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Evaluation of Real-Gas Phenomena in High-Enthalpy Impulse
Test Facilities: A Review
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The feasibility of experimentally evaluating the high-temperature real-gas effects on the � uid– me-
chanical behavior of hypersonic � ows in shock tunnels and hot-shot tunnels is examined. Considering the
intrinsic limitations of those facilities, the real-gas effects on aerodynamic characteristics, separated � ows,
and shock-boundary-layer interactions, turbulent transitions, and leeward/base � ow are considered to be
the possible subjects of simulation in those facilities. A new empirical reaction rate model is proposed to
numerically reproduce the existing experimental data on species concentrations. Based on this model, the
average density ratios expected across a normal shock wave formed over a model placed in an impulse
tunnel are calculated. By comparing these density ratios with the � ight values, it is pointed out that the
best simulation is achievable at an enthalpy of 8 MJ/kg, and that two-thirds of the real-gas effects could
be simulated at that enthalpy. It is proposed that the real-gas effects measurements in an impulse tunnel
be validated by comparing the � ow patterns over simple shapes obtained in a tunnel with those obtained
in a ballistic range.

Introduction

D URING the past cold-war era, many types of launch ve-
hicles and re-entry vehicles were developed by various

nations, primarily for the purpose of ensuring their military
security. The ending of the cold-war and the strong emergence
of the commercial use of communications satellites are shifting
the emphasis into providing an inexpensive and reliable launch
system. A large number of commercial satellites are presently
envisioned to be launched in the near future. The worldwide
competition to capture this new market is strong. To meet this
challenge, a new class of economical reusable launch systems
is being developed by various nations.

To design such an ef� cient aerospace vehicle, forces and
moments and wall heat transfer rates on the surface of the
vehicle must be known accurately. To experimentally verify
the accuracy of those design parameters, wind-tunnel tests are
needed. To produce � ows of desired temperatures, Mach num-
bers, and Reynolds numbers in the test section at a hypersonic
� ight speed, such tunnels must be operated at very high en-
thalpies and reservoir pressures. There are no materials that
can withstand such temperatures and pressures in a steady
state. Only impulse tunnels, which operate for a few millisec-
onds, could function at those conditions. Two types of impulse
tunnels exist: 1) shock tunnels and 2) hot-shot tunnels. In
shock tunnels, the high-temperature, high-pressure gas in the
reservoir is produced by shock-heating a stationary gas using
the shock-tube technique. The driver gas for this operation is
prepared either by heating the container, combustion or deto-
nation, or piston compression. In hot-shot tunnels, the test gas
is heated by an impulsive electric discharge in the reservoir.

In addition to Mach numbers and Reynolds numbers, hy-
personic test facilities must simulate the high-temperature real-
gas phenomena. At an enthalpy of about 3 MJ/kg or higher,
air molecules become vibrationally excited, dissociated, and
ionized behind a shock wave. These high-temperature real-gas
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phenomena absorb heat, and as a result, the effective de-
creases and compressibility increases. These phenomena cause
changes in pressure distribution, and thereby aerodynamic
characteristics of the vehicle and its components. At the wall
surface the dissociated and ionized species recombine and pro-
duce heat.

In the reservoir of such an impulse tunnel, the test gas is at
a high temperature, and therefore, is in a signi� cantly vibra-
tionally excited, dissociated, or ionized state. During the cool-
ing process occurring in the nozzle, vibrational de-excitation
and recombination processes move the gas state toward that
of the natural atmosphere. However, these processes require
time to complete, and since the temperature of the test gas
changes so rapidly in the nozzle, the gas fails to reach the
chemical equilibrium condition of the natural atmosphere at
the nozzle exit. This phenomenon is known as chemical freez-
ing. It is undesirable because the real-gas effects of concern
may not be simulated faithfully in such a � ow.

The ratio between the characteristic � ow residence time and
the time required for completion of chemical reactions, which
is a measure of the extent of chemical nonequilibrium, is
known as the Damköhler number. The atomic recombination
processes occurring in the nozzle are three-body processes,
and, therefore, their rates are proportional to the square of gas
density . The gas residence time in a nozzle is proportional
to the length of the nozzle L. Therefore, the Damköhler num-
ber in the nozzle is proportional to 2L. Theoretically, the
freezing phenomenon could be prevented by making the gas
pressure in the nozzle very high and the nozzle very long. For
this reason, large impulse tunnels have recently been con-
structed worldwide. Such tunnels can produce reservoir pres-
sures of up to 200 MPa, and have a nozzle length of several
meters.

Questions exist as to what extent those facilities succeed in
preventing chemical freezing, to what extent the freezing phe-
nomenon can be tolerated, and what is the most appropriate
use of those facilities. It is the purpose of this paper to answer
these questions. By reviewing recent experimental data, this
paper attempts to do the following:

1) Identify the types of real-gas effects that could realisti-
cally be simulated.

2) Develop an empirical reaction rate model that numerically
reproduces the experimentally obtained species concentration
data.
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Fig. 1 Classi� cation of high-temperature real-gas problems1: a)
aerodynamic characteristics, b) separated and/or shock-/bound-
ary-layer interactions, c) turbulent transition, d) leeward side/base
� ows, e) radiation and ablation, f ) radio blackout, and g) gas-
surface interactions.

3) Find the most appropriate regimes of operation and val-
idation method for the tests made in those facilities.

Requirements
In Ref. 1 the external � ow phenomena in� uenced signi� -

cantly by the high-temperature real-gas phenomena are clas-
si� ed into seven types. They are 1) aerodynamic characteris-
tics, 2) separated � ows and shock-boundary-layer interactions,
3) boundary-layer transitions, 4) leeward-side/base � ows,
5) radiation and ablation, 6) ionization and radio blackout phe-
nomenon, and 7) gas-surface interactions. These problems are
shown schematically in Fig. 1. These are the � ow problems
that the real-gas laboratory facilities are expected to simulate:

1) The in� uence of real-gas effects on aerodynamic char-
acteristics is well known. The heat absorption by chemical
reactions behind a shock wave causes a decrease in the effec-
tive , and thereby increases the average density ratio between
the shock layer and the freestream. To satisfy the mass conti-
nuity condition, the shock-layer thickness decreases inversely
with the density ratio. This lowers the angle of the shock wave
formed over an inclined surface, which leads to a lower lift
and drag and a positive (nose-up) pitching moment. Such phe-
nomena have been observed in both Apollo and Space Shuttle
� ights.2,3 To test this phenomenon in an impulse tunnel, the

average density ratio across a shock wave formed in the test
section must be the same as that occurring in � ight.

2) Flow separation phenomenon occurs over the compres-
sion corners generated by de� ected control surfaces, in decel-
erating � ows such as those in the inlet of scramjet engines,
and in shock-on-shock or shock-on-boundary-layer interac-
tions. The separated region in those � ows tends to shrink in
the real-gas regime because of the heat absorption by disso-
ciation therein. This leads to an improvement in the effective-
ness of the control surfaces.4 Likewise, � ow separation in a
decelerating � ow is likely to be either suppressed, delayed, or
its extent reduced by the chemical reactions. To simulate these
phenomena in a laboratory, both the extent of heat absorption
and the associated Damköhler number must be reproduced.
These � ow� elds are affected also by the level of turbulence,
and so, in addition, the turbulence level must be simulated.

3) The data obtained from the � ight of the Space Shuttle
vehicle indicated that the laminar-to-turbulent transition oc-
curred at Reynolds numbers higher than in a perfect-gas � ow.5

A boundary layer is known to be stable when the curvature in
the density variation across the layer is small. The curvature
is smaller in a chemically reacting � ow than in a perfect-gas
� ow because of the heat absorption. To test this phenomenon
in a laboratory, the level of turbulence and the chemical be-
havior involved must be simulated.

4) The dynamics of the � ow in the leeward-side or base
region are dictated mostly by separation and shear-� ow phe-
nomena, which are in turn determined by the level of turbu-
lence in the � ow entering the region. The density of the � ow
in this region is usually low, and, therefore, chemical reactions
are mostly frozen. The thermodynamic behavior of the � ow
can be described by a � xed effective , which is determined
by the atom mole fractions of the � ow entering this � ow re-
gion. To simulate this � ow� eld, the turbulence level and the
effective need to be reproduced.

5) Radio blackout occurs when the gas around a vehicle is
ionized. In � ight, ionization occurs mostly by the formation of
NO . In an impulse tunnel, ionization occurs mostly to the
metallic impurities. To test this phenomenon, the freestream
gas must be completely free of such impurities.

6) Radiative heating becomes a problem at � ight enthalpies
greater than 50 MJ/kg. Such high enthalpies cannot be pro-
duced in an impulse tunnel with present-day technology. To
study the ablation phenomenon, the facility must provide a
steady � ow of long duration, which is not possible with an
impulse facility.

7) The gas– surface interaction phenomenon is usually stud-
ied in arc-heated wind tunnels because the problem of concern
is of a steady-state nature. However, some aspects of the prob-
lem, such as determining the difference in heat transfer rates
between the catalytic and noncatalytic surfaces, should be pos-
sible in an impulse tunnel. Since the gas reaches equilibrium
at the boundary-layer edge in most practical problems of in-
terest, only the enthalpy and Reynolds numbers need to be
simulated for this purpose.

For the scramjet propulsion system, the � ows outside the
combustion chamber, i.e., the � ows over the inlet and in the
nozzle, can be considered to be one of the external � ows con-
sidered previously. In the supersonic � ight speed range, the
delay of ignition of the fuel– air mixture is a problem unique
to the internal � ow. However, in the hypersonic range, ignition
is generally fast because the � ow entering the combustion
chamber is at a high temperature. In � ight, the air� ow entering
the combustion chamber is likely to be turbulent because of
the presence of a long inlet. The � ow may also contain im-
purities resulting from the gas injection at or ablation of the
heat shield over the nose or cowl lip. In so-called direct con-
nect or semidirect connect tests in an impulse tunnel, the � ow
entering the combustion chamber correctly simulates these hot,
turbulent, and impure � ow conditions existing in the � ight en-
vironment.
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Fig. 2 Radiation spectra emitted from the shock layer over a
blunt body placed in a shock tunnel.6 The top trace: copper nozzle
and nitrogen– water vapor as test gas; bottom trace: steel nozzle
and air as test gas.

However, the � ows produced in an impulse facility also con-
tain the dissociated species in the freestream, which could po-
tentially affect the combustion processes. These dissociated
species can be removed by providing a compression ramp
ahead of the combustion chamber, that is, by adopting a semi-
direct connect method. This is because the higher pressure and
temperature over the ramp is ef� cient in promoting equilibra-
tion. How close to equilibrium the � ow is at the combustion
chamber entrance depends on the pressure and dimensions of
the facility. Thus, the usefulness of an impulse facility for a
scramjet engine test is determined mostly by the scale perfor-
mance of the facility, i.e., � ow Mach number, total pressure,
enthalpy, Reynolds number, and � ow duration. These issues
are outside the scope of the present work. For these reasons
only the external � ow problems are considered in the present
work.

Facility Limitations
The foregoing discussions show that a real-gas facility must

produce not only the required Mach numbers, Reynolds num-
bers, and enthalpies, but also an unexcited and undissociated
quiet � ow, as well as correct Damköhler numbers. Impulse
tunnels can only partly ful� ll these requirements because of
their intrinsic limitations, which are described next.

Turbulence

All wind tunnels produce acoustic noises in the turbulent
boundary layers over the wall of the throat and the nozzle. In
a shock tunnel, the diaphragm-opening process and the inter-
action of the re� ected shock at the endwall with the boundary-
layer � ow, which produces jets and separated � ows, produce
noise. If the driver gas of a shock tunnel is prepared by piston
compression, the pressure waves generated by the moving pis-
ton introduce pressure � uctuations in the reservoir. If a com-
bustion or detonation is used to heat the driver gas, noise is
produced by those processes. In hot-shot tunnels, the electric
discharge produces similar pressure waves. These phenomena,
and the ablation phenomena described next, cause an early
transition of a boundary layer over the tested models, resulting
in an increase in the effective Reynolds number of the free-
stream � ow.

Ablation

The high heat transfer rates over the endwall and the nozzle-
entrance regions of a shock tunnel or over the wall of the
reservoir of a hot-shot tunnel cause the wall to ablate. The

presence of ablated material in the test gas can be veri� ed by
observing the spectrum of the radiation emitted by the shock
layer formed over a model placed in the test section. An ex-
ample of such a spectrum6 is shown in Fig. 2. It shows many
metallic species. By observing the intensity of the light emitted
by the shock layer in front of each of the pitot heads of a pitot
rake placed in the test section, one can determine the radial
distribution of those ablation product species. Invariably, the
ablation products are seen to be nearly uniformly distributed
in the radial direction.

The concentrations of the impurity species can be calculated
from the spectrum shown in Fig. 2. The calculated impurity
concentration is usually very small. The relative concentration
of the metallic impurities can be estimated also by weighing
the endwall and nozzle-entrance materials before and after a
run. In an experimental program conducted at the NASA Ames
Research Center, the mass of the wall material lost in a single
run was seen to reach a maximum of 1% of the test gas mass.

The ablation phenomenon accompanies spallation by which
solid or liquid particulates are released into the inviscid region
of the reservoir.7 Presumably, the particulates are released with
a very low speed. Their presence at the centerline of the test
section implies that they migrate outward toward the inviscid
region. One suspects that the velocity gradient in the boundary
layer causes the particulates to rotate, and the relative velocity
between the � ow and a rotating particle produces a magnus
force that is directed outward. The gaseous ablation products
condense in the cooling process in the nozzle, producing a
secondary source of particulates in the test section.

Even when an impulse tunnel is operated at relatively low
pressures and enthalpies, the � ow tends to contain a small
amount of metallic impurities. These impurities are believed
to be introduced into the test gas through desorption from the
wall prior to a run.8

To avoid ablation, the wall must be made with a high-con-
ductivity, temperature-resistant material such as molybdenum,
and reservoir pressure and enthalpy must be kept below about
100 MPa and 20 MJ/kg, respectively. However, even with
these measures, it is unrealistic to hope to completely remove
the metallic impurities from the � ow.

These species ionize easily, and, therefore, their presence
precludes the testing of the radio blackout phenomenon. When
they condense on the wall, they change the surface catalycity,
and, therefore, the study of the gas– surface interaction prob-
lem is hampered.

The ablation products in the test gas changes the energetics
of the test gas. However, since their concentrations are still
small, the changes in the thermochemistry of the test gas are
relatively small.

Enhancement of Damköhler Numbers

In the � ow behind a shock wave in which the gas dissociates
and ionizes, the reactions are binary, that is, their rates are
proportional to density. Therefore, the characteristic Damköh-
ler number is proportional to the product of density and length
scale. Since Reynolds numbers are proportional also to the
same product, theoretically the needed Damköhler numbers
could be automatically simulated when the Reynolds numbers
are simulated. However, this argument does not hold for the
impulse tunnels. The rates of reactions behind a shock wave
over the test model are affected by the chemical state of the
freestream � ow. A freestream � ow containing vibrationally or
electronically excited species or dissociated or ionized species
produces reaction rates faster than an undisturbed � ow. In an
experiment conducted in an arcjet wind tunnel, the rate of
approach to equilibrium behind a bow shock wave was found
to be at least 20 times faster than in an undisturbed � ow.9

The metallic impurity species mentioned earlier can par-
ticipate in the rate processes. However, their contribution is
probably small compared with those of the O and N atoms,
especially in their electronically excited states, and the elec-
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Fig. 4 Density-length product values covered by Lobb’s experi-
ment13 compared with Space Shuttle values.

Fig. 3 Shock standoff distance for sphere in nonequilibrium re-
gime.13,14

tronically excited N2, O2, and NO molecules, whose concen-
trations are much greater. Thus, the presence of a small con-
centration of impurity species is probably insigni� cant in this
respect.

These considerations lead one to believe that meaningful
tests are possible at best only for the problems 1– 4 and part
of 7, out of the seven listed previously. Even for testing these
� ve problems, a compromise must be made in that 1) a � nite
level of turbulence and the resulting increase in the effective
Reynolds numbers, 2) the changes in the extent of heat ab-
sorption behind the shock wave caused by the presence of
dissociated species and ablation products in the freestream, and
3) the enhancement in the effective Damköhler numbers
caused by the presence of the energetic species in the free-
stream, must be accepted and compensated for in the data re-
duction. Such procedures will be described in the Test Strategy
section.

Ballistic Ranges
The dif� culties just mentioned can be avoided if the model

is � own in the test gas instead of the test gas being made to
� ow over the model. This is done in a ballistic range. The
largest ballistic range in existence can launch a model of 8 cm
in diameter to a velocity of up to 8 km/s, into a test gas up to
an atmospheric pressure.10 Ballistic ranges can easily repro-
duce the Reynolds and Damköhler numbers of large hyper-
sonic vehicles.

There are no aerothermodynamic problems in simulating the
� ow� elds 1– 4, and possibly 5, mentioned previously in a bal-
listic range. There has been skepticism in the past11 that lam-
inar-to-turbulent transition of a boundary layer may not be
simulated in a ballistic range because of what is termed the
unit Reynolds number effect. The transition data obtained in a
ballistic range with sharp cones indicated that transition Reyn-
olds number changes with the model size. This is probably
because the tip of the sharp cone ablates, and the extent of
ablation changes with freestream density. In practice, the nose
tip of all hypersonic objects is blunt. For a blunted cone free
of ablation, transition is likely to be consistent, although such
tests have not yet been made systematically.

However, there are two basic limitations to the ballistic
range. First, ballistic ranges cannot launch a model that pro-
duces a signi� cant amount of lift. A lifting model tends to veer
away from the centerline of the range test section and hit its
sidewalls before data can be gathered. Second, only limited
instrumentation is permitted. Because of these two limitations,
the ballistic range tests are suitable only for models of rela-
tively simple geometry with small lift, such as spheres and
cones, and Apollo-like weakly lifting bodies. Only optical � ow
visualization is practical, though telemetry is possible at an
expense.

There exist in the literature several schlieren photographs of
the shock-layer � ow over a sphere in the equilibrium region,
from which the correct values of shock standoff distance can
be determined (see, e.g., Ref. 12). The standoff distance values
in the nonequilibrium-� ow regime, which are more dif� cult to
obtain because of the low density involved, were obtained by
Lobb.13 The data are reproduced in Fig. 3, and are compared
with similar data taken in an expansion tube.14 The � gure
shows that measured shock standoff distances are substantially
larger than the equilibrium values in the nonequilibrium range,
as expected.

The range of density-length product values covered by
Lobb’s data set13 is shown in Fig. 4. The � gure shows that the
tested range overlaps with that of the Space Shuttle nose region
in the high-speed range. This means that the � ow over most
of the Space Shuttle vehicle will be in nonequilibrium for the
high-speed range. For the low-speed range, the density– length
product is larger in � ight than the values produced in the bal-
listic range test, implying that equilibrium will prevail there.

In addition to the sphere tested by Lobb,13 blunted cones
and cones with � ares could be � own and their � ow� eld vi-
sualized in a ballistic range. From their schlieren and ther-
mographic photographs, shock shapes, boundary-layer transi-
tion points,12 and structures of separated � ows, shock-/
boundary-layer-interaction � ows, and leeward-side/base � ows
could be made visible.

Pitot and Heat Transfer Measurements
The basic characterization measurements in a wind tunnel

consist of radial surveys of pitot total pressures and heat trans-
fer rates to the stagnation point of a sphere. The pitot total
pressure is governed only by the momentum equation in the
axial direction, and so its ratio to the reservoir pressure is a
function only of the effective nozzle area ratio independently
of any chemical reactions occurring within the inviscid core
of the nozzle. Since � ow reaches equilibrium at the edge of
the boundary layer over the tested model in most cases, the
stagnation-point heat transfer rate is independent of the chem-
ical state of the freestream � ow.

The effective area ratio that determines the pitot pressure is
determined by the displacement thickness of the boundary
layer growing over the nozzle wall . To understand the real-
gas effects on , one tacitly assumes that the static pressure is
constant across the boundary layer. Then, because the equation
of state in a dissociated gas is p = RTZ, there follows:

U T Z Ue e
= 1 dy 1 dy

U TZUe e e0 0

where the subscript e signi� es the edge of boundary layer. In
a real-gas wind tunnel, both the temperature ratio T/Te and the
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Fig. 5 Comparison between the measured and calculated species
concentration ratios for the experiment of Skinner17 and Skinner
and Stalker18: a) O/O2, b) O2/N2, c) O/N2, d) N/N2, and e) NO/N2.

compressibility ratio Z/Ze are smaller than in a perfect gas. As
a result, the value is smaller.

In an extreme case of very large TeZe and very small TwZw,
could even be negative. Such a phenomenon would resemble

a � ow of steam passing through a cold pipe. Because of con-
densation of the vapor into liquid at and near the wall in this
case, the Z value shrinks from unity at the edge to zero at the
wall, and the displacement thickness becomes negative as a
result.

To theoretically calculate the displacement thickness of the
boundary layer growing over the nozzle wall, one must know
the interaction of chemical reactions with the turbulent bound-
ary layer growing over the wall. The chemical reactions in the
cold region of the boundary layer are the same as those oc-
curring in an expanding nozzle � ow.15 As will be shown, the
chemical reactions in an expanding � ow are not well known.
Therefore, it is unrealistic to expect to calculate with con� -
dence the displacement thickness over the nozzle wall in a
real-gas regime. Conversely, the effective area ratio of a noz-
zle, or the resulting pitot total pressure, cannot be used as an
indicator of the chemical state of the inviscid � ow in a real-
gas tunnel.

Chemical Reactions in Nozzle
To determine the chemical state of the gas in the test section

of an impulse tunnel, the concentrations of chemical species
and vibrational temperatures must be measured. The com-
monly used method for concentration measurement is mass-
spectrometry,16– 18 although an optical spectroscopic technique
is being developed.19 Spectroscopic methods are used in mea-
suring the vibrational temperature.20

Vibrational temperatures and species mole fractions at the
nozzle exit have been measured for an arc-heated facility in
Refs. 16 and 20. There are presently many computer codes for
the calculation of the chemical reactions occurring in a hyper-
sonic nozzle. Most codes use the conventional so-called one-
temperature model such as that used in the NENZF code.21

References 22 and 23 show that the calculated vibrational tem-
peratures generally agree with the measured values, but that
the conventional theoretical model gives species concentration
values that are greatly different from the measured values. The
discrepancies are as follows:

1) The measured oxygen atom concentrations are substan-
tially lower than the calculated values.

2) The measured nitrogen atom concentrations are many or-
ders of magnitude greater than the calculated values.

3) The measured nitric oxide concentrations are substantially
higher than the calculated values.

A multitemperature reaction model was introduced in Ref.
22 to explain the measured data. The model is based on the
assumption that nozzle � ows contain a signi� cant concentra-
tion of electronically excited oxygen atoms, and that the en-
dothermic Zeldovich reactions occur faster because of their
presence. The model produces a result that is closer to the
measured data, but fails to bring about a complete agreement.

Recently, similar measurements of species concentration
have been made in a shock tunnel.17,18 The measurements were
made at a reservoir pressure of 14 MPa over an enthalpy range
from 5.6 to 21 MJ/kg. The authors caution that the data values
may not be accurate at enthalpies above 15 MJ/kg because of
possible mixing of the driver gas with the driven gas. The
measured data were compared with the values calculated by
the NENZF code. A discrepancy was found between the mea-
sured and the calculated values. The discrepancy is qualita-
tively the same as that found for the arcjet � ow, but its extent
was larger.

Calculations are performed in this work for these shock-
tunnel test conditions � rst using the conventional one-temper-
ature model. The conventional reaction rate coef� cient values
given in Ref. 24 were used. The species concentrations re-
sulting from the calculations are shown in Figs. 5a– 5e, marked

Park rate model, and are compared with the experimental data.
The calculated values differ greatly from the measured values,
especially on the nitrogen atom concentrations. The calculated
values are slightly closer to the measured values than those
obtained using the NENZF rate coef� cients.17

To � t the experimental data, a new empirical model is pro-
posed in this work. The model assumes the following:

1) The forward reaction of the � rst Zeldovich reaction, O
N2 ® NO N, occurs with the activation temperature of

38,400 K reduced by E = 32,000 4 106/T K.
2) The forward reaction of the second Zeldovich reaction,

O NO ® O2 N, occurs with a zero activation temperature.
3) The rate coef� cients for three-body recombination of ni-

trogen, N N M ® N2 M, is 10 3 times the values in
Ref. 24 for all third-body types M.

4) The rate coef� cients for three-body recombination of
oxygen, O O M ® O2 M, is 10 6 times the values in
Ref. 24 for all third-body types M.

Assumptions 1 and 2 are the same in principle as those made
in Ref. 22 and express the hypothesis that many oxygen atoms
exist in their electronically excited (1D and 1S ) states, and that
the endothermic Zeldovich reactions are fast for these atoms.
How the populations of these electronically excited states are
maintained at a high level is not known exactly. However, a
clue can be found in the experiment reported in Ref. 25. In
that experiment, in an expanding � ow of pure nitrogen, a large



PARK 15

Fig. 7 Nozzle exit densities in the experiments of Refs. 17 and
18 calculated by two rate models.

Fig. 6 Axial variation of species mole fractions for the experi-
mental case of Ref. 17: a) Park rate model24 and b) new empirical
model.

concentration of N2 molecules excited to high electronic states,
B3

g and C3
u, were found early in the cooling process. How-

ever, when oxygen was added to the � ow, these excited N2

molecules disappeared. This implies that the electronic energy
of those excited N2 molecules are transferred to O or O2. In-
evitably, one of its consequences is to produce electronically
excited O atoms.

The electronically excited N2(B) and N2(C) can be produced
by a process known as inverse-predissociation, N N ®
N2(B,C). This process is a binary process and can occur at a
signi� cant rate, even at low densities. Although spectroscopi-
cally invisible, the same process is expected to occur to all
states in the neighborhood of the B and C states. Those excited
N2 states can be produced also via three-body recombination
processes. The total multiplicity of all known electronic states
of N2 in the neighborhood of the B and C states is 40 times
that of the X state. According to the principle of chemical
reactions, this means that the rates of three-body recombina-
tion into those states could be 40 times that into the X state
in an expanding � ow. Since these energy levels are high, they
can also dissociate back into N N at relatively low temper-
atures.

The phenomenon assumed in 3 may occur as a result of the
electron-impact dissociation of N2. It is known that electrons
are 1000 times more ef� cient than heavy particles as a third
body in dissociating N2.

26 Electrons exist in impulse facilities
in a greater concentration than calculated because of the im-
purities. These electrons are likely to be hotter than the heavy
particles because of the preferential heating phenomenon.27 As
a result, at the point of freezing of nitrogen recombination, the

concentration of N atoms is likely to be that corresponding to
the equilibrium value corresponding to the local electron tem-
perature.

The phenomenon assumed in 4 may also be a result of the
existence of a large concentration of electronically excited N2

molecules. For instance, a N2(C) could dissociate O2 via N2(C)
O2(X) ® N2(A) O O. The N2(A) so formed can be

collisionally dissociated even at relatively low temperatures.
In Figs. 5a– 5e, the concentration values calculated using the

new empirical model are compared with the experimental data.
The calculations were started in the subsonic region upstream
of the throat. As seen in the � gures, the new model gives a
fairly close agreement with the experimental data below 15
MJ/kg, where the experimental data are believed to be accu-
rate.

The calculated variation of species mole fractions in the ax-
ial direction in the nozzle is shown in Figs. 6a and 6b for the
two rate models for an enthalpy of 10 MJ/kg. As seen in these
� gures, there is a considerable difference in the calculated spe-
cies concentrations between the two cases. The difference
starts from the subsonic region.

The calculated density at the nozzle exit is shown for the
two cases in Fig. 7. The new rate model gives discernibly
higher density values than the conventional model. This is be-
cause a less amount of chemical energy is transferred into the
translational mode in the empirical model, and, therefore, pro-
duces lower temperatures. Though not shown, the pitot total
pressures for the two cases are nearly identical, underscoring
the argument given in the Facility Limitations section that pitot
pressure is independent of chemical phenomena.

Density Ratios Across Shock
The electronically excited O atoms, N2 molecules, and both

unexcited and excited N atoms are all highly chemically active.
The chemical reactions behind a shock wave formed over a
model placed in the test section of an impulse tunnel will be-
come faster than in undisturbed air because of their presence
in the freestream. The impurity species may also be chemically
active. However, unless their mole concentration is in the same
order as those of the major species, their presence should not
affect the � ow signi� cantly. The enhancement of Damköhler
number has already been observed experimentally in an arcjet
� ow,9 as mentioned in the Facility Limitations section. The
average density ratio between the shock layer over a blunt
body and the freestream will then be affected by the enhance-
ment phenomenon, except when the shock-layer � ow is un-
conditionally in an equilibrium regime. The shock standoff dis-
tance for a blunt body will be affected accordingly in the
nonequilibrium regime.
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Fig. 8 Calculated density ratios across a normal shock wave
compared with the � ight values.

Fig. 9 Normalized shock standoff distance for sphere in a shock
tunnel.28

The average density ratio was calculated in the present work
for a shock layer over a model placed in a shock tunnel using
both the conventional rate model and the new empirical model.
For this purpose, the shock-layer pressure and enthalpy were
� rst determined using the hypersonic approximation, pt =

, H = , and the resulting equilibrium density was2 2U U /2
taken to be the average shock-layer density. The approximation
overestimates the density ratio slightly. The reservoir pressure
was taken to be 100 MPa, and the nozzle area ratio and length
were assumed to be 3000 and 3 m, respectively. The results
are shown in Fig. 8 and are compared with the values expected
in � ight.

As seen in the � gure, the density ratio is smaller in a shock
tunnel than in � ight. The new empirical rate model gives
smaller density ratios than the conventional model. This im-
plies that the shock standoff distances in a shock tunnel will
be larger than in � ight.

According to Fig. 8, the density ratio value obtainable in a
shock tunnel is the closest to the � ight value at an enthalpy of
8 MJ/kg. Thus, the degree of simulation is the best at this
enthalpy. Also, the difference in the density ratio values pre-
dicted by the two reaction rate models is the smallest at this
enthalpy, implying that any theoretical corrections made to the
experimental data will be most reliable at that enthalpy. The
density ratio reaches a constant value at around 18 MJ/kg,
which implies that, for the purpose of simulating the real-gas
effects, it is needless to operate at higher enthalpies. The den-
sity ratio at 18 MJ/kg is only slightly larger than that at 8 MJ/
kg. Because the density ratio values in a perfect gas, in the
tunnel � ow, and in � ight are 6, 10, and 12 at 8 MJ/kg, re-
spectively, one may say that two-thirds of the real-gas effects
is realized in the tunnel at that enthalpy. In comparison, at an
enthalpy of 20 MJ/kg, the test realizes only one-half of the
true real-gas effects.

Shock Standoff Distance in Shock Tunnel
The shock standoff distances for spheres and cylinders have

been measured in a shock tunnel by Hornung and Wen28 for
various gases. For nitrogen and carbon dioxide, the shock
standoff distance was found to decrease signi� cantly as the
Damköhler number was increased. At low Damköhler num-
bers, the standoff distance was that corresponding to the per-
fect gas, and at high Damköhler numbers, it was that of an
equilibrium � ow. The observed behavior agreed closely with
the calculations.

However, for air� ows, the changes in shock standoff dis-
tance caused by the changes in the Damköhler number were
not large.28 In Fig. 9, the shock standoff distance data for air
are reproduced. In the � gure, the abscissa is a special Dam-

köhler number de� ned in Ref. 28. The quantities inf and s

are the density of the freestream and immediately behind the
normal shock wave, and and D are shock standoff distance
and body diameter, respectively. The quantities , inf, and s

were calculated in Ref. 28 using a conventional model that is
not compatible with the experimental data of Refs. 17 and 18.
Therefore, accuracy of these quantities is in doubt.

However, the main features of the experimental data can be
appreciated. According to the data, the measured shock stand-
off distance in an air� ow decreases only slightly as the � ow
Damköhler number is increased. From the schlieren photo-
graphs obtained in ballistic ranges and from calculations, the
shock standoff distance for the equilibrium � ow is known.
They are shown in Fig. 9 and are compared with the shock-
tunnel data. The difference between the two sets of data is
apparent. The extent of the reduction in shock standoff dis-
tance caused by chemical reactions obtained in the shock-tun-
nel test is only about one-half, or less than that obtained in
ballistic range tests. The extent of the standoff distance reduc-
tion at 10 MJ/kg is less than predicted in Fig. 8. This could
be because of the following:

1) The experiment was conducted at reservoir pressures less
and nozzle lengths shorter than those assumed in Fig. 8.

2) The quantities , inf, and s were calculated erroneously.
Qualitatively, Fig. 9 is in agreement with Fig. 8, in that only

part of the true extent of the real-gas effects is realized in an
impulse tunnel.

Test Strategy
One can now formulate the best strategy for the simulation

of real-gas effects in an impulse tunnel. As a prerequisite, a
meaningful test can be conducted only in a large facility and
only at a reservoir pressure of the order of 100 MPa. The
density– length product in the � ight condition to be simulated
is � rst determined. Then, from the ballistic range data, one
determines the in-� ight shock standoff distances and shock-
layer thicknesses for spheres and cones, the boundary-layer
transition point for a cone of choice, and the separated-� ow
parameters for a � ared-cone for that density-length product
value. The tunnel is operated with those spheres and cones to
determine the equivalent density-length product value that
gives similar shock-layer thicknesses, transition points, and
separated-� ow parameters as in � ight, allowing for the intrin-
sic differences described earlier. That is, the effective Reynolds
and Damköhler numbers for the tunnel are determined. The
needed tests of the real-gas effect phenomena are carried out
at these effective Reynolds and Damköhler numbers. Accord-
ing to the foregoing arguments, the shock-layer thicknesses
observed in the tunnel should be closer to the � ight values
than to the perfect-gas values.

For comparison purposes, one may conduct the same ex-
periment in a perfect gas regime. This can be achieved by
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Table 1 Calculated � ow conditions for real-gas simulation

Test condition Tunnel Tunnel Flight

Body length, m 1 1 30
Gas Air N2 Air
Enthalpy, MJ/kg 8 3 8
Reservoir pressure, MPa 100 1.37
Nozzle exit conditions

Area ratio 3000 100
Pressure, Pa 1205 663 1380
Temperature, K 811 299 210
Density, kg/m3 4.82 3 7.47 3 2.09 4

Velocity, m/s 3632 2320 4000
O mole fraction 1.93 4 0 0
N mole fraction 1.90 3 0 0
NO mole fraction 1.26 1 0 0
Effective Mach number 6.5 6.58 14
Reynolds number 106 106 106

Equilibrium condition behind
normal shock

Pressure, Pa 6.364 4.024 3.343

Temperature, K 3982 2529 3978
Density, kg/m3 4.78 2 5.35 2 2.67 3

O mole fraction 2.73 1 5.01 5 3.25 1

N mole fraction 1.68 3 6.03 7 2.13 3

NO mole fraction 3.68 2 1.18 4 1.52 2

Density ratio across shock 10.2 7.16 12.8
Simulating altitude, km 63

operating the facility with nitrogen at an enthalpy of 3 MJ/kg
or lower. The operating conditions must be adjusted to repro-
duce the Mach number and Reynolds number of the real-gas
test. The results of this test are compared with those of the
real-gas test. The difference between the two should be judged
to be the real-gas effects. For a crude approximation, at 8 MJ/
kg, the magnitude of the real-gas effects so deduced can be
multiplied by 1.5 to account for the fact that the facility sim-
ulates only two-thirds of the true extent of the real-gas effects.
For test results obtained at higher enthalpies, a higher factor
must be multiplied. More precise corrections should be made
by utilizing numerical computations.

The typical operating conditions of an impulse tunnel for
such a test are compared with the corresponding � ight condi-
tions in Table 1. The real-gas tunnel conditions are calculated
using the new empirical model. The effective Mach number
shown in the table is an average between the equilibrium and
the frozen Mach numbers. The table shows that, even with an
area ratio of 3000, the nozzle exit Mach number in a real-gas
� ow is only 6.5. The reference nitrogen test is designed to
reproduce the Mach number and the Reynolds number of the
real-gas test.

The presence of metallic impurities in the tunnel is auto-
matically accounted for in this validation procedure. As long
as the in-� ight � ow phenomena such as shock shapes and tran-
sition points are correctly reproduced, the fact that the test gas
contains a small amount of metallic impurities should not mat-
ter.

The present reasoning points to the need for more measure-
ments in ballistic ranges, more accurate direct measurements
of chemical compositions in the � ow produced by an impulse
tunnel, and theoretical works to interpret the test results. A
balance should be maintained between the impulse-tunnel and
ballistic-range tests, and between experiments and theoretical
efforts for a meaningful utilization of impulse tunnels.

Conclusions
Real-gas impulse tunnels are expected to be useful in sim-

ulating four, or possibly � ve, types of real-gas problems. The
chemical state of the air� ows in such a tunnel cannot be de-
scribed by the conventional reaction rate model, but can be
with a new empirical model that assumes fast Zeldovich re-
actions of the excited oxygen atoms and slow three-body re-
combination reactions. When a tunnel is operated at an en-

thalpy of 8 MJ/kg, the density ratios and the shock standoff
distances are likely to be the closest to those in � ight, and
about two-thirds of the real-gas effects in � ight could be sim-
ulated in the tunnel at that enthalpy. The impulse tunnel tests
are valid when they are conducted at the effective Reynolds
and Damköhler numbers that produce similar shock shapes and
transition points as those obtained in the ballistic range exper-
iments for simple geometries.
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