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Vehicles on interplanetary missions enter atmospheres at very high (superorbital) velocities. The kinetic energy
of the craft causes dissociation of molecules and ionization of all of the species present in the gas. Ground-based
testing of such conditions in nitrogen has been performed in a new superorbital expansion tube, X2, using two
optical techniques. Emission measurements identified sources of visible radiation that may influence optical mea-
surements and can also contribute to radiative heat transfer. As well, the emission spectra from Stark-broadened
hydrogen lines were used to measure electron concentrations between the bow shock and the body. Two-wavelength
holographic interferometry was used to provide two-dimensional density and electron concentration profiles of
the flow. Peak electron levels of around (4.0 = 0.6) X106 cm™3 were observed that agreed well with equilibrium
estimates. A gradual increase in electron population after the shock was observed, reaching a maximum of about
one-quarter of the distance from the body to the shock along the stagnation streamline. Thereafter the concen-
tration decreased because of the influence of the body. Comparisons were also made between flows over different

sized cylinders and between air and nitrogen flows.
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Introduction

VEHICLE reentering the Earth’s atmosphere at velocities
greater than those of orbiting vehicles has sufficient kinetic
energy to cause ionization of the air passing through the bow shock
of the body. The presence of electrons behind the bow shock may
have a significant effect on the shock stand-off and flow conditions.
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As well, high levels of radiative heat transfer are expected. Few ex-
periments have been performed at these high velocities and studies
are required to aid in the understanding of the flow.

Free-piston-driven shock tunnels have shown their capabilities
for simulating orbital reentry, obtaining velocities around 5-8 km/s.
A testgas is shockheated and compressedbefore expanding steadily
througha supersonicnozzle. A free-pistondriveris utilized to obtain
higher enthalpies than that achievable with a cold driver. Related to
the work here, experiments have been performed in such a facility
providing important details about the dissociation of a nitrogen test
gas as it flowed over various diameter cylinders,' and ionization of
argon.? These types of facilities are, however, limited in the speeds
they can generatebecauseof radiationlossesin the stagnationregion
at the entrance to the nozzle. To obtain higher freestream velocities,
it is necessary to accelerate the gas using an unsteady expansion,
eliminating the need to stagnate the flow. Expansion tunnels exploit
this method to generate higher velocities, although this is at the ex-
penseofreducedtesttimes and flow diameter. Couplinga free-piston
driver with an expansion tube allows the simulation of velocities far
above Earth orbital reentry velocities, and these facilities are hence
termed superorbital.

A series of superorbital expansion tubes have been developed at
the University of Queensland beginning with a pilot facility, X1,
and culminating in a large-scale tunnel, X3, currently under con-
struction. X1 is capable of generating flows with velocities up to
14 km/s using test gases such as air, nitrogen, and carbon dioxide
with test times of the order of 20-100 us. Our initial experiments
in this facility* consisted of investigating the flow around a cylinder
and a sphere. Emission spectroscopy was used to identify radiating
species in the flow and to examine possible influences on the use
of other optical techniques. A byproduct of these studies was the
observation of Stark-broadenedatomic hydrogen lines that allowed
the measurement of electron concentrations. This was compared
with results obtained using a separate technique, two-wavelength
holographic interferometry, which gave two-dimensional electron
distributions. Both methods gave values significantly lower than
that predicted by a simple equilibrium calculation.

The newer, larger facility, X2, is the focus of the current study.
Through the use of a larger diameter core flow, this tunnel allows
us to address some of the problems associated with size in X1.
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Specifically, drawbacks of the earlier experiments included the as-
pectratio (Iength to diameter) of the cylinder, and the complications
introducedinto the datareductionby the use of an air test gas. Larger
models have been manufactured for use in X2 to overcome these
problems and tests have been performed with both nitrogen and air
test gases. As well, signal levels in the previous experiments were
lower than ideal, which introduced unwanted noise in the spectro-
scopic measurements.

The goal of the experiments presented here was the quantifica-
tion of the flow around a cylinder for comparison with planned
computational fluid dynamics calculations. Emission experiments
have been performedto enable comparison of radiating species with
those observedin other tunnels, and to study ionization levels. Two-
dimensional quantitative density and electron concentration mea-
surements have been performed using our two-wavelength holo-
graphic interferometry technique.

Facility

The experiments were performed in the superorbital expansion
tube X2, shown in Fig. 1. This free-piston-drivenexpansiontube has
atotallength of around20 m with internaldiameterat the tube exitof
85 mm. The driver gas is compressed in a two-stage process using a
compound piston launched using a double diaphragm arrangement.
Initial compressionoccurs in a 273-mm-diam tube at comparatively
low pressures.Higher pressuresare achieved afterthe heaviercentral
part of the piston detaches and passes into a tube with a diameter
of 91 mm terminated by the primary diaphragm. Beyond this, the
tube operatesas a conventionalexpansiontube. The test gas is shock
heated in the shock tube and then expanded unsteadily to the test
condition through the accelerator tube. Comparisons are made with
similar experiments conducted in the smaller X1 facility, which has
a secondarydriver between the main driver and the shock tube. This
section allows for an increase in the temperature of the driver gas
that generates stronger primary shock waves in the test gas. As the
current configuration of X2 does not include such a section, similar
freestream velocities to X1 are generated only at lower densities.

Instrumentation on the tunnels include pressure transducers at
regular intervals along the shock and expansion tubes. The latter
are used to infer the freestream flow velocity by assuming that the
Mirels condition is satisfied whereby the test slug maintains a con-
stantlength because gains from gas processed by the shock wave are
matchedby lossesthroughthe boundarylayer. The freestreamveloc-
ity isthus equalto the measured shock velocity. This has been experi-
mentally confirmed at similar conditionsin X1 using laser-enhanced
ionizationflow tagging to measure the free-streamvelocity directly”

MCINTYRE ET AL.

the incident shock in the shock tube together with the fill pressure
in the expansion tube were used to calculate freestream conditions.
Chemical equilibrium was again assumed and viscous effects were
accounted for using laminar boundary layers. Studies are ongoing
to determine the importance of these assumptions.

The current investigation was restricted to studying two-dimen-
sional flows over cylinders. This type of model is preferable for the
interferometry measurements as it allows for easier data analysis.
A small cylinder with a diameter of 15 mm and a length of 60 mm
was used in both the interferometry and the emission spectroscopy.
A larger model with a diameter of 30 mm and a length of 60 mm
was also studied using interferometry, although the flow here can
no longer be considered two dimensional.

Experimental Arrangement
Emission

The main aim of the emission studies was to provide an indepen-
dent measurement of the electron concentration using Stark broad-
ening of hydrogen lines. This process is well understood, with the
line widths of the H-a, H-f3, and H-y lines being directly related
to the electron concentration with only minor influences from other
flow parameters such as temperature at the flow conditions inves-
tigated here. The emission studies were also used to identify radi-
ating species in the flow. This type of investigation often provides
qualitative data on impurities in the flow. Previous studies have
established the presence of a variety of contaminants in X1.* At
moderate velocities (around 4-5 km/s), the spectral distribution of
the emission was similar to the results of measurements in other
high enthalpy facilities.®° For superorbital conditions (11 km/s),
the spectra showed a continuous background signal and far fewer
spectral lines. Here, we report the results of a similar study for flows
producedin X2.

The experimentalarrangementused was identical to that reported
in our previous study?* The region along the stagnation stream-
line in front of the cylinder was imaged through an imaging spec-
trometer (SPEX 270M) onto a fast-gated intensified charge-
coupled device (CCD) camera (Princeton Instruments) that has an
ultraviolet-enhancedphotocathode.This arrangementyields a spec-
trally resolved image along one spatial direction. Each image cov-
ered a region of approximately 70 nm, with spectra recorded in

Table1 Calculated conditions in the freestream and behind a bow
shock in the X2 and X1 superorbital expansion tubes (assuming
chemical and thermal equilibrium)

Calculatedtest gas conditionsin X2 together with conditionsused A. X2 (N>) B. X1 (Air)

in X14 are given in Table 1. The calculations used for the X1 fa- Bow Bow
cility were based on the TUBE program.3 This program uses the Condition: parameter Freestream shock Freestream shock
shock tube fill pressure and shock velocity together with the expan- Pressure (kPa) 13 140 29 350
sion tube shock velocity to determine the freestreamconditions. The Temperature (K) 3,030 10,700 7,160 15,900
simulationis one dimensional,ignores viscous effects, and assumes Density (kg/m?) 0.0014 0.021 0.0079 0.072
chemical equilibrium. Calculated freestream static pressures were Enthalpy (MJ/kg) 64 64 93 93
within experimental uncertainty of the measured static pressure. Velocity (km/s) 10.3 0.7 10.8 1.2
Similar calculations for the X2 facility severely overpredicted the Mach number 9.6 0.2 4.7 0.29
measured static and pitot pressure. A revised calculation? based on Dissociation fraction N 0.0 1.0 0.78 1.0
a two-dimensionalshock-capturingcode,” was performed that more Dissociation frémon 0: - o 1.0 1.0

. Ionization fraction N e 0.04 _ 0.31
accurately modeled the measured parameters (velocities and pres- Tonization fraction O L o L 021
sures). This analysis started at the secondary diaphragm and com- Electron concentration (cm ™) —— 3.6%106 —— 88x107
puted the transient flow in the accelerator tube. Conditions behind

Reservoir Compression Shock Accelerator Test
(1.55 MPa Air) Tube Tube Tube Section
(48 kPa He) (2.4 kPa N,/Air) (2.0 Pa Air)
Double Compound Primary Secondary
Diaphragm Piston Diaphragm Diaphragm Diffusion
(1.6 mm mild steel) (cellophane) Pump

Fig.1 Schematic diagram of the superorbital expansion tube X2.
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Fig.2 Experimental arrangement for holographic interferometry.

successive shots covering wavelengths in the 200-700 nm range.
Intensity and resolution of the images were controlled by a combi-
nation of spectrometer entrance slit size (50 pm) and the length of
the camera gate (1 us). With these settings, the spectral resolution
of the spectrometer was estimated to be 0.3 nm.

Holographic Interferometry

We have previously reported the development of a two-wave-
length holographic interferometry technique that we have used to
measure electron concentrationsin high enthalpy flows.!? Here, the
technique was implemented in X2 with the layout for measurements
shown in Fig. 2. The 1064 nm output of a pulsed, seeded Nd: YAG
laser was frequency doubled to provide light at 532 nm. Part of this
light, combined with the fundamental infrared beam, was used to
simultaneously generatelight at 355 nm. The two wavelengths were
combined and passed collinearly through the holographic interfer-
ometry system. This consisted of the test arm that contained the test
section, and the recording arm that passed the beams around the
tunnel. Light from the two arms was overlapped on a holographic
plate forming holograms of the test section. In total, four holo-
grams were recorded on a plate during a measurement—one at each
wavelength prior to the flow, and one at each wavelength (simulta-
neously) during the flow. Afterward, the plate was developed and
the images reconstructedusing a sodium lamp. Interferograms were
formed where the “no-flow” and “with-flow” images overlap. The
interferogram resulting from the recording with the 532-nm beam
is spatially separated from that recorded with the 355-nm beam.
The interferograms were recorded on a 1524 X 1012 pixel Kodak
DCS410 CCD camera and transferred to a computer for analysis.

At the conditions used in this study, the freestream consisted
almostentirelyof molecularnitrogen,whichis dissociatedacrossthe
shock leaving a flow of atomic nitrogen. This is then ionized within
the relaxationzone between the shock and the body. The presence of
the molecular nitrogen complicates the data reduction as molecular
and atomic nitrogen have different Gladstone-Dale coefficients and
hence contribute to the gas refractivity (and hence fringe shift) by
different amounts for the same density. It is assumed that the less
energetic dissociation process occurs rapidly behind the bow shock,
so that the observed fringe shift across the shock is because of the
increase in density of the gas as well as the change in refractivity
because of the change in composition. This assumption can have a
major effect on the measured total density of the technique, but has
a much smallerinfluence on the determined electron concentration.

The total density p and the electron concentration N, can be
determined using the equations'®

(Pl - Prw)lle - (Pz - P;w)lzKl
(G1K; = GyKy)l

P =p= +

(Pl - Pl*oo)lle - (Pz - P;oo)lzGl
(G1K> — G2 K )l

Test Time

Pressure (kPa)

1 : ‘ ‘ : :
0 10 20 30 40 50

Time (1s)

Fig.3 Static pressure in the freestream of X2 for a nitrogen test gas.

The values of p2 refer to the freestream fringe shift corrected to
allow for the complete dissociation of nitrogen. This is given by

Pl =P + (Gin = G, )(6pu L1 24)

where subscriptsi represent values at the wavelength A;. For a flow
species A, the constant K; can be written

Ki = K22+ Gumy(1 —ry)

where m 4 is the mass of an atom, and r 4 is the ratio of the Gladstone-
Dale coefficient for the atom to thatfor the ion. For the measurements
presentedhere, this is approximatedas r, =1 because of the lack of
an experimentalmeasurementof the Gladstone-Dale coefficient for
ions. The uncertainty of this value also has only a small influence
on the uncertainty in the electron concentration measurement.

Results

Tunnel Performance

Data were recorded over a series of about 30 tests. Pressure trans-
ducers were used along the tube to measure shock speeds. Primary
shock speeds (in the shock tube) were measured to be 5.0 km/s
with a shot-to-shot variation of less than +5%. Secondary shock
speeds (in the acceleratortube) were measured to be 10.3 km/s, also
with a variation of less than £5%. Operating characteristics of the
freestream were monitored by recording static and pitot pressures
throughout the test time. A sample static pressure trace is given in
Fig. 3 showing an approximately constant plateau of around 20~
30 us constituting the test time. The pressure thereafter increases
because of the arrival of the unsteady expansion. The biggestuncer-
tainty in these measurements lies in variations during the test time
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and shot-to-shot variationsrather than the accuracy of the transduc-
ers. Based on measurements during the course of the experimental
program, the static pressureis estimated to be (1.0 = 0.2) kPa, which
is in reasonable agreement with the calculated value presented in
Table 1. The pitot pressure was measured to be (170 * 30) kPa.

Emission

Emission images were recorded with spatial resolution along the
stagnation streamline of the flow. To identify spectral features, the
region between the shock and the body was averaged over the spatial
direction yielding spectra. The results for the complete wavelength
range are shown in Fig. 4, whereas the spectrum over a narrower
range, 350-450 nm, is shown in Fig. 5. In each figure, spectra from
our previous measurementsin X1 are also given (see Table 1 for cal-
culated conditions).* Prominent lines over the narrower wavelength
range that have been identified are labeled in Fig. 5. The spectra for
the current measurements are in general similar to those seen pre-
viously. The majority of the radiation lies in the wavelength range
250-450 nm. The most prominentlines are again the two Ca* lines
just below 400 nm. However, there are a number of notable differ-
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ences. Firstly, the strong silicon lines at 251 and 390 nm observed
in X1 are absent from the X2 spectra. The atomic hydrogen lines
(656, 486, and 434 nm) are also significantly weaker. These could
possibly be explained by having a better evacuation cycle leading
to less contamination. Note that transitions in nitrogen and oxy-
gen atoms are considerably weaker than those for the contaminant
metallic species and are thus not observed in the spectra despite the
metallic species being presentonly in trace amounts. Similar results
have been obtained in other impulse facilities °

The conditionsin Table 1 show that the level of ionizationin the
currentexperiments is expected to be significantly lower than those
in X1. This is experimentally verified as the X2 spectral lines of
hydrogen are generally narrower than those measuredin X1 despite
similar resolutionin the detection apparatus. Furthermore, the level
of continuumbackgroundcompared with the strength of the spectral
lines is lower in X2. These observations are consistent with a lower
electron concentration.

There exist a number of broad structures (355, 385, and 415 nm)
that could possibly indicate the presence of molecular species, al-
thoughat the high temperaturescalculated,one would expect that all
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Fig.4 Emission spectra from the current experiments compared with previous measurements in X1.
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Fig.5 Emission spectra for a narrower wavelength range from the current experiments compared with previous measurements in X1.
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molecules would be dissociated. An alternative explanation is that
they are a collectionof broadenedatomic lines. Further investigation
is required to establish their source.

As noted, the atomic hydrogen lines can be used to determine
electron concentrations through an analysis of Stark broadening.
The lines H-a (656.3 nm) and H-B (486.1 nm) were identified in
the spectrabut were considerably weaker than previously observed.
Nevertheless, signal levels were sufficient to make a reliable mea-
surement of the linewidths. The H-y (434.1 nm) was too weak to
be detected.

The line shape of the H-B line was used to determine the elec-
tron concentration. To achieve this, the region between the shock
and the body of the images was divided into strips 10 pixels wide.
Each of these strips was individually averaged, yielding line shapes
at various locations along the stagnation streamline. The resulting
profiles were compared with numerical simulations'! that used a
well-developed model to predict line shapes as a function of elec-
tron concentration. The model line shapes included components be-
cause of Doppler and Stark broadening and were corrected for the
0.3-nmresolution of the spectrometer. In general, Stark broadening
gave linewidths of the order of 1-2 nm, several orders of magnitude
larger than the Doppler broadening expected at the conditions be-
hind the bow shock. The results for all of the regions were plotted as
a function of position yielding an electron distribution between the
shock and the body as shown in Fig. 6. The electronconcentrationis
seen to rise to a peak value of about (3.5 = 1.0) X 10' cm™3, some
three-quarters of the way from the shock to the body. Because of
the low concentration of hydrogen in the tunnel, the signal levels
were low. Furthermore, the lower electron concentrations for the
measurements in X2 have led to results with larger uncertainties
compared with those in X1.

Holographic Interferometry

Interferograms were recorded of nitrogen and air flows over a
15-mm-diam cylinder and of nitrogen flows over a 30-mm-diam
cylinder. The results are presented separately next.

The focusof the currentstudy was the flow of nitrogenat a velocity
of around 10 km/s over a cylinder. The diameter of the cylinder was
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Fig.6 Measured electron concentrations along the stagnation stream-
line for nitrogen flow over the small cylinder. Uncertainties for the emis-
sion studies are shown at each measurement point, although only typical
values for the interferometry results are given.

Fig. 7 Raw holographic interferograms of nitrogen flowing over a
15-mm-diam cylinder. Flow is from left to right. Left image: recorded
with a wavelength of 355 nm; right image: recorded with a wavelength
of 532 nm.

set by the desire to have an aspect ratio (length to width) greater
than three to minimize edge effects. A cylinder with a length of
60 mm was thus chosen with a diameter of 15 mm. Sample images
of the flow of nitrogen over the cylinder at the conditions given
in Table 1 are shown in Fig. 7. These are simultaneously recorded
interferograms of the flow at two separate wavelengths. The image
recordedat 355 nm has a greater sensitivity to the presence of heavy
particles (atoms, ions, molecules), whereas the 532-nm image has
a greater sensitivity to electrons.

Away from the center of the body, the fringes show a small shift
across the oblique shock. This can be interpreted as the direction
for a positive shift, as the strength of the shock is too weak at this
point to generate any electrons that would cause a negative fringe
shift. Along the stagnation streamline, both images show an initial
positive fringe shift because of the increase in density across the
shock. Also contributing to this shift is the dissociation of molecu-
lar nitrogen. Using the conditions given in Table 1, an estimate of
the shifts expected from each componentcan be made. The shift be-
cause of density increase at 355 nm is calculated to be 0.4, whereas
that because of the dissociation of nitrogen is of the order of 0.15.
Behind the shock front, the 532-nmimage shows a reversalin fringe
directionindicativeof the liberationof electrons. The 355-nmimage
does not show this shift indicating that the effect is indeed because
of the presence of electrons.

The images were processed using a Fourier transform technique
together with phase unwrapping,'® to yield a two-dimensionalphase
distribution for each wavelength. The fringe spacings in the inter-
ferograms were chosen so that the peaks in the Fourier transform
plane corresponding to the fringe frequency were well separated
from the zero-order peak, allowing effective filtering. The carrier
fringes for the two wavelengths are not independent—the spacings
for the interferogram recorded at 532 nm are about one and a half
times those for the 355-nm interferogram. Finer fringes can lead to
problems with the unwrapping algorithm because of the scale of the
noise and imperfections in the optics as present in the images. The
phase distributions at each wavelength were combined using the
equations given in the Experimental Arrangement section to obtain
simultaneous measurements of electron concentration and density;
these are shown in Fig. 8. In calculating these values, it was as-
sumed that the freestream electron concentration was zero, and that
the freestreamdensity was the calculated value presentedin Table 1.
Uncertaintiesare based on the accuracy of the phaseretrievalmethod
together with uncertaintiesbecause of the assumptionsdiscussedin
the Experimental Arrangementsection. A full analysis can be found
elsewhere.!” As the freestream density is very low, uncertaintiesin
using the calculated value have only a small effect on the values de-
termined between the shock and the body, far below that because of
other uncertainties. The results show that electrons are liberated in
only a small region in the vicinity of the front of the cylinder. Values
along the stagnation streamline have been extracted and are shown
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Fig. 9 Raw holographic interferograms recorded with a wavelength
of 532 nm. Flow is from left to right. Left image: nitrogen test gas,
30-mm-diam cylinder; right image: air test gas, 15-mm-diam cylinder.

together with the emission results in Fig. 6. For the total density,
a plateau value of (0.020 + 0.003) kg/m? is attained in agreement
with the calculated equilibrium value givenin Table 1. The electron
concentration compares favorably with the emission results. The
onsetof ionizationis notimmediate behind the shock. At aboutone-
quarter of the distance from the shock to the body, the concentration
increases, reaching a maximum of around (3.0 + 0.5) X 10'® cm™3,
fallingbelow the calculated freestreamvalue. Thereafterit decreases
rapidly because of the influence of the body: this effect extends far-
ther into the flow than thermal boundary layers because of the high
mobility of the electrons.

A larger-diameter cylinder was studied to generate a bigger dis-
tance between the bow shock and the body. Figure 9 shows a holo-
graphicinterferogram,recorded with a wavelengthof 532 nm, of the
flow of nitrogen over a 30-mm-diam cylinder. (The corresponding
355-nm image is not shown.) For this case, a larger shock standoff
distance is observed compared to that shown in Fig. 7. A small pos-
itive fringe shift is observed across the shock followed by a small
decrease and then a plateau region. These interferograms were an-
alyzed as before and the electron number density plotted along the
stagnation streamline. The result is shown in Fig. 10 together with
the earlier case (15-mm-diam cylinder, nitrogen test gas). The figure
shows that, for the larger cylinder, there is sufficient time along the
stagnation streamline for the flow to reach equilibrium conditions,
where the electron concentration reaches a plateau. As this is at a
higher concentration than for the small cylinder, it is evident that
equilibrium has not been reached for the small cylinder. The mea-
sured equilibrium value of (4.0 = 0.6) X 10'® cm™ is in agreement
with the calculated value presented in Table 1.

Measurements were also performed using air as a test gas instead
of nitrogen. An interferogram of an air flow over the 15-mm-diam
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Fig.10 Measured electron concentrations alongthe stagnationstream-
line. S indicates the location of the shock in each case. A typical uncer-
tainty for all curves is shown.

cylinderis shown in Fig. 9. The freestream velocity and static pres-
sure were measured to be the same here as for nitrogen. However,
the pitot pressure was lower at (125 = 30) kPa. The interferogram
shows similar features to that for the nitrogen flow. The electron
concentration along the stagnation streamline is shown in Fig. 10.
The analysis of these images includes a correction for the presence
of oxygen and assumes that the ionization rate of oxygen is equal
to that for nitrogen. The influence of these assumptions has a rela-
tively minor effect.! There is, in general, good agreementbetween
the air and the nitrogen case, indicating that the electron distribution
is relatively insensitive to the presence of the oxygen.

Conclusions

The flow of nitrogen and air over a cylinder has been investi-
gated under superorbital conditions. Emission measurements iden-
tified a range of radiating species in the flow including calcium
and iron. Observations of the Stark broadening of atomic hydrogen
lines allowed an estimation of the electron concentration between
the shock and the body. This was more accurately measured with
the use of two-wavelength holographic interferometry. Along the
stagnation streamline, the onset of ionization was delayed slightly
before reaching a maximum about one-quarter of the way out from
the body. Thereafter it decreased rapidly because of the presence of
the body. Comparisons were made between flow over two different
sized cylinders. The rate of ionization and recombinationwas found
to be about the same for both. However, because of the larger shock
standoff distance for the larger cylinder, a plateau region of almost
constant electron concentration was observed, indicating equilib-
rium. This showed that equilibrium had not been attained for the
small cylinder case. Comparisons were also made between air and
nitrogen flows with little difference being observed.

The results show the usefulness of investigating high-velo-
city flows in superorbital facilities, particularly with emphasis on
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ionizationprocesses.Computersimulationsare currentlyin progress
for comparison with the results.
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