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Computation and Experiment of Nonequilibrium
Nozzle Flow of Arc-heated Air
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Numerical simulations of a nonequilibrium nozzle flow of arc-heated air were carried out using an eight-
temperature model composed of translational, N,-rotational, O;-rotational, NO-rotational, N,-vibrational, O;-
vibrational, NO-vibrational, and electron temperatures. The on-axis profile of each temperature in the nozzle is
shown and the thermal characteristics of the nozzle flow are discussed. Measurements of NO emission spectra
were also made at wavelengths 220-265 nm at the nozzle exit to determine NO rotational temperature by a curve-
fitting method. Computed rotational temperature of NO at the nozzle exit was compared with the experimental
temperature to discuss the nozzle flow model introduced to the present numerical analysis. Moreover, the present
computation was applied to a nozzle flow in another arcjet facility. The comparison between the computed NO
rotational temperature and the experimental temperature showed reasonable agreement.

Nomenclature
A = nozzle cross section
a = speed of sound
Cs = mass fraction of species s
E = total energy
e = internal energy
é, = production rate of electron energy due to

inelastic collision
e s = production rate of rotational energy of species s
due to inelastic collision

éyib,s = production rate of vibrational energy of species s
due to inelastic collision

h = enthalpy

ho = formation energy of species s per mol

k = Boltzmann constant

M = Mach number

M, = molecular weight of species s

m = mass flow rate

N = number of species

P = arc power

p = pressure

QOr_r = translation—rotation internal energy transfer
rate per volume

QOr_y = translation—vibration internal energy transfer
rate per volume

QOr_. = translation—electron internal energy transfer
rate per volume

Qr_. = rotation—electron internal energy transfer

rate per volume
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Qy_y = vibration—vibration internal energy transfer
rate per volume

Qy_. = vibration—electron internal energy transfer
rate per volume

q = heat flux

R = gas constant

T = temperature

t = time

u,v = velocity components in streamwise and radial
directions, respectively

Vi = diffusion velocity of species s in the x ;-direction

X = axial coordinate

y = radial coordinate

n = efficiency of arc heating

Oy = characteristic temperature for vibration

A = thermal conductivity

0 = density

T = viscous stress

Subscripts

s = species s

e = electron

rot = rotation

tr = translation

vib = vibration

1 = before arc heating

2 = after arc heating

Introduction

N arc-heated wind tunnel can well serve laboratory experi-

ments on aerodynamic heating during atmospheric entry of
space transportation systems and on surface catalysis of thermal pro-
tection material. However, it is extremely difficult to determine tem-
perature, density, velocity, and species concentrations at the nozzle
exit simultaneously. The numerical calculation of a thermochemical
nonequilibrium nozzle flow from the discharge section to the nozzle
exit is expected to be the most useful tool to determine such proper-
ties at the nozzle exit. Arc-heated high-temperature air is rotationally
and vibrationally excited and partially dissociated and ionized. In
the process of expansion of such high-temperature air in a nozzle,
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energy transfers between internal energy modes take place. This
process is in thermal nonequilibrium. Therefore, the nozzle flow-
field analysis of high-temperature air needs thermal nonequilibrium
treatment; namely, rotational and vibrational temperatures should
be separated into those of each molecular species.

Babikian et al.! made spectroscopic measurements of NO band
systems emitted from arc-heated air and determined NO rota-
tional and vibrational temperatures at the nozzle exit. In addition,
they compared these temperatures with those deduced from com-
putations of a one-dimensional nonequilibrium nozzle flow and
obtained a satisfactory agreement. Their computations used a
five-temperature model of Ty, TvibN,» Tvib,0,> LvibNos and T, and
assumed that T,, = T,,. Babu and Subramaniam? conducted numer-
ical simulations of a quasi-one-dimensional nozzle flow with a mix-
ture of CO, Ar, and H; as test gas. Their thermal model was an
equilibrium one. Park and Lee® made a validation of a multitemper-
ature nozzle flow code by comparing numerically analyzed temper-
atures with two different sets of existing experimental data. They
concluded that numerical calculations could approximately repro-
duce the existing experimental data taken in arcjet facilities. Ther-
mochemical nonequilibrium in a supersonic freejet expansion of
high-temperature air was numerically investigated by Nishida and
Matsumoto* using multivibrational temperatures similar to those
used by Babikian et al.! However, unlike Babikian et al.’s analy-
sis, an axisymmetric flow model was adopted. A multi-vibrational-
temperature model similar to that of Babikian et al.! was also
introduced by Bourdon et al.’ to their nozzle-flow simulations of
N, O,, NO, N, and O in high-temperature air. However, they still
assumed that rotational temperature is equal to translational tem-
perature. In their work, the influences of vibration—vibration and
vibration—translation energy transfer rates on on-axis temperatures
in the nozzle were investigated.

On the other hand, emission spectroscopy measurements in arc-
jet have been extensively carried out to determine rotational and
vibrational temperatures. Winter and Auweter-Kurtz® measured
emission spectra from N} and N, in an arc-heated air and deter-
mined their rotational and vibrational temperatures by a curve fitting
method. Lago et al.” performed experimental simulations of an arc-
heated Titan-like atmosphere (99% N, + 1% CH,) and a Mars-like
atmosphere (97% CO, + 3% N,) and also determined the rotational
and vibrational temperatures of CN, NH, and NJ by means of a
curve-fitting method.

Previous nozzle flowfield computations of high-temperature air
assumed thermal equilibrium between translational and rotational
temperatures. However, more accurate analysis needs to separately
treat rotational temperature and furthermore to separate rotational
temperature into those of molecular species, namely N, rotational,
O, rotational, and NO rotational temperatures. In particular, in
cases where rotational temperature deduced from optical emis-
sion spectroscopy is compared with that from numerical analysis
of a high-temperature nozzle flow, the analysis of rotational tem-
perature for each species is required. It is because of this that in
the present study, thermal-nonequilibrium nozzle flow computation
of high-temperature air was developed using an eight-temperature
model consisting of translational, N,-rotational, O,-rotational, NO-
rotational, N,-vibrational, O,-vibrational, NO-vibrational, and elec-
tron temperatures. Computed NO temperature at the nozzle exit is
compared with the experimental one deduced from emission spec-
troscopy in an arcjet facility with air as the working gas. In addition,
the present computation is applied to the nozzle flow at another ar-
cjet facility and computed NO rotational temperature is compared
with existing experimental data.

Nozzle Flow Computation

Analysis of Arc Heating

The arc heater considered in the computation is a conventional
constrictor-type arc heater that has the same geometry as that used
in the present experiment. The arc-heating of a test gas is modeled
as described below. Although the test gas is actually arc-heated in
the entire region of the constrictor, the discharge energy is injected
into the test gas only at the end of the constrictor as shown in Fig. 1.

Energy Input

Nonequilibrium Flow

Fig. 1 Arc heater and nozzle.

Immediately after the heating, not only translation but also rotation
and vibration are excited, and at the same time dissociations and ion-
izations take place. These processes instantaneously finish; namely,
athermochemical equilibrium state is instantaneously established at
the end of the constrictor. Thus heated test gas is expanded through
the divergent portion of the nozzle.

Equations of energy conservation and continuity for this heating
process can be written respectively as

i(hy 413 [2) + 0P =it (hy + 143 /2) (1)
,02M2A =m (2)

InEq. (1), m(h; + uf /2) is neglected, because it is sufficiently small
compared with the input arc power. It is assumed that the arc-heated
gas starts to expand into the divergent portion of the nozzle at a
speed of sound, so we put u, =a,. If m, A, n and P are known,
the state after heating can be determined from Eqs. (1) and (2)
by using the computational code for thermochemical-equilibrium
high-temperature air. The gas treated here is high-temperature air
composed of Ny, O, NO, N, O, N, Of, NO*, N*, OF, and e~.
Species mass concentrations of original air are Cx, =0.765 and
Co, =0.235. First, equilibrium species mass fractions are deter-
mined by an approximate method; namely, they are calculated using
amean temperature that is constant in the radial direction. This tem-
perature is obtained from the arc power in such a way as to satisfy
mH =nP,where H is the total enthalpy. This calculation is coupled
with the calculation of equilibrium species mass fractions. Although
a mean temperature is obtained, the temperature after heating, 75,
is expected to have a radial profile. Therefore in this study, as the
first attempt, the radial profile of temperature is approximated by a
connection of two parabolic curves. The wall temperature is kept
at 1000 K and the on-axis temperature at the throat is determined
so that the radial integral of enthalpy is equal to the injected arc
power, that is, f puHdA =nP, where the local velocity is assumed
to be sonic and set equal to the local speed of sound calculated from
local temperature and the local density was determined in such a
way as to satisfy f pudA = m. Calculated properties are employed
as upstream conditions for a nozzle flow analysis.

Model of a Thermal Nonequilibrium Nozzle Flow

The following assumptions are introduced into the nozzle flow
analysis of high-temperature air:

1) The flow is axisymmetric and viscous.

2) A thermal nonequilibrium with eight temperatures is intro-
duced: translational temperature (7), rotational temperatures of
individual molecular species (TiorN,s Trot,0,5 Trot,N0), Vibrational
temperatures of individual molecular species (TyibN,, Tvib,0,»
Tyiv.No), and electron temperature (7).

3) Chemical reactions in the nozzle are frozen.

A test calculation of nozzle flow taking into account chemical reac-
tions returned a chemically frozen flow under the conditions used
in the present analysis; thus all the present nozzle flow calculations
were performed with a chemically frozen flow model.

Governing Equations
The steady-state nozzle flow is numerically calculated by inte-
grating in time the unsteady equations and obtaining its large-time
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limit. The problem is described by Navier—Stokes equations con-
sisting of mass conservation, momentum, overall energy, molecular
species s-rotational energy, molecular species s-vibrational energy,
and electron energy equations in unsteady form. They are written
as follows:

Mass conservation:

) 0 ;
p (ou;) -0 3)
dt ij
Momentum:
d(pu;)  d(pu;u;) op 93T
_— _— = —— —_— 4
ot + a.Xj Bx,- + B.X_,' ( )
Overall energy:
d(pE A (pE i dqg; o(u;t;;
(k) Ok +pul 3¢,  dwiTy) 5)
ot an 3.Xj 3.Xj

Rotational energy of molecular species s:

0(psero (perorsU 0Gros. .
()0 t,s) + PCrot j) — _ Grot J +QT_R_S+QR_()_S+€|»0L5

ot 0x; ox;
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Vibrational energy of molecular species s:
9 (psevib,s) d(peyiv sit ) 0yib,s5,j
o ok, ax, Qr—v.s
+ QV—V.S + QV—(',S + évib,s (7)
Electron energy:
d(pe, d(pe.u ; 9., ou;
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ot 8xj 8xj ij
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Total energy E is given by:
E = Z Cxetr,s + Z Cserot.s + Z Csevib,s + Ceee
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N
Coo, 1 2
+Zﬁshs+5(u +v?) ©)

s=1

where Zs s denotes the summation over all species except electron
and ) _ = the summation over molecular species. Translational
energy ey s, rotational energy e, ;, and vibrational energy ey, ; for
species s are expressed as, respectively,

ers = (2R Ty (10)
erots = RiTrovs an
evibs = RyOviv,s /[eXP(Oviv,s/ Tvibs) — 1] (12)
e. = (2)R.T. (13)

where a rigid rotator model and a harmonic oscillator model are
considered for molecular rotation and for molecular vibration, re-
spectively. Overall, rotational, vibrational, and electron heat fluxes
in the x; direction are given by the following equations:

aTtr a Trot s il Tvib s
= —AvT— — E Arots ——— — E Avi :
qj t an part ot,§ 3)(]‘ ~ b,s axj
N
aT,
- )Le — + \'hx' V,r j 14
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8Tr .8
Grot,s,j = _)‘-mt‘x e + PsCrot,s Vs,i (15)

3.Xj

aTvib,x
Gvib,s,j = —Avib,s + Dsevib,s Vs,j (16)
an
= ey oy, (17)
qz’,_/ = 28X. Pelle e,j

J

The nozzle flow is assumed to be chemically frozen, so that é,, ; =0,
évib,x = 0, and ée =0.

Properties of High-Temperature Air

Transport Properties

The transport properties (viscosity, thermal conductivity, diffu-
sion coefficient) can be calculated using the Yos formula,® which
is based on the first Chapman—Enskog approximation. They were
given by Gupta et al.’

Energy Transfer Between Internal Energy Modes

The energy transfers considered here are translation—rotation
(T-R), translation—vibration (T-V), translation—electron (T-e),
rotation—electron (R—e), vibration—vibration (V-V), and vibration—
electron (V-e), as shown in Fig. 2.

T-R Energy Transfer

Lumpkin'® and Parker!' independently developed models for
translation—rotation energy exchange rate. The Lumpkin model is
based on experimental data of nitrogen and therefore it only applies
to nitrogen. On the other hand, the Parker model can calculate the
energy exchange rates for both nitrogen and oxygen. Hence, the
Parker model was employed here. Parker gave the collision num-
bers only for nitrogen and oxygen. Because there are no available
experimental data for NO, the collision number for NO is set to the
average of those for nitrogen and oxygen in the present study.

T-V Energy Transfer
Vibrational relaxation in an expanding flow is faster than that
behind a shock wave, so that Millikan and White’s expression for
vibrational relaxation time'?> must be divided by a factor of ¢. The

value of ¢ was proposed to be as follows?:
¢N2 = 1-57

$o, = 1.5, ¢no =3

T—e Energy Transfer

The rate of translational energy transfer between heavy particles
and electrons given by Lee!? is used. The approximate expression
for the collision cross section of electron—neutral particle encounters
proposed by Gnoffo et al.'* is used here. Coulomb cross section is
employed for electron—ion encounters.

R—e Energy Transfer

The energy transfer between rotational and electron energy modes
was also considered in the energy conservation equations. The ex-
pression for R—e energy transfer was obtained by extending the
expression given in the work of Nishida and Matsumoto* to a
multirotational-temperature model.

Rotation (Np)
Rotation (Op)
Rotation (NO)

Vibration (Np)

[Vibration (Oy)}+—{Vibration (NO)
J

Fig. 2 Energy transfer between internal energy modes.




ABE ET AL. 431

V-V Energy Transfer

The vibration—vibration energy transfer rate between two differ-
ent molecular species used here is based on the work of Candler and
MacCormack." The energy transfer probabilities were taken from
the work of Park and Lee.’

V—e Energy Transfer

The relaxation time for the nitrogen vibration—electron energy
transfer rate was given by Lee.!® The vibration—electron energy
transfer cross sections for O, and NO are much smaller than that for
N,, so that the vibration—electron energy transfer relaxation times
for O, and NO are used here by multiplying that for N, by 300
(Ref. 3).

Computational Results

Nozzle Entrance Conditions

Computations were made for the conditions of an arc-heated wind
tunnel at the Department of Aeronautics and Astronautics, Kyushu
University (KU), operated at a maximum arc power of 20 kW
(Ref. 17). First, the nozzle entrance conditions, that is, the conditions
immediately after arc heating, were determined with the present ex-
perimental conditions of arc power 12.8 kW, mass flow rate 0.43 g/s,
and constrictor (nozzle throat) diameter 5 mm. Note that the heat-
ing efficiency was taken to be 0.4 according to Kim et al.'® and
Park et al."”” Numerical results show p =36.2 kPa, T =11,700 K,
and u = 2.28 x 10 m/s on the axis. Although the computed equilib-
rium temperature is as high as 11,700 K, this temperature is merely
the on-axis temperature and the temperature at the wall is kept at
1,000 K, as mentioned earlier. Computed species mass fractions are
shown in Table 1. It is apparent that the dominant species are N,,
0, N;r, NO, O,, and NO*. Radial profiles of temperature and total
enthalpy are shown in Fig. 3, and those of velocity and density in
Fig. 4.

Nozzle Flow Field

A set of governing equations are numerically solved using the
second-order upwind total variation diminishing scheme of Harten—
Yee type® for the convection terms and the second-order central
difference for viscous, heat-conductive, and diffusive terms. Calcu-
lations used the same nozzle geometry as in the present experiments,
which is such that the divergent portion is conical in shape, nozzle
throat (entrance) diameter is 5 mm, nozzle exit diameter is 100 mm,

Table 1 Species mass fractions at throat

N, 0 Ny NO 6))
7.03x 107" 138x107" 6.14x 1072 3.78x 1072 3.69x 102
NO* N N+ o5 ot
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Fig. 3 Radial profiles of temperature and enthalpy at throat.
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Fig. 5 On-axis temperature profiles.

and nozzle cone half angle is 15 deg. The nozzle entrance conditions
determined in the preceding section serve as the upstream boundary
conditions. No slip conditions are imposed on the nozzle wall; that
is, u = v =0 and equitemperature of 1,000 K was assumed at the
nozzle wall.

On-axis temperatures obtained from the axisymmetric nozzle
flow computation are shown in Fig. 5. There is a small kink in
the vicinity of the nozzle throat. This is due to a weak oblique shock
generated inside the nozzle. It can be seen that Ty, n, and T, are
completely in equilibrium. This strong coupling is owing to the fact
that the energy transfer rate between the vibrational energy mode
of nitrogen and electron energy mode is much higher than those
between other molecular species and electrons.? Rotational temper-
atures of Ny, O,, and NO are nearly in equilibrium with each other.
However, they are completely in nonequilibrium with translational
temperature. This evidence shows a need at least to separate ro-
tational temperature from translational temperature. It can be also
seen that O, vibrational temperature is less than rotational tempera-
ture in the vicinity of the throat and that NO vibrational temperature
is less than rotational temperature in the upstream half region of the
nozzle. Park has already shown similar features.?! He explained that
the relaxation of vibrational temperature to translational temperature
is faster than that of rotational temperature in high-temperature re-
gions. According to the present calculations, the R—e energy transfer
was negligibly small compared with the T-R energy transfer under
the present conditions.

Computed flow properties on the centerline at the nozzle exit
are pressure 11.9 Pa and Mach number 6.54. On-axis tempera-
tures at the nozzle exit are shown in Table 2. This table shows
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Fig. 6 Emission spectra from arc-heated air.

Table 2 Computed temperatures at nozzle exit (K)

Ttr Trot, Ny Trol, (023 Trot, NO
850 1,700 1,600 1,800
Tyib.N, Tviv,0, Tyib.NO T,

6,100 3,100 2,000 6,100

TyibN, > Tiib,0, > Tvib,No > T This feature coincides with the con-
clusion of Park and Lee.® At the nozzle exit, Ty no is slightly larger
than all the rotational temperatures. This is due to the nozzle entrance
conditions (conditions after arc heating) and nozzle geometry. NO
rotational temperature at the nozzle exit will be compared with the
experimental one later.

Spectroscopic Measurements

Emission spectra of NO of arc-heated air at wavelengths of 220—
265 nm were measured in an arc-heated wind tunnel in KU. As
mentioned earlier, the arc heater is connected to a nozzle of 5 mm
in entrance diameter, 100 mm in exit diameter, and 15 deg in cone
half angle. Arc-heated air is expanded through the nozzle and is
discharged into a cylindrical test chamber 1 m in length and 1 m in
diameter. It is repeated that experimental conditions were such that
the mass flow rate of the test gas was 0.43 g/s and arc power was
12.8 kW. The corresponding enthalpy was 29.8 MJ/kg.

Only the radiation emitted from the center axis at the nozzle exit
was focused onto a multichannel spectrometer. Spectral intensities
were then detected by an image-intensified charge-coupled device
(ICCD) camera. The spectrometer has an entrance slit of 10 um
width, 25 cm focal length, and a flat plate grating of 1800 lines/mm.
The detector of the spectrometer is an ICCD camera with 576 x 384
pixels, mounted on the spectrometer. The spectral resolution of the
analysis system is 0.04 nm per pixel. The CCD was cooled to 243 K
to reduce thermal noises. The exposure time was taken equal to 1 s.
The spectral responses of the present grating and ICCD are flat over
the wavelength range of interest, 220-265 nm.

Measured spectra at wavelengths 220-265 nm are shown in Fig. 6.
NO band spectra, which are typical in high-temperature dissociated
air, can be observed. The NO y(0,1) band spectra are not disturbed
by other NO spectra, so they were selected to determine rotational
temperature of NO by a curve-fitting procedure.

Figure 7 illustrates the curve fitting using SPRADIAN, which is
a computational code for spectral intensity and radiative heat flux

— Experiment

— SPRADIAN
(T, u00=2500K)

7O Zros

230 232 234 236 238 240
Fig. 7 Curve fitting using SPRADIAN (Fujita and Abe??).

developed by Fujita and Abe.?? The determined NO rotational tem-
perature is 2500 & 50 K. This error is caused by that in the curve
fitting. The experimental temperature is compared with the com-
putational temperature of 1800 K. This comparison shows that the
computed NO rotational temperature is 28% lower than the mea-
sured one. Although the current model performance is not perfect,
it may be mentioned that the present computation can predict NO
rotational temperature within an error of about 30% for this arc-jet
facility. Further discussion on the model performance will be given
later by comparison to the results for another facility.

Comparison with Other Experiments

Watanabe et al.”> measured NO spectra in a 750-kW arc-heated
facility at the National Aerospace Laboratory (NAL), Japan. This
facility has a segment-type arc heater connected to a nozzle 25 mm
in entrance diameter, 115 mm in exit diameter, and 15 deg in cone
half angle. Using a curve-fitting method, they determined NO ro-
tational temperatures from band spectra of §(0,1), §(0,2), §(0,3),
¥(0,0), and y(0,1). Their results are shown in Table 3. The present
nozzle computation was applied to the nozzle flow of arc-heated air
at the NAL facility, and the computed NO rotational temperature
was compared with the experimental one. Experimental conditions
were such that the test gas was air, the mass flow rate was 10 g/s,
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and the enthalpy was 18.5 MJ/kg. First of all, assuming a heating
coefficient of 0.3, thermochemical equilibrium properties after arc
heating were computed in the same manner as for the KU facility
mentioned earlier. The factor of 0.3 accounts for the fact that the
NAL facility has a plenum chamber downstream of the arc heater, so
that the total enthalpy loss is expected to be more than that of the KU
facility, which has no plenum chamber. Imposing these properties
as upstream boundary conditions of the nozzle, nozzle computation
was conducted. Computed nozzle entrance conditions of the NAL
facility were p =16.9 kPa, T =2900 K, and u=1.12 x 10° m/s.
The equilibrium temperature, 2900 K, immediately after arc heat-
ing is lower than 11,700 K at the KU facility. Although the arc power
of the NAL facility is larger than that of the KU facility, the mass
flow rate of the test gas in the NAL facility is higher than that of
the KU facility by a factor of 20.8, which implies that the enthalpy
per unit mass of the NAL facility is less than that of the KU arcjet
facility. This could be why the temperature established after the arc
heating at the KU facility is higher than that at the NAL facility.
Calculated species mass fractions are shown in Table 4, from which
it is seen that the dominant species are N,, O, O,, and NO. Two
species, NJ and NO™, are no longer dominant species, although
they were dominant species in the KU facility.

On-axis temperatures in the nozzle are depicted in Fig. 8. Unlike
the result shown in Fig. 5, rapid relaxation of the O, and NO vibration
cannot be seen. This is due to relatively low temperature at the nozzle
entrance.

Computed on-axis flow properties at the nozzle exit are
p=92.1 Pa and M =4.7, and on-axis temperatures there are
shown in Table 5. Computed NO rotational temperature is 730 K,
whereas measured temperature varies from 400 50 K for §(0,3)
to 825 +£25 K for y(0,1) as shown in Table 3. Except for 5(0,3),
the computed results differ from the measured ones with an error of
10-13%.

Table 3 NO rotational temperature (K) measured
at NAL arcjet facility

3(0, 1) (0,2 50.3)  v@©.0  y©O1
660+40 670+£30 400£50 6704+40 825+25

Table 4 Computed species mass fractions at nozzle throat

of NAL arcjet facility
N, 0 0, NO NO*
7.46x 1071 1.11x 107" 9.85x 1072 445x 1072 827 x107*
Ny N N* oF ot
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Fig. 8 On-axis temperature profiles in nozzle of NAL arcjet facility.

Table 5 Computed temperatures (K) at nozzle exit
of NAL arcjet facility

Tlr Trot, Ny Trot, (0)) Trol, NO
630 690 690 730
Tyib.N, Tviv,0, Tyib,NO T
2,700 1,300 980 2,700

As mentioned earlier, the comparison between measured NO ro-
tational temperature and corresponding computed value in the KU
facility shows an error of about 30%. At present, we have no com-
plete explanation for this discrepancy, but some factors are to be
focused on. Although the arc power in the NAL facility is higher
than that in the KU facility, the mass flow rate in the NAL facility
is also much higher and the on-axis temperature in NAL is rather
lower than that in KU. Moreover, the NAL facility has a segment-
type arc heater, which is much longer in the streamwise direction
than the arc heater in the KU facility. This also means that the NAL
facility provides a longer time period of arc heating. These facts may
indicate that the flow condition in the NAL facility could achieve
the thermochemical equilibrium state more sufficiently, which is
assumed in the present study in calculating properties at the throat.

Conclusions

The processes of high-temperature air expansion in thermal
nonequilibrium within a nozzle were numerically studied using a
multiple vibrational and rotational temperature model. The result
indicated that rotational temperatures of molecular species are close
to being in equilibrium with each other, whereas the rotational tem-
peratures are completely in nonequilibrium with translational tem-
perature. This evidence implies that rotational temperature should
be treated separately from translational temperature. In addition,
emission spectra of NO at the wavelengths 220-265 nm were mea-
sured at the nozzle exit in the arcjet facility with air as the test gas.
NO rotational temperature was determined by a curve-fitting pro-
cedure on NO y(0,1) band spectra. The experimental NO rotational
temperature of 2500 K was compared with the computational one
of 1800 K, showing 28% underestimation. Furthermore, the present
computational analysis was applied to the arcjet facility of NAL,
which was operated at a higher arc power than that in the present ar-
cjet facility. The NO rotational temperature computed for the nozzle
of the NAL arcjet facility was 730 K. This was compared with the
experimental NO rotational temperature, which was determined by
a curve-fitting procedure (different from SPRADIAN). Except for
5(0,3), the computed result differs from the measured ones with an
error of only 10-13%. Based on comparisons between numerical and
experimental results for these two different arc-jet facilities, it may
be generally mentioned that the present analysis can approximately
predict NO rotational temperature of arc-heated high-temperature
air at the nozzle exit within an error of about 30%.
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