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Validation of Multitemperature Nozzle Flow Code

Chul Park*
NASA Ames Research Center, Moffett Field, California 94035

and

Seung-Ho Leef¥
Eloret Institute, Palo Alto, California 94303

A computer code nozzle in n-temperatures (NOZNT), which calculates one-dimensional flows of partially
dissociated and ionized air in an expanding nozzle, is tested against three existing sets of experimental data
taken in arcjet wind tunnels. The code accounts for the differences among various temperatures, i.e., trans-
lational-rotational temperature, vibrational temperatures of individual moelecular species, and electron-electronic
temperature, and the effects of impurities. The experimental data considered are 1) the spectroscopic emission
data, 2) electron beam data on vibrational temperature, and 3) mass-spectrometric species concentration data.
It is shown that the impurities are inconsequential for the arcjet flows, and the NOZNT code is validated by

numerically reproducing the experimental data.

Nomenclature
cross-sectional area of nozzle, m?
reaction rate constant, cm*mole ~'s~ 1, Eq. (1)
vibrational energy of species i, J/kg
enthalpy, J/kg
forward reaction rate coefficient, cm*/(mole-s)
reverse reaction rate coefficient, cm?/(mole-s)
or cm®(mole?-s)
unspecified third body in dissociation
pre-exponential temperature power, Eq. (1)
probability for vibration-vibration energy
transfer
pressure, atm
gas constant, J/(kg-K)
entropy, J/(kg-K)
translational-rotational temperature, K
characteristic reaction temperature, K
electron-electronic temperature, K
temperature controlling forward rate, K
temperature controlling reverse rate, K
vibrational temperature of species i, K
temperature controlling a reaction, K
distance from throat, m
vibration-electronic energy transfer cross
section, cm?
cross section for energy transfer between
vibrational modes of different molecules,
cm?
7, = electron-thermal to vibration relaxation
time, s
vibrational relaxation time of Millikan and
White, s )
heavy-particle translational to vibrational
relaxation time for species i, s
ratio of the vibrational relaxation time behind
a shock to that in expanding flow
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Subscripts

e = electron-electronic
i = species index

s = settling chamber
k

throat

Introduction

T has been known for several decades that a high-enthalpy

gas flow expanding through the nozzle of a high-enthalpy
wind tunnel exhibits thermal and chemical nonequilibrium
phenomena. The nonequilibrium phenomena cause several
undesirable effects in the testing of models in such a wind
tunnel. The first well-known nonequilibrium phenomenon
concerns vibrational excitation, studied in some depth in Ref.
1. Simple correlation formulas for the so-called vibrational
relaxation time 7,, were devised in Ref. 2 by which the re-
laxation times for a flow with little or no dissociation can be
calculated. The correlation formula is invalid if the gasis NO,?
or if the gas contains atomic oxygen.*-¢

Considerable efforts have been made to experimentally de-
termine whether the vibrational temperature behaves in an
expanding flow as predicted by the 7, values derived from the
shock wave experiments.”~'* Results of such experiments seemed
to indicate that vibrational relaxation in an expanding flow
occurs at a rate faster than behind a shock wave.”#!314 The
studies led to the introduction of a quantity ¢ that represents
the ratio of the relaxation rate in an expanding flow to that
behind a shock wave. It was generally agreed in those early
studies that ¢ is nearly unity if the colliding species is argon,’
about 3 for CO colliding with CO,! and a value much larger
than 3 if the gas is air’!* or contains impurities.”'' Recent
theoretical studies of Ruffin and Park,!” and experimental
studies by Sharma and his associates,!>-!* show that ¢ is no
more than 1.5 for pure N, for the relaxation of vibrational
energy and the average (energy-averaged) vibrational tem-
perature corresponding to the vibrational energy. However,
the vibrational temperature defined by the distribution of the
low vibrational states is generally lower than the average vi-
brational temperature because of the so-called Treanor dis-
tribution among them.'”-"* The magnitude of the difference
between the two vibrational temperatures depends on the
extent of prevalence of the Treanor distribution.

The second well-known nonequilibrium phenomcnon in a
diatomic gas concerns freezing of atomic recombination pro-
cesses.! Despite the prominence of this theory, very little
experimental measurements have ever been made to date to
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confirm it. The only systematic study was made by Mac-
Dermott et al..>"*! who measured the species concentrations
in the test section of an arcjet wind tunnel using a mass-
spectrometer. Their work showed that the measured species
concentrations did not agree with those calculated using the
then best-available technique. The measured concentration
of atomic oxygen was smaller, and that of atomic nitrogen
was very much larger than predicted. One could further cite
the indirect verification of the freezing phenomenon, such as
the work in Ref. 22, in which the angle of the oblique shock
wave formed over a wedge is measured. Because the shock
angle is related to the amount of chemical energy contained
in the freestream, the shock angle could be an indicator of
the nonequilibrium state in the freestream. However, such
measurements cannot be said to be definitive because of the
uncertainty associated with the nonequilibrium flow process
behind a shock wave.??

Independently, electron number density and electron tem-
perature have been measured in diatomic gases by Dunn and
Lordi.**~** Their works showed that electron temperature is
considerably higher than the heavy-particle translational tem-
perature. Electrons cool rapidly along the nozzle if the flow
contains oxygen. A theory has been postulated to explain this
behavior,”” but has not yet been tested quantitatively against
the experimental data. Very recently, a spectroscopic emis-
sion measurement of the vibrational and electronic temper-
atures has been made of the stream produced in an arcjet
wind tunnel.”® The result obtained shows that the electronic
temperature is considerably higher than the vibrational tem-
perature of NO.

To complicate the problem even further, theoretical pre-
diction has been made recently that a finite, though small,
amount of energy, called “‘hidden energy,” may be contained
in the highly excited vibrational and rotational modes in an
expanding flow that has never been accounted for previ-
ously.”

Thus, the problem of nonequilibrium in an expanding flow
is at best very poorly understood. Existing experimental data
disagree with theoretical predictions, or have not yet been
explained fully. It is the purpose of the present work to explain
the existing experimental data, and through the process, to
produce a tool by which the nozzle flow behavior can be
correctly calculated.

The effort centers around a newly developed code named
NOZNT (nozzle in n-temperatures). The code is a modifi-
cation of NOZ3T introduced in Ref. 29. In NOZNT, as-
sumption is made as in NOZ3T that the rotational temper-
ature of the molecules is equal to the heavy-particle translational
temperature 7, and the electronic excitation temperature is
equal to the electron translational temperature T,. However,
unlike NOZ3T, the vibrational temperatures of the individual
species i, T,;, are taken to be in general different from each
other, as well as from T and T,. The vibrational temperatures
are the energy-averaged temperatures, which relaxes accord-
ing to the known relaxation rates.'® The temperatures T,; and
T, are calculated by integrating the governing rate equations
accounting for vibration-to-translation, vibration-to-vibra-
tion, vibration-to-electron thermal, and vibration-to-elec-
tronic energy transfer mechanisms, and radiative cooling. All
processes affecting electron-electronic energies considered in
Ref. 27 are accounted for in the code. The recent results of
Sharma et al.'® and Gillespie et al.!'¢ are used as the basis for
calculating vibrational temperatures. Attention is given to the
possible effects of impurity species in the flow. The calculation
was performed to numerically recreate the three sets of ex-
perimental data taken in arcjet wind tunnels: 1) the spectral
emission measurement,? 2) the electron beam measurement
of vibrational temperature,'* and 3) the mass spectrometric
measurement of species concentrations.>’?!

The present work shows that by using the available infor-
mation on rate parameters, and selecting some of the un-
known rate parameters appropriately, the three sets of ex-

perimental data can be reproduced fairly closely using the
NOZNT code. The vibrational relaxation occurs at the same
rate in an expanding flow as behind a shock wave as found
by Sharma and his associates,'*!'*!® and the low observed
atomic oxygen concentration and high observed atomic ni-
trogen concentration are attributable to the enhanced rates
of NO exchange reactions caused by the high electronic tem-
perature of the species involved.

Method

Flow Equations

The computer code NOZNT solves a one-dimensional steady
flow through a convergent-divergent nozzle in the dissociated
and ionized regime. Equilibrium is assumed at the entrance
of the nozzle. The early portion of the nozzle flow is solved
assuming equilibrium, to an arbitrary point, either upstream
or downstream of throat, specified by the user. The flow
downstream of this point is solved assuming multitemperature
nonequifibrium as mentioned above. The various tempera-
tures enter into determination of the rate coefficients as de-
scribed later. Except for those specified below, the basic ther-
mochemical model used is the same as those in Ref. 30.
Additionally, a variation of NOZNT, NOZIT, is developed
in order to calculate the flow assuming all temperatures to be
the same, for the purpose of comparison. The basic formu-
lation is the same as in the standard nonequilibrium flow
calculation method such as that in Ref. 31. The so-called
hidden vibrational and rotational energies postulated in Ref.
29 is neglected because it is very small.

Nozzle geometry is determined by specifying the area ratios
A/A, at three points x = x|, x,, and x,, where x is measured
from the throat. A combination of hyperbola and parabola is
used to produce a smoothly varying area change with a non-
negative dA/dx at the exit. For all example calculations pre-
sented in the present work, nozzle geometry is assumed to
be hyperbolic, i.e., conical with a smooth transition at throat,
of the form A/A, = 1 + cx?, and the nonequilibrium cal-
culation is initiated at a point early upstream of the throat.

The equations are solved by marching in space using the
implicit integrating scheme of Ref. 32. In that scheme, spatial
step sizes are automatically adjusted to limit errors to within
a given tolerance. The tolerance is set through trial and error
to a value below which the solution no longer depends on it.

Reaction Rates for Air

General
In a multitemperature environment, one expresses the re-
action rate coefficients in the form®

k, = CT exp(—T,/T) M

The unspecified temperature 7, is designated as 7 in a for-
ward (endothermic) reaction, and as 7, in a reverse (exo-
thermic) reaction.

Atomic Recombination Reactions

In an expanding flow under study, the predominant reaction
is atomic recombination, for which vibrational temperature
is not involved. Therefore, the temperature in control of dis-
sociation/recombination processes for an expanding flow is
the translational-rotational temperature 7, T, = T. T, is set
also to T for the sake of simplicity for atomic recombination
processes.

There exist in the literature many sets of reaction rate pa-
rameters C and n chosen for air. Three sets of the parameters
are considered in the present work: 1) those of Park,* 2)
Lordi et al.,*" and 3) the National Aero-Space Plane (NASP)
Committee.> The set by Lordi et al. is referred to here as
NENZF set because it was used in the computer code non-
equilibrium nozzle flow (NENZF).?' The NASP set provides
the parameters only for M = Ar (argon). Park’s rate coef-
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Table 1 Reaction rate coefficients for air (C is in em®mol ~'s~!)

Reaction M T, T, C n T, Ref.
Dissociation reactions
N.+M—->N+ N+ M N T T 3.0* -1.6 113,200 30
O — 3.0% —— J— N
N, — _— 7.0% — —_ _
0, e _— 7.0% e —_— R
NO — —_— 7.02 —_ — _
e T, T, 1.2%5 N .
0. +M—-0+0+M N T T 1.0% —-1.5 59,500 30
0 S — 1.0%2 —_— —_— _—
N, — _— 2.0% —_— —_— _—
O, — — 2.0% —_ —_— —_
NO _— -— 2.0% — R _—
NO+M-0+0+M N T T 1.17 0.0 75,500 30
O —_— e 1.17 _ —_ _—
N, — e 5.0t _ _— _—
0, — —_— 5.0% _ —_ _—
NO —_— _ 1.17 —_ —_— _—
Neutral exchange reactions
N, + O—-NO + N —_— T. T 1.8 0.0 38,400 35
NO+0—-0,+N —_ To1T9° T 2.4° 1.0 19,220 35
Associative ionization reactions
N+ O—-NO* + e _— T T, 8.88 1.0 31,900 36
O0+0—-07 +e —_ T T, 7.12 2.7 80,600 36
N+ N—-N7 +e —_ T T, 4.47 1.5 67,500 36
Electron-impact ionization reactions
O+e—=0"+e+e —_— T, T. 3.9% —-3.78 158,500 30
N+e—>N"+e+e e T, T, 2.5% -3.82 168,600 30
Cu+e—-»Cut +e+e _ T, T. 8.6 —-3.62 89,640 B
Ar+e—> Art + e+ ¢ —_— T. T, 2.3% —3.60 182,890 @
Radiative recombination reactions
O+ hv< 0" + ¢ e T. e 1.1 —-0.52 R 36
N+ hve Nt + ¢ —— T. -— 1.512 -0.48 —_— 36
Cu+ hve—Cu* + ¢ —_ T. E— 1.5 —0.48 —_ b

“Reverse rate assumed to be the same as for N + e —> N* + e + e. PAssumed to be the same as for N* + ¢ — N + hv.

ficient values are slightly higher than the NENZF values for
oxygen dissociation/recombination. The M = Ar value for
NASP set is considerably smaller than the other two. In the
present work, Park’s set is selected because, as will be shown
later, it best reproduces the experimental data.

Exchange Reactions
The two NO exchange reactions

N, + O—=NO + N (2)
NO+0—-0,+N 3)

are substantially endothermic. Therefore, forward rates are
expected to be fast if the oxygen atom appearing as a reactant
on the left side is electronically excited to its ! D state. There
are many reactions in which 6('D) is known to accelerate
reactions (e.g., Ref. 34). In addition, if the reactant mole-
cules, N, and NO, are vibrationally excited, the forward re-
actions will occur faster. Therefore, T for this reaction should
be a function of T, and 7. The weight of T, should be greater
for reactions of greater endothermicity. Reaction (2) has a
relatively large endothermicity of 315 KJ/mol. For the reason
to become apparent later, we set for this reaction

(N,+ 0O—>NO +0) T,=T. (4)

Reaction (3) has a smaller endothermicity of 133 KJ/mol. For
this reaction, we set

(NO + 0O— 0, + N) T, =T)'TY (5)
The choices of T, made in Egs. (4) and (5) will be discussed
further in the Discussion.

For the reverse rates of the NO exchange reactions, elec-
tronic or vibrational excitation of reactants is immaterial be-

cause the rates are exothermic. Therefore, T, for both re-
actions (2) and (3) is taken to be T. The C and n values
for these reactions are taken from the work of Hanson and
Similian.**

The rate parameters adopted in the present work for re-
actions (2) and (3) are the same as those in the NASP set.
The selected rate coefficients are the same as those adopted
by Park?’-* at 4000 K. However, there exists a considerable
difference between the Park/NASP set and the NENZF set,
especially for reaction (3).

Ionic Reactions

For the electron-impact ionization and ionic recombination
process X + e = X* + e + e, rate coefficients are given in
Ref. 30 for N and O. Electron temperature 7, is the con-
trolling temperature for both k, and k&, for this process. The
rate coefficients for the radiative recombination reactions of
the form X + hv < X* + e are given also for N and O in
Ref. 36. The radiative recombination of molecular ions,
NS +e—=N, + v, Of +e— O, + hv, and NO*™ + ¢
— NO + hv are neglected for the reason that they are neg-
ligibly slower than the competing dissociative recombination
processes discussed below.

Associative lonization/ Dissociative Recombination

The rate coefficients for the dissociative recombination re-
actions N + N« N} + ¢, 0+ O« 07 +e,and N +
O < NO* + e have been determined in an expanding flow
by Dunn and Lordi.?*2° They were reevaluated by Park in
Ref. 30 using additional experimental data. They are re-eval-
uated again in Ref. 36. The values in Ref. 36 are used in the
present work. The controlling temperature for the forward
reactions (associative ionization) is 7 for these reactions, while
7T, is the controlling temperature for the reverse reactions.
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The controlling temperatures, the values of C and » for all
reactions considered, and their sources, are summarized in
Table 1.

Excitation Rates for Air

Vibration-Translation Coupling

As mentioned in the Introduction, the vibrational temper-
atures used in the present work are the energy-averaged tem-
peratures. The Millikan-White values of vibrational relaxation
times will be denoted here by the symbol 1. The formula
requires two parameters a and b that are functions of the
molecular constants. Millikan and White have shown that
these parameters can be expressed for many gases by the
simple expressions given in Ref. 2. For the cases where the
molecule is NO or the colliding species is an atom, existing
experimental data®-® show that Millikan-White’s expressions
for a and b severely overestimate the relaxation time.*® The
a and b values for these exceptional cases are determined in
Ref. 36 from the existing experimental data. In the present
work, the a and b values recommended in Ref. 36 are used.

As mentioned in the Introduction, in an expanding flow,
Tmw value must be divided by a factor ¢, which is in general
larger than unity, i.e.,

T = Taw. /P

The quantity ¢ is taken to be 1.5 for both N, and O,, the
maximum possible value given to N, in Refs. 12, 15, and 16.
For NO, it is taken to be 3, the value for CO.!!

Vibration-Vibration Coupling

The rates of vibrational energy transfer between different
molecules are calculated from the experimental data of Ref.
37. The data are fitted in the present work using the energy
transfer probability P of the form

(N, — NO) P = 5.5 x 10-5(T/1000)>3
(N, — 0,) P = 3 x 10-5(T/1000)>%

For the O,-NO encounters for which data are lacking, the P
value is taken to be the same as for the N,-NO encounters.
The cross section for energy transfer between the molecules
i and j is calculated as o, = 107 '"P cm?.

Vibration-Electron Coupling

The coupling between the electron translation and vibration
is calculated for N, using the work of Lee.*® For O, and NO,
the same equation is used by shifting the effective electron
temperature by the ratios of characteristic vibrational energies
of the respective molecules, and by multiplying them by 300.
This leads to

TeolT.) = 300 x 7,.,(1.492T,)
Tenol(T) = 300 x 7,,(1.239T,)

The factor 300 accounts for the fact that the electron-vibration
energy transfer cross sections for O, and NO are approxi-
mately that much smaller than those for N,.**

Impurities
Origin of Impurities

In an arcjet wind tunnel, copper is introduced into the flow
{e.g., Refs. 40 and 41), mostly from the electrodes. Therefore,
a finite amount of copper is assumed to exist in the flow. The

copper concentration is varied to investigate the effect of its
presence.

Reaction Rates

When Cu interacts with oxygen, CuO can form. CuO has
relatively low binding energies, i.e., 2.7 eV, and therefore

are unlikely to be produced in significant concentrations in
the environment typical of an arcjet wind tunnel. The copper
impurity has an ionization potential substantially lower than
those of N or O. Therefore, it undergoes electron-impact
ionization and recombination reactions Cu + e = Cu™ + ¢
+ e, and radiative recombination Cu + Av < Cu* + e to
a significant extent. Reference 42 shows that the recombi-
nation rate coefficients of all atoms are nearly the same. For
this reason, the ionic reaction rate of Cu is selected in such
a way that its reverse rate is the same as for nitrogen. The
radiative recombination rate coefficient of copper is assumed
to be the same as that for nitrogen for the same reason.

Vibrational Relaxation Parameters

Effects of metallic species on vibrational relaxation rate are
unknown. However, it is suspected that these impurities en-
hance the vibrational relaxation rates greatly.” To test this
hypothesis, the vibrational relaxation times of N,, O,, and
NO by the collisions with the impurity species Cu are given
the shortest physically-possible times, that is, 3 X 107 s at
8000 K, and 4 x 10-Y s at 1000 K. This leads to a = 5.753
and b = 0.2594 for these species.

Results

Ames Arcjet Wind-Tunnel Flow

Gopaul et al.>® at Ames Research Center determined the
temperature(s) of the freestream flow in the test section of
an arcjet wind tunnel from the radiation spectra emitted by
the flow. For this experiment, p, was 2.4 atm. The test gas
was 90% air and 10% argon by volume. The mass-averaged
flow enthalpy was 22 MJ/kg. The enthalpy at the centerline
region of the test section, as determined from heat transfer
rate measurement, was about 28 MJ/kg. The best agreement
between the experimental and theoretical results is seen for
the centerline enthalpy value of 30 MJ/kg.

According to the calculation, O, is almost totally dissociated
in this flow environment. The concentration of NO* is neg-
ligibly small compared with those of N+ and O™, and there-
fore can be neglected. The flow behavior is affected very little
by the presence of copper, up to a concentration of several
hundred ppm. The probable reason might be that the flow
contains many free electrons, and so most of the electron-
electronic energy is in the thermal mode of the electrons.

Emissions from the gamma and delta bands of NO mole-
cules were measured spectrographically in the test section.
Because the flow is hot only in the central core region of the
flow, the observed emission is believed to emanate only from
the core region. From the intensity pattern of the gamma
band, rotational temperature T, was determined to be about
T = 560. From the fact that the radiation from the v = 1
state of the upper electronic state of the gamma band was
absent, the vibrational temperature of NO, T,(NO), was de-
termined to be less than 950. From the ratio of the intensity
of the delta system to that of the gamma system, the electronic
temperature is determined to be about 11,500 K. Since this
was a single data point, the extent of error is unknown.

The experimental data are compared with the present cal-
culation in Fig. 1. As seen in here, the vibrational tempera-
tures of N, and NO differ greatly. The measured values of T
and T,(NO) agree fairly well with the calculated values. How-
ever, the measured 7, is nearly twice the calculated value.
The reason for this may be that the two electronic states, from
the populations of which 7, is deduced, are not in equilibrium
with the electron translation mode as assumed in the present
model (see Discussion). However, the fact that the measured
T, is at least not equal to T or T, (NO) is an indication that
a multitemperature approach is warranted.

Although not shown, the calculated vibrational tempera-
ture of NO was seen to be virtually unaffected by the choice
of ¢ value: the ¢ value of 1.5 used for N, and O, leads to
nearly identical results as the presently chosen value of 3.
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Table 2 Operating.conditions of the AEDC arcjet experiments and mole fractions at exit

calculated by the present method

Pe T, H, N, 0, NO,
atm K S/R Ml/kg AlA* fraction fraction fraction
15 2300 29.24 2.684 5000 3.62°% 4.53-+ 1.5172
20 2300 29.02 2.684 5510 2.517¢ 3.89~4 1.52-2
10 3000 31.06 3.803 4180 4.17 > 1.08-2 4.27-2
15 3000 30.68 3.780 4340 3.51-3 7.74-3 4272
20 3000 30.37 3.766 5040 3.17°° 6.107° 428°*
5 4000 34.46 6.771 2040 2.4873 1.33! 5.00-2
10 4000 33.41 6.408 3330 1.87-3 9.0572 5.84-2
15 4000 32.83 6.224 3980 1.5673 6.70~2 6.13°*
20 4000 32.43 6.106 4410 1.49-3 5.3272 6.382
5 5000 37.03 9.669 1905 1.8872 23571 4,062
Air, ps=5 atm, H=9.7 MJ/kg
10000, —" —— Calculated T
3 L 5000 | Calculated Tv
6 Mo - -- Calculated T,
5 “~| ® Electron beam [T,(Ny) ] |- -=------
. MacDermott et al (1969)
. 4000 A Electron beam [T(N,) ]
« MacDermott et al (1969)
g 2
3
® x
@ . 3000
Q o
€ 5
@ 1000 B
sk g
T [o0%Air+10%Ar, p=2.4 atr: E 2000
st H=30 MJ/kg, (Cu)=5x10
a4 |—— Calculated
® Emission spectra, T
3F Gopaul et al (1993) 1000
2 ] 1 1 i ] 1 1
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
Distance from throat, m |

Fig. 1 Comparison between the calculated and the measured tem-
peratures along nozzle in air in an arcjet wind tunnel; measurement
using emission spectroscopy.

AEDC Arcjet Vibrational Temperature Measurement

Vibrational and rotational temperatures of N, were mea-
sured in an arcjet wind tunnel (18-in. Low Density Wind
Tunnel) at AEDC by MacDermott et al.'’ using an electron
beam device. The operating conditions of the wind tunnel are
presented in Ref. 13 in terms of the settling chamber pressure,
temperature, and entropy S/R. The corresponding enthalpy
values are presented in Table 2. The geometrical area ratio
of the nozzle used in the experiment was about 8100. How-
ever, due to the viscous effects, the effective area ratio, de-
duced from the pitot impact measurements, varied between
1900-5500 as seen in the table.

As was the case with the arcjet flow in Ames’ experiment,
and as was concluded in Ref. 39, the flow behavior is affected
little by copper. The calculation results shown here were car-
ried out assuming copper concentration of 50 ppm by mole.

The calculated vibrational and rotational temperatures at
the nozzle exit are compared with the experimental data for
one case, the case of p, = 5 atm and H = 9.67 MJ/kg, in
Fig. 2. The extent of possible errors in the measurement has
not been indicated in Ref. 13, and hence is presently un-
known. The figure shows that the present calculation agrees
with the experimental data to within about 15%.

In Fig. 3, the calculated vibrational temperatures at the
nozzle are compared with the experimental data over the
entire range of measurement. Shown also in the figure are
the calculation by MacDermott et al.'* As seen here, the
present calculation shows better agreement with the experi-
mental data than MacDermott’s calculation. The difference
between the two calculations is mainly the effect of N,-O

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

Distance from throat, m

Fig. 2 Comparison between the calculated and the measured tem-
peratures along nozzle in air in an arcjet wind tunnel; measurement
using electron beam.

Air, pg=5-20 atm, H=2.7-10 MJ/kg
® Electron beam, MacDermott et
al (1969)

—CO— Present calculation
----- Calculation, MacDermott et al
¥ 5000} (1969)
¢
=)
i
@ e
o
E 4000
p-]
- -
=z
=]
®
& 3000 °
> .~
o o °
z
o 2000 g e
N °
o
2
1000 1 L L 1 L L
28 30 32 34 36 38 40

Reservoir entropy S/R

Fig. 3 Comparison between the calculated and the measured vibra-
tional temperature of N, at nozzle exit in air over the entire range of
arcjet experiment.
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collisions on vibrational relaxation: at the time of Mac-
Dermott’s work, the effect of O atoms on N, vibration® was
unknown.

AEDC Arcjet Species Concentration Measurement

In addition to measuring vibrational and rotational tem-
peratures, MacDermott et al.?*! also measured in the arcjet
wind tunnel concentrations of O, N, N,, O,, and NO using a
mass-spectrometer. In Fig. 4, the mole fractions calculated
by the NOZNT code are compared with the experimental
data for the case p, = 5 atm and H = 9.67 MJ/kg. The error
bars in the figure represent the extent of the scatter in the
experimental data. As seen in the figure, the calculated spe-
cies mole fractions for N,, O,, O, and NO undergo a freezing
process, as prediced by the theory. Also, their exit values
agree fairly well with the experimental data. However, the
mole fraction of N undergoes a peculiar variation. Instead of
monotonically decreasing, it increases slightly beyond x =
0.3 m. Although not perceptible in this plot, the O fraction
decreases slightly in the region where N fraction increases.
Examination of the forward and reverse rates of all reactions
reveals that the behaviors of O and N seen here are caused
by the multitemperature effect on the NO exchange reactions,
reactions (2) and (3). Because the forward reaction is (as-
sumed to be) determined mostly by 7, = T, (see Table 1)
while the reverse reaction is by 7, = T, the reaction proceeds
from left to right in the downstream region. This causes a
decrease in O fraction and an increase in N fraction.

Although not shown, the calculated exit values of O and
N fractions are seen to be affected sensitively by the choice
of T,, given by Eqs. (4) and (5), for reactions (2) and (3).
The less weight on T, and the more weight on T, the higher
becomes the O fraction and the lower becomes the N fraction.
The choice made in Eqs. (4) and (5) must be adhered to in
order to numerically reproduce the experimental data.

In Fig. 5, a comparison is made on the nozzle exit species
mole fractions among the three different methods for flow
calculation for the case considered: the present (NOZNT)
method, the one-temperature nonequilibrium calculation
(NOZI1T) using the present rate coefficients, and the one-
temperature calculation using the NENZF rate coefficients.
As seen here, the one-temperature calculations overestimate
O fractions and severely underestimate N fractions. The use
of NENZF rate coefficients results in a greater discrepancy
from the measured values than the present rate coefficient
values.
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Fig. 4 Comparison between the calculated and the measured species
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ment using mass spectrometer.
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Fig. 5 Comparison between the measured species concentrations at
nozzle exit and those calculated using different methods for arcjet
wind-tunnel experiment.

In Figs. 6a—6c, the calculated nozzle exit species mole frac-
tions are compared with the measured values over the tested
range. The values for N, O, and NO are listed also in Table
2. The one-temperature calculations shown as dash curves in
the figures are taken from the work of MacDermott et al.*
Although not shown, the one-temperature calculation using
NENZF rate coefficient reproduces the dash curve fairly closely,
except for species N. Calculation with NENZF rate coeffi-
cients results in N-concentration values much smaller than
MacDermott’s. The present method gives results that agree
fairly well with the experimental data over the entire tested
range. The one-temperature calculation always overestimates
O fraction and severely underestimates N fraction, as seen in
Fig. 5.

Discussion

The observed agreement between the calculated vibrational
temperatures and the values measured in arcjet flows is an
evidence that the basic vibrational relaxation model of Sharma
and his associates'>'¢ used in the present work, which states
that vibrational relaxation in an expanding flow occurs at the
same rate as behind a shock wave, is correct, and that the
apparent fast vibrational relaxation in a nozzle’-* is caused by
the presence of greater concentration of atomic oxygen there
than behind a shock wave.

Howard et al.'* measured the average vibrational temper-
ature of NO across a wind-tunnel nozzle flow. They also made
nonequilibrium calculation of the vibrational temperature.
They reported that the measured vibrational temperatures are
slightly lower than the calculated values, e.g., 899 K compared
to 1100 K for run R3B4. This set of data was not studied in
the present work because of the uncertainty introduced by
the boundary layer. The outer region of a boundary layer in
a hypersonic environment is much hotter than the freestream
due to recovery of flow kinetic energy. The phenomenon
tends to raise the measured average vibrational temperature.
Therefore, the vibrational temperatures in the core of the
nozzle flow in the experiment of Howard et al. are believed
to be less than those measured. According to the present
calculation, the NO’s vibrational temperature is only 412 K
for run R3B4.

Figure 5 shows that there still exists a discernible discrep-
ancy between the present model and the experimental data
on species concentrations. Calculations show that better
agreement can be obtained if the electronic temperature af-
fecting the NO exchange rates, Eqs. (4) and (5), i.e., the
temperature corresponding to the concentration of the 'D
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state of O atoms, is assumed to be higher than that given by
the present model. Common sense would say that the 7, given
by Egs. (4) and (5) depend too strongly on T, a T, with more
equal weights on T,, T,, and T would seem intuitively more
appropriate. If the electronic temperature for 6(*D) is indeed
higher than that given by the present model, then a 7T, with
a more equal weight on these three temperatures could suc-
cessfully reproduce the experimental data.

Figure 5 indicates that measured electronic temperature of
NO A2%+ state is higher than assumed in the model. On the
other hand, Ref. 28 shows that the electronic temperature of
the NO B2[] state is lower than that of the A?%* state. These
clues lead to the suspicion that there is no common electronic
temperature among the different electronic states of a species,
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not to mention among different species. This means that the
assumption of electronic temperature being equal to electron
temperature may not be valid, and that the O(' D) temperature
could be indeed higher than that given by the present method.
Correctly modeling this problem is left for the future.

It is to be noted that an attempt had been made in Ref. 43
to compare the results of the calculation by the NOZNT code
with the experimental data taken in shock tunnels.®2*-2¢ It
was shown therein that the measured vibrational and electron
temperatures are lower than calculated by NOZNT. Refer-
ence 43 attributes the difference between the experiment and
the calculation to the impurities, such as iron or sodium,
in the shock-tunnel flow. An alternative explanation of the
discrepancy may be that the lower-state vibrational tempera-
ture, to which the line-reversal temperature® and electron
temperature>*-2* tend to be tied, could be substantially lower
than the average (energy-averaged) vibrational temperature'®
calculated in NOZNT in the shock-tunnel test cases because
of the Treanor distribution (see Introduction). The impact of
the Treanor distribution must be accounted for in order to
correctly model the shock-tunnel cases. This task is left for
the future.

Finally, one must recognize that carrying five or more tem-
peratures in calculation would strain multidimensional cal-
culations considerably. One would hope that there would be
a simpler model requiring fewer than five temperatures, and
yet correctly accounting for energies in different modes at
least grossly. Whether such a model is possible remains to be
investigated in the future.

Conclusions

Using the NOZNT code, it is possible to numerically ap-
proximately reproduce the existing sets of experimental data
taken in arcjet wind tunnels. The magnitudes of various tem-
peratures satisfy the relationships T,(N,) > T,(O,) > T.(NO)
> T,and T, > T,(N,). Vibrational relaxation in an expanding
flow occurs at the same rate as behind a shock wave as con-
cluded by Sharma et al.,'® but appears faster only because an
expanding flow contains atomic oxygen in a greater concen-
tration. Concentration of atomic oxygen is less, and that of
atomic nitrogen is greater at the nozzle exit than those cal-
culated by the conventional one-temperature model, because
of the enhanced NO exchange reactions resulting from the
elevated T,. Uncertainty still exists about the behavior of
electronic excitation temperature and the extent it affects the
concentation of atomic oxygen at nozzle exit.
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