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Evaluation of Real-Gas Phenomena in High-Enthalpy
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The methods of making more accurate measurements in arcjet wind tunnels in the real-gas regime
than have been achieved up to the present time are explored by reviewing, comparing, and interpreting
the existing experimental methodologies and obtained data. The inaccuracies of the conventional method
of determining enthalpy and � ow uniformity are � rst pointed out. The extent and consequences of � ow
contamination by copper vapor are next examined. Then the data obtained through spectroscopic deter-
mination of � ow enthalpies, Doppler velocimetry using laser-induced � uorescence, and species concen-
tration determination using mass spectrometry are reviewed. The discrepancies between the measured
and calculated � ow velocities and species concentrations are pointed out and a possible explanation is
given.

Nomenclature
A = nozzle cross-sectional area, m2

Cp = speci� c heat at constant pressure
Cv = speci� c heat at constant volume
D = diameter of constrictor, m
d = diameter of model, m
H = enthalpy, J/kg
hi = chemical energy of species i, J/mol
L = length of constrictor, m
ni = species concentration, mol/kg
p = pressure, Pa
qÇ = stagnation-point heat transfer rate, W/m2

r = radial distance, m
T = heavy particle temperature, K
Te = electron temperature, K
Tv = vibrational temperature, K
U = freestream velocity, m/s
u = velocity in radial direction, m/s
v = vibrational quantum number
y = distance normal to wall, m

= speci� c heat ratio Cp/Cv

= density, kg/m3

= vibrational energy, J/kg

Subscripts
av = average
c = centerline
e = boundary-layer edge
s = pitot total
0 = reservoir

= freestream
* = nozzle throat

Introduction

S INCE the dawn of the space age in the 1950s, there has
been a need for temperature-resistant materials to be used

for the heat shields for the re-entry vehicles and launch sys-
tems. These heat shield materials had to be tested in the high
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heating environments encountered in � ight. The � ows around
such vehicles reach a temperature of up to 7000 K. For the
vehicles entering other planets, the temperature reaches 14,000
K. At such temperatures, air becomes vibrationally excited,
dissociated, and ionized. These chemical reactions absorb heat,
and thereby signi� cantly affect the heat transfer rates. For this
reason, it was deemed necessary that the facility to test such
materials reproduce the temperatures of the gas � ows as well
as the heat transfer rates.

There are no other means of producing such a high-temper-
ature gas under a steady-state condition than electrical-dis-
charge heating. For this reason, various types of electrical dis-
charge-heated wind tunnels, commonly called arcjet wind
tunnels, have been constructed since the late 1950s. Since the
mid-1970s, only one speci� c design, the segmented constric-
tor, has emerged in the U.S. as the most widely used wind-
tunnel design for producing the � ow environments of the or-
bital re-entry conditions.1

These arcjet wind tunnels have been used in developing the
heat shield materials for the Space Shuttle Orbiter and plane-
tary entry vehicles such as Pioneer– Venus Probes and the Ga-
lileo Probe. In the utilization of those wind tunnels, there al-
ways was a question about the accuracy of the data obtained.
Uncertainty existed on 1) enthalpy level, 2) freestream con-
ditions, and 3) accuracy of the theoretical procedures to de-
termine � ow variables at the surface of the tested models. Be-
cause of these uncertainties, heat shields are designed with a
certain safety margin.

The safety margin represents unnecessary weights and re-
duction in payload performance of the vehicle. Therefore, ef-
forts have been expended over the years to eliminate those
uncertainties through accurate characterization of the � ows
produced in the facilities. The state of the art prior to 1992
was reviewed in Ref. 2.

In the present work, a similar review is made intending to
augment Ref. 2 by incorporating the data obtained since 1992.
The methodologies and the results pertaining to the three pre-
viously mentioned issues are described and evaluated. In the
areas where the experimental data differ from the theoretical
predictions, a possible explanation is given.

Basics of Arcjet Wind Tunnel

Construction and Operation

A segmented constrictor-type arcjet wind tunnel consists of
four main parts: 1) an upstream electrode chamber, 2) a con-
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strictor tube, 3) a downstream electrode chamber, and 4) a
convergent– divergent nozzle. A set of electrodes is housed in
the two electrode chambers. The downstream electrode cham-
ber functions as the reservoir for the wind tunnel. The test gas
is introduced both from the upstream electrode chamber and
the constrictor wall, and is made to � ow out through the noz-
zle. Since the constrictor diameter is larger than the diameter
of the nozzle throat, the � ow through the constrictor is sub-
sonic. A dc electric discharge is made between the electrodes
through the test gas � owing inside the constrictor. The test gas
is heated by this electric discharge.

The electrodes are made of copper and formed into the
shape of a ring. A magnetic � eld is applied to each electrode
ring to rotate the position of arc attachment. One electrode ring
can carry a maximum current of about 500 A. The number of
electrode rings is determined by the desired electrical current.
Since the anodes are heated more than the cathodes from the
bombardment of electrons, they are placed in the upstream
where the test gas is cold. The conductivity of the heated test
gas is such that a voltage gradient of 20– 40 V/cm is formed.
To prevent the electrical current from shorting through the con-
strictor wall, the constrictor tube is made by a lamination of
copper disks of about 1 cm thickness. Each constrictor disk is
electrically insulated from the neighboring disk by a thin non-
conducting disk. All components are water cooled.

From the upstream electrode chamber, usually a small
amount of argon is introduced to provide the necessary elec-
trical conductivity at an unheated condition. Most of the test
gas mass is introduced from small holes drilled through the
insulator disks. D is chosen such that the heat transfer rate to
its wall is kept below an acceptable level, usually about 50
MW/m2. L is chosen to satisfy the following two criteria:

1) The heating process reaches steady state at the end of
constrictor; i.e., a balance is reached between the electrical
power input and the heat transfer rate to the wall. This means
that the enthalpy of the gas � ow will not increase even if the
constrictor is made longer.

2) The electric discharge is stable in that the voltage gradient
remains constant, so that no instantaneous high-voltage gra-
dient occurs to cause high local heating and electrical shorting
between neighboring pairs of constrictor disks.

The � rst criterion is probably satis� ed with an L /D of about
25 (Ref. 3). However, the second criterion requires L /D to be
larger. As a result, the L /D is chosen to be between 35– 50.
For a large arcjet wind tunnel, an L /D of 50 results in a total
required voltage of about 20 kV. The largest arcjet wind tunnel
in existence operates at 20 kV and 3 kA, resulting in a power
consumption of 60 MW (Ref. 1).

When the pressure in the constrictor is low, i.e., of the order
of 1 atm, the electric discharge occurs diffusely; i.e., the elec-
trical current path occupies almost the entire volume within
the constrictor and is steady. As the pressure is raised, the
diameter of the current path becomes smaller and unsteady. At
a pressure of about 100 atm, the diameter of the current path
is only about 10% of the constrictor diameter.4 At a higher
pressure, the current extinguishes. The maximum operating
pressure is set by this phenomenon to be about 200 atm.

Since the mass � ow rate of the test gas is proportional to
the pressure inside the constrictor, a high pressure implies a
high mass � ow rate. Because the total electrical power input
is determined by the wall-cooling capacity and therefore is
relatively independent of the operating pressure, a high pres-
sure implies a low enthalpy of the test gas � ow. To produce a
test gas � ow in the dissociated or ionized regime, an arcjet
wind tunnel must be operated at a constrictor pressure below
about 10 atm.

The electrical power level presently attained, 60 MW, is
much lower than the power level a shock tunnel delivers dur-
ing its short run time. To provide the Reynolds numbers oc-
curring in � ight at a hypersonic Mach number, a hypersonic
facility must operate at very high reservoir pressures in addi-

tion to high enthalpies. A large shock tunnel is capable of
operating at a reservoir pressure of about 1000 atm at an en-
thalpy of up to about 20 MJ/kg for a short time. The energy
� ow rate,

*
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, for such a facility is more than 1 GW

during the � ow duration. With an available power of 60 MW,
it is unrealistic to expect an arcjet wind tunnel to provide such
hypersonic � ow conditions.

Because the diameter of the nozzle throat is usually signif-
icantly smaller than the diameter of the constrictor (the facility
at NASA Johnson Space Center is an exception), the � ow in-
side the reservoir moves with a low subsonic speed. Hence, it
is very likely that thermochemical equilibrium is reached at
the entrance to the nozzle.

Average Enthalpy

By measuring the total rate of the water � ow through the
cooling passages of all components and the average tempera-
ture rise in the water, one can determine the magnitude of the
heat removed through wall cooling. By subtracting this cooling
loss from the input electrical power, one determines the net
power input into the gas. By dividing the net power input by
the � ow rate of the test gas, one obtains an average of the
enthalpy of the test gas Hav, which is sometimes called the
energy balance enthalpy. The ratio of the net power output to
the total power input is called the heater ef� ciency. The ef� -
ciency is usually about 40% or larger.

Even though the electrical current path � uctuates, on the
average it passes through the central axis of the constrictor. As
a result, the enthalpy distribution of the test gas at the exit of
the constrictor is highly peaked at the center; i.e., the ratio Hc/
Hav is signi� cantly larger than 1. A computer code has been
developed to calculate the � ow properties in the constrictor
using several approximations.5 According to the calculations
made using the code, the enthalpy value at the centerline is
indeed much higher than the average value. A spectroscopic
measurement of the � ow in the constrictor near its exit6 shows
that, at the constrictor pressures below 6 atm, the � ow prop-
erties are approximately as the code predicts.

In the reservoir, which functions as the downstream elec-
trode chamber, a mixing phenomenon occurs, and so the en-
thalpy distribution is modi� ed. It is possible that enthalpy dis-
tribution is less peaked at the nozzle entrance than at the
constrictor exit. Efforts have been made in the past to calculate
the � ow processes in the reservoir.7,8 However, no reliable
method has yet been developed to determine the � ow property
distribution in the radial direction at the nozzle entrance.

Because the radial distribution of � ow properties is un-
known at the nozzle entrance, there are no ways of predicting
the radial � ow property distribution at the nozzle exit. Because
the gas density is high in the cold boundary layer over the
nozzle, one suspects that a signi� cant fraction of the total mass
� ow rate is in the cold region. This is another reason why one
suspects that enthalpy is peaked at the center.

Basic Diagnostics

Most basic diagnostics of an arcjet wind-tunnel � ow consist
of radial surveys of pitot total pressure, ps , and heat2U
transfer rate to the stagnation point of a sphere, qÇ a constant

. Usually, both ps and qÇ are found to be nearlyU H
constant in the radial direction over more than half the nozzle
radius. This is not a proof that the � ow properties are uniform
over that range of radius, for the following reasons:

Enthalpy distribution in the radial direction can be written
in the central inviscid core region generally by a parabola

2H/H = 1 C rc 1

In the inviscid region of the nozzle � ow, expansion occurs
along each streamline satisfying the momentum equation

2U dp
d =

2
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Fig. 1 Shock-layer radiation incident on the stagnation point obtained in an arcjet wind tunnel.11

The result of integration of this equation can be written as

2U /2 = (p p )/0 av

From this, one can write

2p U = 2(p p )( / )s 0 av

The density ratio / av is a function of the effective area ratio,
and, therefore,

p = (p p ) a function of area ratios 0

Since p0 p is approximately constant across the inviscid
core, ps is nearly constant regardless of how the enthalpy dis-
tribution is peaked, i.e., regardless of the magnitude of the
curvature C1.

Because enthalpy is distributed parabolically, the exit veloc-
ity U is expected also to be parabolically distributed. In a real-
gas regime, U is not necessarily proportional to , and soH
one should write its radial distribution in the inviscid core in
a general form

2U/U = 1 C rc 2

The radial distributiion of mass � ow rate U then becomes

2U U U 1c
= =2 2U U U 1 C rc c c c 2

for the region C2r
2 < 1. There follows

2qÇ U H 1 C r1 2 4= 1 (C C /2)r 0(r )1 22qÇc U H 1 C rc c c 2

Thus, the radial variation of qÇ is milder than that of either H
or U. If by coincidence C2/2 is equal to C1, the qÇ distribution
will be � at. Thus, both ps and qÇ can be either � at or nearly
� at even when H and U are peaked at the center.

The mass � ow rate and enthalpy could be measured in prin-
ciple using a so-called � ow-swallowing device.9 In this device,
a sharp-lipped tubing is made to swallow the oncoming � ow.
The mass � ow rate through the tube is metered using a Ven-
turi-tube arrangement. The � ow enthalpy is determined by
measuring the temperature rise in the cooling water and divid-
ing the cooling loss by the gas mass � ow rate. In practice,
metering the � ow rate through the device is very dif� cult be-

cause of viscosity. Enthalpy determination is equally dif� cult
because most of the heat transfer to the wall occurs around the
lip, and because one cannot determine what fraction of the
heat collected in the cooling water is from the outer wall of
the lip.

Attempts have been made in the past to determine enthalpies
from the measured values of mass � ow rate and reservoir pres-
sure.10 In an inviscid � ow, the mass � ow rate through the sonic
throat is a unique function of enthalpy and reservoir pressure.
Therefore, enthalpy can be deduced from the measured mass
� ow rate and the pressure. The enthalpy value so obtained is
usually approximately equal to the enthalpy value determined
through heat transfer rate measurement.2 However, the basic
assumption of inviscid � ow is not satis� ed in an arcjet � ow,
and hence, the method cannot be considered accurate.

Copper Vapor

The electrodes and the constrictor disks are both made of
copper. During the operation of an arcjet tunnel, these parts
can vaporize and inject copper vapor into the test stream. The
electrodes erode at such a rate that every few months they
need to be exchanged with new ones. By weighing the elec-
trodes before and after their use, one can determine the average
rate of their erosion. From this, one can deduce the average
concentration of copper vapor in the test stream. The erosion
rate of the electrodes has also been calculated theoretically.7,8

The calculated values agree roughly with the measured values.
If the electrical discharge through the constrictor is steady

and if the resulting wall heat transfer rate is below about 50
MW/m2, the constrictor walls do not erode at all. Erosion oc-
curs only when the local heat transfer rate attains instantane-
ously a very high value because of the � uctuation of the elec-
trical discharge. In a device with a large L /D, i.e., larger than
about 40, such � uctuations do not occur, and hence, the wall
erosion is negligible. When operated at a pressure of about
100 atm in the constrictor, an arcjet tunnel produces copper
vapor to a concentration of about 200 ppm by mass, or about
100 ppm by mole.4 At a lower pressure, the copper concentra-
tion is less.

The extent of copper contamination can be determined also
by observing the radiation emitted from the shock layer over
a blunt body. In Fig. 1, one such example spectrum is shown.11

The spectrum was obtained at an enthalpy of about 28 MJ/kg
and at a reservoir pressure of 1.4 atm. The copper lines at
324.7 and 327.4 nm were the only copper lines seen in that
experiment over the observed wavelength range from 240 to
900 nm. By comparing the intensities of these copper lines
with those of air species, copper content is determined to be
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Table 1 Operational parameters in spectroscopic determination
of enthalpy through observation of a � at disk shock layer

Reference Year Gas
d,
cm

ps,
atm

psd,
atm-cm

Equilibrium/
nonequilibrium

19 1970 N2 2.5 0.3 0.75 Equilibrium
20 1973 N2 5 0.1 0.5 Equilibrium
22 1995 Air 15 0.028 0.42 Equilibrium
23 1989 N2 10 0.016 0.16 Nonequilibrium

of the order of 0.1 ppm for this case. The copper lines were
so weak that the attempt to use the lines for velocity measure-
ment via the laser-induced � uorescence was not successful.12

The very low concentration of copper vapor in the example
shown is achieved, for the reasons given earlier, only when L/
D is suf� ciently large, the nozzle throat diameter is suf� ciently
smaller than the constrictor diameter, and the operat-
ing pressure is low. In an experiment with a tunnel having an
L/D of about 35 and a nozzle throat diameter larger than
the constrictor diameter, the copper lines appeared much
stronger.13,14

Copper vapor could affect the thermochemistry of the test
gas. However, at a concentration below 100 ppm, its extent is
likely to be negligibly small. In the reservoir, the equilibrium
condition dictates that the copper vapor exists either in its neu-
tral atomic state, Cu, or ionized state, Cu . During the expan-
sion, Cu will tend to ionically recombine into Cu, but some
Cu will remain unrecombined at the nozzle exit. The presence
of Cu in the test section will contribute to keeping the elec-
tron density high there, and thereby promotes equilibrium
among various electronic states of the gas species present.

The only stable molecule neutral copper atom that could
form in an arcjet wind tunnel is CuO. However, its binding
energy is relatively low, i.e., only 2.87 eV. As a result, if it is
formed, it tends to be reduced back to Cu by collisions with
O and N atoms through the exothermic exchange processes

CuO O ® Cu O 2.21 eV2

CuO N ® Cu NO 4.18 eV

Thus, Cu will exist mostly in its atomic form, and will not
participate meaningfully in any chemical reactions involving
air species.

The copper vapor could condense on the model wall, and
thereby change its catalycity. However, in most cases, the wall
is heated to a temperature of about 1000 K or higher. At such
a temperature, condensed copper vapor evaporates from the
surface. As a result, during the operation of the facility the
copper vapor is not likely to affect the surface catalycity. Only
during the process of shutting down a tunnel can one recognize
condensation of copper on the surface because of the accom-
panying color change.

Enthalpy Determination
Heat Transfer Measurement

It is a common practice to determine the enthalpy of the
� ow from qÇ through the use of the formulas of Fay and Rid-
dell15 and of Goulard.16 The formula of Fay and Riddell15 gives
the heat transfer rate to a fully catalytic wall. The formula of
Goulard16 provides the correction necessary to account for the
� nite surface catalycity.

The two formulas are based on the following assumptions:
1) The radial acceleration of the inviscid shock layer at the

boundary-layer edge, due/dr, is that of the Newtonian � ow.
2) The vorticity of the boundary-layer � ow, du/dy, is zero

at the boundary-layer edge.
3) The � ow is in equilibrium at the boundary-layer edge.
4) The � ow is frozen in the boundary layer.
Of these, assumptions 1, 2, and 4 are usually violated in an

arcjet wind tunnel. Assumption 3 may or may not be satis� ed,
depending on ps and d.

The shock-layer thickness in an arcjet wind tunnel always
appears much thicker than that observed in � ight. This is be-
cause 1) the � ow Mach number is usually too low for the � ow
to be hypersonic, and 2) the presence of dissociated species in
the test stream causes the effective to be large. As a result,
the Newtonian approximation is inaccurate for most arcjet con-
ditions.

The Reynolds numbers attainable in an arcjet wind tunnel
in the real-gas regime are usually too small for assumption 2

to be satis� ed. The radial velocity in the shock layer varies
across the shock layer. The velocity immediately behind the
bow shock is about twice that at the boundary-layer edge. As
a result, there is a � nite vorticity in the inviscid region of the
shock layer. The vorticity of the boundary-layer � ow must
equal this vorticity value at the boundary-layer edge.

The time required for shock-heated air to reach equilibrium
is known from the experiments conducted in a shock tube.17

According to the data, equilibrium is not likely to occur in
most of the high-enthalpy tests conducted in an arcjet wind
tunnel. However, the presence of dissociated and excited spe-
cies in the freestream reduces the required time signi� cantly.
As a result, assumption 3 may be satis� ed provided the ps and
d satisfy a certain condition. This point will be elaborated on
later.

The density of the boundary-layer � ow is usually too low
for three-body recombination processes to proceed, as pointed
out by Goulard.16 However, the density is usually suf� ciently
high for the Zeldovich reactions O N2 NO N and O

NO O2 N to proceed. Because of these reactions, the
wall values of O and N atoms and NO molecules are different
from those assumed in the theory of Goulard.16

For these reasons, � ow enthalpy values cannot be deduced
accurately from the measured qÇ values through the use of the
Fay and Riddell15 and Goulard16 formulas. In many cases, the
centerline enthalpy value deduced from qÇ agrees approxi-
mately with the average enthalpy value. Such agreement
should not be considered to be the proof of validity of either
methods, because, as mentioned earlier, the centerline enthalpy
is different from the average enthalpy. Therefore, it becomes
necessary to determine the � ow enthalpy through an indepen-
dent measurement. In principle, one could observe the radia-
tion spectrum emanating from the nozzle entrance region of
an arcjet and analyze it to determine enthalpy distribution.
Such a measurement has not yet been made.

Spectroscopic Method

One successful method of measuring enthalpy is through the
use of optical spectroscopy. In this method, the radiation em-
anating from the shock layer over a blunt body placed in the
test section is observed from the side-on position, i.e., from
the direction normal to the nozzle axis. If the shock layer is
in equilibrium, then enthalpy can be determined by analyzing
the spectrum obtained. The ratio of the � ow residence time in
a shock layer to the time required for chemical reactions to
complete is proportional to the product psd, and so equilibrium
will exist when the product is suf� ciently large. Since the gas
property varies radially as well as axially in the shock layer,
an Abel inversion (see, e.g., Ref. 18) would be necessary in
principle. However, in practice, a fairly accurate enthalpy
value can be obtained even without Abel inversion if the blunt
body is a � at circular disk. This is because 1) enthalpy is nearly
constant over half the radius in the shock layer over a � at disk,
and 2) radiation intensity is a very strong function of enthalpy,
and therefore, the observed radiation is strongly weighted to-
ward the central region.

This technique was used in Refs. 19– 23. In all of these
measurements, observation was made with a � at disk from the
side-on direction. The operating parameters are compared in
Table 1. As seen in Table 1, the product psd was approximately
the same among the � rst three experiments. The psd value for
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Fig. 2 Spectra from a shock layer over a � at disk,22 psd = 0.42
atm-cm: a) � rst negative band system, b) atomic N and ON 2

lines and background radiation, and c) NO band system.

Fig. 5 Measured rotational and vibrational temperatures,23 psd
= 0.16 atm-cm.

Fig. 4 Relationship between spectral intensity ratio and enthalpy
under equilibrium.22

Fig. 3 Integrated intensities of and NO radiations,22 psd =N 2

0.42 atm-cm.

the fourth experiment23 was about one-third or less of those in
the � rst three. In Refs. 20, 22, and 23, the radiation measure-
ment was made at several different lines of sight located at
different distances away from the wall. The results for the third
experiment are reproduced in Fig. 2.

As seen here, the spectra are qualitatively identical at 12,
15, and 18 mm away from the model surface; they differ only
in intensity. In Fig. 3, the intensities of and NO band sys-N 2

tems are compared. Their intensities vary, but the ratio of in-
tensities between the two band systems remain approximately
constant. This proves that the thermodynamic state variables
are the same among those three locations. The ratio of intensity
of atomic lines of nitrogen or oxygen to that of or NON 2

band behave similarly.22

The fact that an equilibrium region exists for the condition
shown deserves attention. The observed equilibration distance
is only 1/20 of the equilibration distance in an undisturbed
air.17 This can be attributed to the existence of dissociated and
electronically excited species.

In Fig. 4, the intensity ratios between the atomic nitrogen
lines at 742– 747 nm and the � rst negative bands areN 2

shown as a function of enthalpy. As seen here, the intensity
ratio is a strong function of enthalpy. A 10% error in the de-
termination of intensity ratio results in only 2.5% error in en-
thalpy. A similar relationship exists between atomic nitrogen
lines and NO bands. In the cases where enthalpy is too low
for the nitrogen lines to emit signi� cant radiation, the atomic
oxygen line at 777 nm can be used instead, with a similar
degree of accuracy.
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Fig. 7 Comparison between the measured25 and calculated26 vi-
brational temperatures of N2 in air. The present calculation refers
to the multitemperature calculation.26

Fig. 6 Comparison between the measured and calculated veloc-
ities: a) Marinelli et al.14 and b) Bamford et al.12

The rotational and vibrational temperatures in the shock
layer determined in the fourth experiment23 are reproduced in
Fig. 5. As seen here, the temperatures did not reach a steady
state within the shock layer, signifying that equilibrium was
not reached. The difference between this case and the case
shown in Figs. 2– 4 is the magnitude of the psd product. It
was too small for equilibrium to be reached in this experiment.

Freestream Flow Properties
In the cases where the density of the test gas and the size

of the facility is such that the product psd is below about 0.4
atm-cm, spectroscopic enthalpy determination is not possible,
as seen earlier. In such a case, the � ow enthalpy must be de-
termined through the measurement of each component in the
enthalpy expression

2H = C T U /2 (T ) n hp v i i

The magnitude of each component in this expression must be
determined also if the experimental environment is such that
the � ow does not reach equilibrium at the edge of boundary
layer over the tested model. This is because, in such a case,
the � ow variables at the model surface must be calculated
employing an elaborate computational � uid dynamic tech-
nique, and, to do so, the freestream conditions must be known
in detail.

Velocity Measurement

The velocity of the � ow in the test section of an arcjet wind
tunnel has been measured, among others, by Marinelli et al.14

and Bamford et al.12,24 In both measurements, the Doppler ef-
fect for a laser-induced � uorescence line was the principle of
measurement. Marinelli et al.14 applied the technique to a cop-

per line because it was the most prominent radiation feature;
Bamford et al.12,24 used an atomic oxygen line because a copper
line was too weak to be reliable. The two results are compared
in Figs. 6a and 6b.

In both of these � gures, the abscissa is the average enthalpy.
The measured data are compared with the calculations made
with several different methods. Although these calculation
methods are different, they predict approximately the same
values at the overlapping enthalpy of 14 MJ/kg. At that en-
thalpy, the velocity measured by Bamford et al.12,24 is nearly
1.4 times that obtained by Marinelli et al.14 The velocity values
measured by Bamford et al.12,24 are slightly smaller than the
calculated values. The values obtained by Marinelli et al.14 are
considerably smaller than the calculated values. This discrep-
ancy could be attributed partly to the difference in the facilities
and partly to the difference in the gas species for which the
laser-induced � uorescence technique was applied.

Internal Temperatures

The vibrational temperature of N2 has been measured in air
in an arcjet wind tunnel by MacDermott and Marshall25 using
an electron-beam excitation technique. The measured vibra-
tional temperature values are compared with the calculated val-
ues in Fig. 7. In the � gure, the solid curve represents the cal-
culation made using a � ve-temperature model,26 while the dash
curve is a calculation by MacDermott and Marshall25 using a
four-temperature model in which vibrational temperatures of
the three molecular species are accounted for but the
electron– electronic temperature was not separately calculated.
As seen here, the � ve-temperature description brings a closer
agreement with the experimental data.

The vibrational temperature of NO was measured in Ref. 27
using an absorption technique. A beam of continuum radiation
was passed across the nozzle, passing through the cold bound-
ary layers. The absorption by the v = 1 state of NO was mea-
sured. Because the population of the v = 1 state is likely to be
the highest in the hot outer region of the boundary layer, the
results of the test does not represent the vibrational temperature
of the cold core � ow. Therefore, this test result is omitted from
discussion.

In Ref. 28, three different temperatures were measured in an
arcjet wind tunnel: the rotational temperature, the maximum
possible vibrational temperature of an excited state, and an
electronic excitation temperature, all of NO. The measured
temperatures are compared with the values calculated by the
multitemperature model in Fig. 8. As seen in the � gure, the
measured rotational and vibrational temperatures are in close
agreement with the calculations. But the measured electronic
temperature is considerably higher than the calculated elec-
tronic temperature.
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Fig. 8 Measured rotational temperature, vibrational tempera-
ture, and electronic excitation temperature of NO in an arcjet
wind tunnel compared with a multitemperature calculation.28

Fig. 9 Species mole fractions in an arcjet wind tunnel as a func-
tion of entropy. The n-temperature calculation refers to the mul-
titemperature method in Ref. 26: a) O and N, b) NO, and c) O2

and N2.

Species Concentrations

It is possible to measure species concentrations in the test
section of an arcjet wind tunnel using a mass spectrometer.
Reference 2 cites two early works on this subject. Recently, a
similar work was carried out by Schoenemann and Auweter-
Kurtz.29 However, none of the results of these investigations
could be considered de� nitive. The only de� nitive results have
been obtained so far by MacDermott and Dix.30,31 In Fig. 9,
their results are reproduced and compared with the calculations
made with the conventional one-temperature model and the
multitemperature model of Ref. 26. There is a fairly good
agreement between the measurement and the multitemperature
calculation. The one-temperature calculation produces a poor
agreement.

In Fig. 10, the results for the 9.7-MJ/kg case in Mac-
Dermott’s experiment30,31 are compared with the multitemper-
ature calculation along the nozzle. In the � gure, the present
calculation refers to the multitemperature calculation. The cal-
culated value shows an increase in the mole fraction of atomic
nitrogen along the nozzle and it agrees with the measured
value at the nozzle exit. According to the hypothesis advanced
in Ref. 26, this is a result of the enhancement of the rates of
the two NO exchange reactions

O N ® NO N(R1)2

O NO ® O N(R2)2

by the excitation of vibrational and electronic modes. The rate
coef� cient of the reaction R1 is assumed in Ref. 26 to be a
function only of electron– electronic temperature and that of
R2 is assumed to be a function of an average temperature
de� ned by Tav = 0.1 0.9T T .v e

The disagreement between the experimental data and the
values calculated using the conventional one- or two-temper-
ature model for arcjet � ows was seen also for shock-tunnel
� ows. The species concentrations at the exit of a shock-tunnel
nozzle were measured in Ref. 32 using a mass spectrometer.
The measured values were very different from the values cal-
culated using a one-temperature model. The measured O con-
centration was lower, the N concentration was much higher,
and the NO concentration was higher than calculated. This
trend is qualitatively the same as in the arcjet data shown ear-
lier. However, the extent of disagreement is more severe for
the shock-tunnel case. In Ref. 33, the measured data are � tted
with a calculation based on the assumption that, in a shock

tunnel 1) the three-body recombination rates are slower, and
2) the endothermic Zeldovich reactions occur with reduced
activation energies. Assumption 2 made therein is qualitatively
the same as that made in Ref. 26.

In Fig. 11, a summary comparison is made between the ex-
perimental data and the calculations mentioned earlier.26 In the
� gure, the present calculation refers to the multitemperature
calculation. The present rate coef� cients refer to the rate co-
ef� cients given in Ref. 34. The NENZF rate coef� cients refer
to the rate coef� cients given in Ref. 35. The � gure shows that
a multitemperature model is preferred over a one-temperature
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Fig. 10 Measured31 and calculated26 species concentrations along
nozzle for ps = 5 atm and H = 9.7 MJ/kg.

Fig. 11 Comparison between the measured31 and calculated26

species concentrations at nozzle exit at p0 = 5 atm and H = 9.7
MJ/kg.

model in calculating the species concentrations in an arcjet
wind tunnel.

Summary on Freestream Properties

The foregoing examination of the existing works leads one
to the conclusion that the thermodynamic conditions in the
freestream of an arcjet wind tunnel are substantially different
from those calculated using the conventional one- or two-tem-
perature model. Generally, vibrational and rotational temper-
atures agree with the calculations, provided the vibrational
temperatures of O2, N2, and NO are separately calculated.
However, the electronic temperature tends to be very high. The
concentration of O atoms is signi� cantly lower, that of NO
molecules is signi� cantly higher, and that of N atoms is very
much higher than calculated. The � ow velocity is also slower
than calculated, which means that the energy content in the
chemical mode is greater than calculated. Thus, the species
and velocity measurements are consistent. A multitemperature
model allowing for the effect of high electronic and vibrational
temperatures is favored over the one- or two-temperature mod-
els in predicting the � ow behavior.

This conclusion relies partly on the accuracy of the mass
spectrometric measurements. A theoretical work on this sub-

ject36 indicates that such measurements are affected by the sur-
face-catalytic phenomena occurring on the walls of the lip of
the instrument. For this reason, it is possible that the conclu-
sions drawn here are erroneous. To con� rm the accuracy of
the present conclusion, it is desirable to carry out a nonintru-
sive measurement of species concentrations, such as that car-
ried out in Ref. 37.

Conclusions
The contamination of the � ow in an arcjet wind tunnel by

copper vapor does not affect the measurements signi� cantly.
Enthalpy of the � ow could best be determined by observing
the radiation emanating from the shock layer over a � at disk
and by analyzing the spectrum obtained. The product of the
pitot total pressure and the disk diameter must be greater than
0.4 atm-cm for this method to be valid. The � ows produced
in the test section of an arcjet wind tunnel contains less atomic
oxygen, more atomic nitrogen, and more nitric oxide mole-
cules than calculated by the conventional model. A multitem-
perature model that accounts for the enhancement of the Zel-
dovich reactions as a result of electronically excited oxygen
atoms can predict the species concentrations better.
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