rate coefficient.

In the dissociation experiment of Appleton et al.,'* the pref-
erential high-vibrational-state depletion is believed to have oc-
curred substantially. However, the diffusive nature of the
relaxation must have been relatively weak because the tested
temperatures were only mildly high. Due to the preferential
vibrational energy depletion, the vibrational temperature must
have been substantially lower than the translational tempera-
ture during the course of dissociation, which, in turn, must
have reduced the apparent dissociation rate. Because the rate
coefficient value was deduced with the rate coefficient assumed
to be a function only of the translational-rotational tempera-
ture, the preferential vibrational energy depletion phenomenon
is believed to be automatically accounted for by accepting the
rate coefficient so deduced.

Thus, it is believed that the rate coefficient value of Appleton
et al.’® can be used at temperatures higher than 14,000 K, pro-
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Fig. 1 Schematic of a flow through a constant-area duct (shock tube)
and a typical result of calculation; p_ =1.498 x 10~ gfem?,
u,, = 6.4kmfs, obtained using the average-temperature reaction-rate
model, Eq. (11).

vided the diffusive nature of vibrational relaxation is accounted
for. The diffusive nature is accounted for in the present work
by using the theoretical results of Lee.”* For the excitation of
vibrational levels of N, by collisions of electrons, for which
theoretical and experimental excitation cross-section data are
available,?'? Lee has derived the expression for the vibrational
relaxation time. According to the expression, the rate is pro-
portional to an sth power of the difference in temperatures
T, — T, where T, is the electron temperature. The exponent s
asymptotes to 3.5 at high temperatures (above 10,000 K). The
s value of 3.5 evidently results from the diffusive nature of the
process. The electron-impact vibrational excitation process.is
especially diffusive because it is not selective, that is, multilevel
transitions are allowed.

The s value for the heavy-particle impacts needed in the
present calculation has not been determined because cross-
section data for that process are not as reliable as for the
electron-impact process. The same s value cannot be used here
because the heavy-particle impact process is less diffusive than
the electron-impact process because of its selectivity: Heavy-
particle impacts favor a vibrational transition to a neighboring
level. However, at low temperatures in which the vibrational
excitation occurs only to the first vibrational level, s must be
unity as the Landau-Teller equation is valid. At the infinitely
large temperature, one can infer from Ref. 21 that s must also
be 3.5 for the heavy particle-tmpact excitation process, because
the process must be totally diffusive at infinitely high tempera-
ture. Therefore, in the present work, the s value is estimated to
be unity at 4000 K (the temperature for which most experimen-
tal vibrational-excitation-rate data confirm the validity of the
Landau-Teller equation), to be 3.5 at infinite temperature, and
to obey a linear Arrhenius relationship between these two
points. This leads to an approximate expression for s

s = 3.5 x exp(—5000/T,) (1)
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where 7, is the post-shock temperature. The vibrational relax-
ation time 7 thus becomes
T= TO/[(TS - Tu)/(Ts - Tv.\')]SA ! (2)

where 1, is the relaxation time appropriate for this Landau-
Teller equation, corrected for the high-temperature limit as
mentioned previously in the discussion of Ref. 8, and T, is the
post-shock vibrational temperature.

Reaction Model

For nitrogen undergoing dissociation and ionization, the re-
actions that must be considered are

Heavy particle-impact dissociation: 3
N,+M->N+N+M

where M is an unspecified heavy particle

Electron-impact dissociation: (4)
N,+e—->N+N+e
Associative ionization: (5)

N+N->Nf +e

Charge exchange: (6)
N, +N* >N +N

Electron-impact ionization: )
N+e->N*t+e+te

Both the forward and reverse rates of the reactions (4) and (7)
are determined only by the electron temperature, whereas those
of reaction (6) are probably determined only by the heavy-par-
ticle translational temperature. For reaction (5), the forward
rate is determined by the heavy-particle translational tempera-
ture, whereas the reverse rate is determined by the electron
temperature. For the dissociation reaction (3), which is most
important in terms of the energy involved, the reverse rate is
dictated by 7. But the expression for the forward rate co-
efficient is presently indeterminable because it is likely to be
affected significantly by both T and T,. In previous works, the
author proposes two different forms of functional dependence
of the rate coefficient on the two temperatures.®® Reference 23
points out inadequacies in both forms. In the present work,
therefore, three different forms, based on three different kinetic
models, are tested.

One-temperature Model

In this model, the vibrational-electron-electronic tempera-
ture T, is assumed to be the same as the heavy-particle transia-
tional-rotational temperature 7, in calculating both flow
properties and reaction rates. The rate coefficient of dissocia-
tion then becomes

K = CT" exp( ~ Ho/kT) (8)

where C is the rate constant, » the preexponential power, and
H, the dissociation energy.

Vibrational Temperature Model

In this model, vibrational-electron-electronic temperature T,
is assumed to dictate the rate coefficient, so that

K = CT7 exp(—Ho/kT,) (9

This. model would be accurate if dissociation was caused
solely by the breakage of the bond from vibrational stretching.

Average Temperature Model

In this model, the rate coefficient is assumed to be dlctated
by the (geometric) average temperature

T,= /)T xT, (10)
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Table 1 Rate constants used

Ca H()/ka
Reaction cm® mole ! s ! n K Reference
N, +N,»N+N+N, 3.70 x 10?! —-1.6 113,200 15, 16
N, +N->N+N+N 1.66 x 10 —1.6 113,200 24
N,+e->N+N+e 8.30 x 10%* —1.6 113,200 Present work
N+N->Nj +e 1.79 x 10" —-0.77 67,500 25
N, +N* -»Nf +N 9.85 x 102 —0.18 12,100 See text
N+e->N*"+e+e 2.50 x 100 —3.82 168,600 2 x Ref. 26
in the form typically of the order of 10~ !¢ cm?. For a trial, Eq. (12) with a
K = CT" exp(— H,/kT,) (1) ¢ value of 107!¢ cm? was adopted for electronic excitation of

This model allows dissociation of a molecule by both cen-
trifugal tearing caused by rotational motion and vibrational
bond-breaking. The square root of T is a measure of the veloc-
ity associated with the rotational motion, whereas the square
root of T, is a measure of the velocity associated with the
vibrational motion at the midpoint of its range. The product
conceptually represents an average energy level in the phase
space where the two velocities form separate momentum coor-
dinates. The rate expression is also fairly close to the form
recommended in Ref. 23.

The rate constants C, n, and Hy/k have partly been taken
from the existing literature!>!$242¢ and partly fitted in the
present study. They are summarized in Table 1. For the ther-
mal dissociation process (3), the values measured by Appleton
et al.’> and recommended by Baulch et al.'® and Flagan and
Appleton?* have been used for the reasons given earlier. For
the electronic-impact dissociation (4), the best-fit value of C
was deduced in the present work by comparing the calculated
radiation behavior with the experimental data to be discussed
later. For the associative ionization reaction (5), the constants
are deduced from the work of Dunn and Lordi.?* For the
charge-exchange reaction (6), the rate constants were deduced
from the reverse rate of C, which was deduced from the as-
sumption that the reaction takes place with a cross section of
10~ !¢ cm?. For the electron-impact ionization process (7), the
C value in the work of Park®® was multiplied by a factor of 2
to obtain the best fit to the experimental data. The impact of
the present choice of the rate coefficient values are described
later in the discussion section.

Heavy Particle-Impact Excitation

In the original NEQAIR program,!! excitation of electronic
states of molecules is assumed to be caused entirely by the
collisions of electrons with the molecules. However, in the low
end of the velocity regime considered in the present work
(u,, =4.75 km/s), excitation by heavy-particle impact may be
significant. Flagan and Appleton®* deduced the excitation rate
coefficients for the B states of N, and N; from the observed
behaviors of radiation of N, first positive and N first negative
bands at relatively low temperatures, that is, at post-shock
temperatures below 14,000 K. However, these excitation rate
values proved to be too small. According to the present calcu-
lation, the rates of increase in the excitation temperatures cal-
culated using these rate coefficients are much slower than those
observed in the shock-tube experiments. The best agreement
between the calculation and experiment occurs when the much
larger excitation rate coefficients next given are used.

For the electronic excitation of any neutral species, the cross
section is zero at the threshold and behaves approximately as
(e.g., Ref. 27)

Cross-section = ¢ £( y) [y (12)

where y is the ratio of the translational kinetic energy of the
colliding particles to the threshold energy and ¢ is a constant

all transitions in the neutral molecule N,. For ionic molecules,
excitation cross sections are finite at the threshold.?” As the
largest contribution to the rates is usually made at the collision
energies equal to or slightly greater than the threshold energies,
the cross-section value may be assumed to be a constant at the
threshold value. In the present work, the cross section is as-
sumed to be 10~!7 cm?, which is a typical value.?” The heavy
particle-impact excitation processes are significant only at low-
shock velocities (below 5.5 km/s). At higher velocities, calcula-
tions show that excitation of molecular electronic states is
caused primarily by electron impact; hence, the uncertainty in
the cross-section values for the heavy particle-impact excitation
is immaterial.

The difference between the cross-section values deduced by
Flagan and Appleton and those chosen in the present work
may be attributed to the different treatment of vibrational exci-
tation processes: Unlike the present work, Flagan and Apple-
ton assumed that vibrational excitation reached equilibrium
with the heavy-particle translational temperature before elec-
tronic excitation of molecules began.

Treatment of Radiation

In the original NEQAIR program,'! the intensity factors for
molecular radiation, that is, the sums of electronic transition
moments-squared, are those by Allen.?® In the present work,
they are replaced by the more recent values by Cooper,” all in
atomic units: 1.25 for N first negative band; 3.5 for N, second
positive band; and 0.5 for N, first positive band, respectively.
For atomic radiation, the values contained the NEQAIR pro-
gram are used.

In the original STRAP program,’ energy loss by radiation
was neglected. As described in Ref. 12, energy loss by radiation
affects both the total energy and vibrational electron-electronic
energy. In the present work, the energy loss term was added in
the two conservation equations as prescribed in Ref. 12. The
calculation was carried out in an iterative fashion: For the first
calculation, radiation was neglected. Radiation power loss was
then calculated for the converged solution, and the radiative
loss term was then accounted for in the next calculation by
assuming nitrogen to be optically thin. The effect of radiative
power loss on flow properties was seen to be very small in the
present ranges of interest, and hence, only one such iteration
was necessary.

In the experiments,>” radiation was observed through a slit
of 0.05 cm width. The calculation of radiation was made with
allowance for a slit function consisting of a Gaussian profile of
0.05 cm full half-width. Also, radiation was seen to increase
approximately linearly with distance from the shock wave after
the flow reached equilibrium.’ This phenomenon is attributable
to the growth of boundary layers on the wall of the shock tube,
which causes an adiabatic compression of the flow. This effect
was accounted for in the present calculation by assuming the
density and the two temperatures increased at the rate of 2.5
and 1% per cm, respectively, beyond the values calculated by
the STRAP code, starting from the shock wave, for all cases.
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Results

The result of a typical calculation, the case of p. =
1.498 x 107 g/cm? (pressure of 1 Torr at room temperature)
and u,, = 6.4 km/s, is shown in Fig. 1. The average-tempera-
ture model, Eq. (11), was used for computing reaction rates for
this case. As seen in the figure, the vibrational-electron-elec-
tronic temperature 7, is significantly lower than the transla-
tional-rotational temperature T in the first 1 cm. In this region,
T, is raised through the collisional processes. Density and ve-
locity change by a factor of two. Dissociation of N, is signifi-
cant and the molar fraction of N almost reaches 0.5, but
ionization is fairly weak at the calculated conditions.

In Fig. 2, the calculated radiation spectrum is compared with
the measured spectrum in the equilibrium region for the case of
P = 1.498 x 10~°g/cm® (10 Torr pressure) and u, =
4.8 km/s. Both calculation and experiment were made at 200-A
intervals using a monochromator with a wavelength band-
width of 200 A starting at 3100 A. As seen here, the meas-
ured data are reproduced by the calculation fairly accurately,
that is, within the accuracy of the measurement. This adds
support to the method of computing radiation using the
NEQAIR program, at least for known thermodynamic
conditions.

In Fig. 3, the measured rotational temperature is compared
with the translational-rotational temperature calculated in the
present work using the three different reaction-rate models,
Eqgs. (8), (9), and (11). The experimental temperature values
are determined from the ratios of the intensities of the radia-
tion from the (0,1) band of the N first negative system mea-
sured at 4266 and 4243 A. Unfortunately, the experimental
procedure for converting the ratios to rotational temperatures
amplifies any experimental error by an order of magnitude.
This error-amplification phenomenon causes the relatively
large scatter in the experimental data. Because of this large
scatter, the experimental data cannot resolve the validity ques-
tion between the average-temperature model [Eq. (11)] and the
vibrational temperature model [Eq. (9)]. However, the figure
proves that the scale of relaxation of translational-rotational
temperature is approximately reproduced by both models.

In Fig. 4, the measured vibrational temperatures are com-
pared with the calculated vibrational-electron-electronic tem-
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Fig. 2 Comparison between the measured and calculated spectra for an
equilibrium region behind a shock wave; p_ = 1.498 x 105 g/cm® and
u,, = 4.8 km/s. The wavelength intervals and passband are both 200 A.
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peratures. Here, the measured temperatures are those of the
N3 B state (the upper electronic state of the N3 first negative
system), and the theoretical values are the vibrational tempera-
tures common to all molecules in all electronic states. The
experimental data completely disagree with the calculated val-
ues. This proves that the present assumption that vibrational
temperatures of all molecules in all electronic states are the
same is most likely wrong. A more sophisticated model in
which vibrational temperatures of the different molecules and
different electronic states are separately calculated would be
necessary to describe the observed phenomenon. This inade-
quacy in the present model is not likely to affect other aspects
of the problem, however. Most of the vibrational energy is
contained in the ground electronic state of the N, molecule.
The method of treating vibrational energy described in Refs. 9
and 12 and adopted here strictly applies only to the ground
electronic state. As long as the ground electronic state is cor-
rectly treated, the flow energies and associated reaction rates
would be correctly represented. The only quantity the vibra-
tional temperature of the N B state will affect is the spectral
intensity distribution of the N3 first negative system. Accord-
ing to the procedure adopted in the NEQAIR program, the
wavelength-integrated intensity of a band system is determined
mainly by the electronic excitation temperature of the upper
state; the vibrational temperature of the upper electronic state
affects only spectral distribution of the integrated intensity.
However, the discrepancy seen in Fig. 4 leaves the present
vibrational model unverified.

In Fig. 5, the excitation temperature of the N, B electronic
state, as determined from the integrated intensities of the N,
first positive system using the NEQAIR program, is compared
between the theory and experiment. As mentioned briefly in the
beginning of the method of calculation section, the NEQAIR
program calculates electronic excitation temperatures from the
first principles using the nonequilibrium thermodynamic prop-
erties obtained by solving the flow equations. Hence, the results
shown in Fig. 5 are free of the assumption made in the flow
calculation that the first three electronic excited states are in
equilibrium with the ground state at the vibrational-electron-
electronic temperature T,. In Fig. 5, the average-temperature
model is seen to be in closest agreement with the experimental
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Fig. 3 Comparison between the measured rotational temperature of
the N3+ B state and the translational-rotational temperature calculated
using the three reaction-rate models, Egs. (8), (9), and (11);
P =1.498 x 10~% gfem® and u,, = 6.4 km/s.
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Fig. 4 Comparison between the measured vibrational temperature of
the N3 B state and the vibrational temperatures (of the ground electronic
state of the N,) calculated using the three reaction-rate models;
P =1.498 x 106 gjcm® and u_ = 6.4 km/s.

data. The theoretical values are not affected significantly by the
uncertainty in the electronic excitation cross sections for heavy-
particle impacts [see Eq. (12)] at u,, = 6.4 km/s, as the elec-
tron-impact excitation process is dominant over the heavy
particle-impact process here.

In Fig. 6, the distance- or time-history of the variation of
radiation intensity in the wavelength range of 5500 to
10,000 A, which is produced mainly by the N, first positive
system, is compared between the theory and experiment. The
calculation is made using the three reaction-rate models. As the
figure shows, the computed time-history of the radiation inten-
sity agrees most closely with the experimental data when the
dissociation rate is calculated using the average-temperature
model given by Eq. (11): Only the theoretical calculation made
using this model correctly reproduces the ratio between the
peak and the asymptotic plateau intensity value and the profile
of variation.

In Fig. 7, the calculated and measured histories of radiation
intensities are compared at 4266 and 4243 A, which represent
different rotational lines within the (0,1) band of the N3 first
negative system, with a wavelength pass band of 5 A. Here, the
average-temperature model, Eq. (11), is used in the calculation.
As the figure shows, the calculated temporal variation agrees
closely with the experimental results: Not only the general
shapes, but the peak intensity points are correctly reproduced
by the calculation.

In Fig. 8, the two characteristic radiation relaxation times,
that is, the times to reach the peak in radiation intensity and
the times to reach the intensity 1.1 time the equilibrium values,
are compared between the theory and experiment over a wide
range of freestream velocities. The relaxation times are those of
the radiation in the wavelength range from 5500 to 10,000 A.
The theoretical values at u,, =4.75, 5.54, and 6.4 km/s are
calculated using the same freestream density values as in the
experiment,’ that is, those corresponding to 10, 3, and 1 Torr
at room temperature, respectively. All three reaction models
predict the characteristic times approximately correctly at the
low-shock velocity ¥ =4.75 km/s. But at higher velocities, the
one-temperature model underestimates the relaxation times
significantly. The vibrational temperature model, Eq. (9), and
the average-temperature model, Eq. (11), agree equally well
with the experimental data. At u_, = 4.75 km/s, the calculated
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Fig. 5 Comparison between the measured electronic excitation temper-
ature of the N, B state and the excitation temperature calculated using
the three different reaction-rate models; p_ = 1.498 x 10~¢ g/em® and
u,, = 6.4 kmfs.

peak point value was found to be determined mostly by the
choice of the cross-section values for excitation of mol-
ecular electronic states by the impacts of heavy particles
[see Eq. (12)]. The good agreement between the calculated
and the experimental results at this velocity validates the cross-
section values chosen. To provide a basis for future
experimental comparison, the calculation was made also at
8km (p, =4.494 x 1077 g/cm?) and 10 km/s (p,, = 1.498 x
10~ 7 g/cm®.

In Fig. 9, the ratios of nonequilibrium-to-equilibrium radia-
tive heat fluxes in the wavelength range from 5500 to 10,000 A,
calculated under the assumption that the gas is optically thin,
are compared between the theory and experiment. The radia-
tive heat flux at any given point can be represented approxi-
mately in the present environment using the infinite-slab
approximation by half the radiation emission power integrated
over the distance from the shock wave to that point. The
nonequilibrium-radiative heat flux is defined*®’ as this flux
integrated to the point where the intensity reaches 1.1 times the
equilibrium value. If we denote emission power by e and the
equilibration point by subscript e, the nonequilibrium-to-
equilibrium radiative heat-flux ratio becomes

nonequilibrium-to-equilibrium radiative heat-flux ratioo
oo

e
o e X,

Figure 9 shows a relatively large scatter in the experimental
data. As the nonequilibrium flux values are relatively easy to
measure accurately, the scatter is believed to be due to the
errors in the determination of the equilibrium flux values. The
equilibrium flux values are determined from the radiation in-
tensity levels at their plateaus in their time-history records (os-
cillograms). The plateau values are affected at least by two
known shock-tube imperfection phenomena: The first is the
boundary-layer growth on the wall that changes the test gas
properties; the second is the mixing with the driver gas that
cools the test gas and sometimes introduces luminous impurity
species. As the figure shows, all three models are equally valid
at the low-shock velocity, but the average temperature is dis-
cernibly better at the high velocity. The agreement is to within
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Fig. 6 Distance- or time-history of intensity of radiation from the 5500
to 10,000 A wavelength range calculated using the three reaction-rate
models, compared with the experimental data; p,_ =1.498 x 10— g/
em?® and u, = 6.4 km/s.
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Fig. 7 Distance or time history of intensity of radiation from the 4266
and 4243 A with a passband of 5 A calculated using the average-temper-
ature reaction-rate model, Eq. (11), compared with the experimental
data; p_, = 1.498 x 10~ g/cm® and u_, = 6.4 km/s.

the experimental scatter for the average-temperature model.
In Fig. 10, radiative heat fluxes and characteristic relaxation
distances calculated by the average-temperature model are
shown for various freestream densities and velocities. The cal-
culation was made in order to provide directions for future
studies, both theoretical and experimental, of the flow regimes
beyond those considered in the foregoing comparison. The
radiative heat fluxes in the upper part of the figure are deter-
mined through the same integration procedures used in pro-
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Fig. 9 Comparison between the measured ratios of nonequilibrium-
to-equilibrium radiative heat fluxes for the wavelength range of 5500
to 10,000 A and those calculated using the three reaction-rate models.

ducing the data shown in Fig. 9. However, unlike the Fig. 9
data, the radiation intensity values include those from all possi-
ble radiation mechanisms considered in the NEQAIR pro-
gram. The radiative heat fluxes are almost constant at high

‘
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Fig. 10 Nonequilibrium-radiative heat fluxes and characteristic relax-

ation distances calculated with the average-temperature reaction model,
over varying freestream densities.

densities, but decrease as freestream density decreases below
certain points. The flat region occurs according to the binary
scaling law.* The decrease at low densities is caused by the
collision-limiting phenomenon.* The plot of the characteristic
relaxation distances at the lower part should be useful in esti-
mating the shock stand-off distance at which the nonequi-
librium-radiative heat flux is expected to become smaller than
the full integrated value shown in the upper part. When the
stand-off distance is smaller than the equilibration distance, the
actual radiative heat flux reaching the wall will be reduced
because the relaxation phenomenon will be truncated.

Discussion

From the foregoing comparison between the theoretical and
experimental results, it is clear that the average-temperature
model expressed by Eq. (11) yields the closest agreement with
the existing experimental data. The method closely reproduces
the temporal variation of the electronic excitation temperature
of the N, B state (Fig. 5), radiation intensities at three selected
wavelength ranges (Figs. 6 and 7), and the characteristic relax-
ation times (Fig. 8). It also reproduces the measured rotational
temperatures (Fig. 3) and the ratios of nonequilibrium- to
equilibrium-radiative heat fluxes (Fig. 9) to within the accuracy
of the experimental measurements. Disagreement exists only
for vibrational temperature (Fig. 4). As mentioned earlier,
there is no evidence to support the theory that the measured
vibrational temperature of an excited electronic state of N
should be the same as that of the ground state of N,. Instead,
there are several possible reasons why it could not be the same:
The species N3 itself is transient in nature and its concentra-
tion is out of equilibrium until all other reactions reach equi-
librium (see Fig. 1), and hence, the quasi-steady-state
conditions assumed in the NEQAIR program are never
reached; the formation mechanism of the N3 B state may be
such that the vibrational levels are preferentially populated;
and curve-crossing of the B state potential by several repulsive
potentials may produce fast depletion of higher vibrational
levels through predissociation, etc. To resolve this point, one of
the following two steps must be taken: The vibrational temper-
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ature of the ground electronic state of N, could be measured
experimentally, or a theory could be developed that indepen-
dently calculates the vibrational temperature of the N5 B state.
If these data are excluded, the two-temperature kinetic model
developed here is capable of reproducing the experimental data
for velocities up to 6.4 km/s.

The relatively good agreement between the theory and ex-
periment described in the present work is a significant improve-
ment over previous studies.*® This improvement can be
attributed to the following: 1) Adoption of the latest vibra-
tional relaxation model by Lee?! according to which the relax-
ation rate is proportional to an sth power of the temperature
difference (T' — T,) [where s is determined by Eq. (1)]. 2) Use of
the reaction rates based on the average temperature, Eq. (11).
3) For the lowest flow velocity considered, accounting for the
electronic excitation of molecules by the collisions with heavy
particles.

As described in the reaction model and indicated in Table 1,
the reaction rate constants for the three reactions are more or
less arbitrarily chosen. Of these three, the constants for the
charge-exchange reaction are inconsequential: The rate is so
fast that the process is most likely in local equilibrium, in which
case the ratio of the number densities of the two ions involved
becomes a function of temperatures and not a function of the
rate coefficient. The same comment applies to the association
ionization process. The multiplicative factor of 2 that was in-
troduced for the electron-impact ionization process slightly im-
proved the agreement between the theory and experiment. In
view of the uncertainty existing in the rate coefficient value,
modification of the rate coefficient by a factor of 2 may be
considered tolerable. The largest uncertainty concerns the
choice of the C value for the electron-impact dissociation reac-
tion. In all plots of the relaxation, the final approach to equi-
librium was seen to be dictated mostly by the choice of this
value. The magnitude of the present C value is reasonable
considering the fact that the vibrational excitation of N, by
electron impacts occurs very rapidly.??> Thus, the present
choice of the rate coefficient values can be justified, provided
the fundamental assumption of the present work is valid.

The fundamental assumption of the present work is that the
dissociation rate coefficient values of Appleton et al.'® that
were used in the present work automatically account for the
preferential high-vibrational-state depletion phenomenon (see
the vibrational model section) in the present model. To be
precise, the experimental data of Appleton et al. must be inter-
preted using the two-temperature model. Such reinterpretation
is bound to increase the value of C. With this larger value of C,
the exponent s in Eq. (2) will be different, and every aspect of
the present findings will be affected. In particular, the theoreti-
cal vibrational temperatures will be lower than those shown in
Fig. 4, thereby reducing the extent of discrepancy between the
theoretical and the experimental data. Dissociation of N, has
been studied experimentally in the past by using an interferom-
eter that measured density changes accompanying dissocia-
tion.*>3! This method gave higher rate coefficient values than
those by Appleton et al. The rate coefficient values have also
been deduced from the rates of production of the N atoms’?;
this computation gave even higher C values. It should be possi-
ble to deduce a consistent set of the constants corresponding to
a two-temperature model from all these existing experimental
data sets. Such work needs to be done in the futurc.

Conclusions

Using recent information and innovations, a two-tempera-
ture kinetic description of nitrogen has been formulated that
enables one to numerically reproduce experimental data on
radiative behavior behind normal shock waves in a shock
tube up to a freestream velocity of 6.4 km/s. The theoretical
vibration model, which accounts for the diffusive nature
of vibrational relaxation but neglects preferential high-
vibrational-state removal by dissociation, suggests that an
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average temperature controls the dissociation rates and
accounts for the electronic excitation of molecules during the
collisions between a molecule and a heavy particle. The model
approximately reproduces 1) translational-rotational tempera-
ture, 2) electronic excitation temperature, 3) temporal variation
of radiation intensities, 4) characteristic relaxation times, and
5) the ratio of nonequilibrium- to equilibrium-radiative heat
fluxes. The vibrational temperature of the ground electronic
state of N, computed by this model does not agree with the
measured vibrational temperatures of the B state of N5 . As
there are no other vibrational temperature measurements avail-
able in the literature, direct verification of the present vibra-
tional model could not be accomplished. Experimental
measurement of vibrational temperature of the ground elec-
tronic state of N, is needed for ultimate validation of the
present model.
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