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Emission and Holographic Interferometry Measurements
in a Superorbital Expansion Tube
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Free-piston-driven expansion tubes are capable of generating flow conditions over a wide range of enthalpies
ranging from orbital up to superorbital velocities. Initial optical measurements aimed at investigating the flow
in such a facility are presented. Emission studies were used to identify impurities in the flow and to investigate
spectral regions that are accessible by optical techniques. At moderate enthalpies, it was found that significant
radiation resulted from metallic contaminants. At high enthalpies, the spectrum consisted of a number of atomic
lines together with a broadband background component indicative of the presence of electrons. The presence of
this radiation may limit the applicability of optical techniques that require spectral regions free from the influence
of atomic transitions or background radiation. Emission spectroscopy (through Stark broadened hydrogen lines)
and two-wavelength holographic interferometry were used to measure the electron number density behind a bow
shock on a blunt body at conditions where significant ionization was observed. They yielded average concentrations
of 3+ 1) X 10"7em™3 from the emission measurements and (3.8 + 0.6) X 10'7cm™3 from the interferometry.

Nomenclature
A = atomic species (here N or O)
AT =singly ionized species
C  =constant
e~ =electron
G = Gladstone-Dale coefficient
K  =constant
[ = path length for the interferometry
M =collision partner
m = atomic mass
N, =electron number density
p = fringe shift
r = ratio of the Gladstone-Dale coefficient for the ion to that
for the atom
A =wavelength
p  =total density
Subscripts
A = atomic species in the flow
N  =nitrogen atoms
O  =oxygenatoms
1 = value at wavelength 1
2 =value at wavelength 2
oo =conditionsin the freestream

Introduction

HE developmentof superorbitalexpansion tubes has led to the
generation of a new flow regime in which aerodynamic testing
canbe performed." Airflows with enthalpiesabove 80 MJ/kg and ve-
locities around 11 km/s have been obtained, simulating the re-entry
conditions experienced by vehicles on superorbital missions. For
measurement techniques, these facilities provide new challenges,
including short test times, significant levels of ionization, and in-
tense flow luminosity.
A number of advanced optical diagnostic techniques have been
developedand applied to testing in high-enthalpy,free-piston-driven
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facilities > Interferometry has provided flow visualization and den-
sity distributions}* planar laser-induced fluorescence’ (PLIF) and
coherent anti-Stokes Raman scattering" (CARS) have been used to
measure temperature, and laser-enhanced ionization has been uti-
lized to measure velocity.” The study of the applicability of such
techniques to the extreme conditions experienced in superorbital
expansion tubes was one of the aims of this work. A spectrally
resolved study of the flow luminosity was performed at moderate
and high enthalpies to investigate the species present and to deter-
mine the wavelengths at which optical measurements could be per-
formed. Previous measurements in high-enthalpy facilities®:* have
shown the presence of metallic components, particularly iron, in
the flow. The current investigation was aimed at identifying which
radiating species are present both at moderate enthalpies (similar to
the enthalpies studied previously in shock tunnels) and at the high
enthalpies uniquely generated here.

The second aim of the study was to quantify the presence of elec-
trons behind a bow shock on a blunt body at the high-enthalpy con-
dition. This was possible through the use of two methods. Stark
broadening data for atomic hydrogen lines that were observed in
the emission spectra allowed the estimation of the average elec-
tron concentration in the bow shock region. To provide more
accurate, spatially resolved measurements, two-wavelength holo-
graphicinterferometrywas implemented. A singleholographicplate
was used to record holograms at two well-separated wavelengths,
which yielded sufficient data for the simultaneous evaluation of
electron density and total density.'® These measurements also en-
abled the visualization of the flowfield, including the bow shock
shape.

Facility

All experiments were performedin the X1 superorbitalexpansion
tube at the University of Queensland.! The layout for the tunnel is
shown in Fig. 1. A free-piston driver was used to generate a high-
temperature, high-sound-speeddriver gas. For the highest enthalpy
condition, a secondary driver was also used. Upon rupture of the
primary and secondary diaphragms, a strong shock was generated,
which passed through the test gas (bottled dry air) and then into the
accelerator tube. The test gas was processed by an unsteady expan-
sion, accelerating it to the freestream conditions at which it exited
the tube and passed over the model of interest. For the studies pre-
sented here, two experimental conditions were investigated. First, a
moderate enthalpy condition (14 MJ/kg, denoted condition A) was
utilized for comparison with previous work in shock tunnels that are
capable of generating similar conditions. Second, a high-enthalpy
condition(93 MJ/kg, denoted condition B) was investigatedto study
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Fig.1 Schematic diagram of the X1 superorbital expansion tube facility.
Flow is shown in Fig. 2. The flow in front of a cylinder was imaged
N Model onto the entrance slit of an imaging spectrometer (SPEX 270M,
— > W 270 mm length, 600 lines/mm grating) so that spatial resolution
was obtained along the stagnation streamline before and after the
| | Window bow shock. Fused silica windows and optics were used, allowing

Fig. 2 Plan view of the ar-
rangement for emission mea-
surements in the X1 super-

orbital expansion tube.

Table 1 Calculated conditions in the freestream and behind a bow

spectralmeasurementsdown to 200 nm. The spectrally and spatially

resolved output was imaged onto a fast-gated, intensified, charge-
coupled device camera (Princeton Instruments) with a uv-enhanced

Beam photocathode. The resolution of the spectrometer and size of the
Rotator detector allowed for a 70-nm-wide spectrum to be recorded in each
— shot. A complete spectrum ranging from 200 nm up to 600 nm was
recorded in successive shots by stepping the spectrometer 50 nm
after each shot. The camera gate and spectrometerentranceslit were

Camera selected for each enthalpy condition to ensure that signal levels did
not saturate the detector. Focusing and sensitivity of the optical

correct for these changes.

system varied somewhat with wavelength. No effort was made to

The presence of atomic hydrogen lines in the high-enthalpycase

Spectrometer allowed for the measurementof electron concentrationsthrough the

processof Stark broadening.!? The electric field due to the electrons
causes splitting of the hydrogen energy levels via the linear Stark

effect. The resultingbroadeningof the emissionlines thus providesa
sensitiveway of measuring the electronconcentration.For hydrogen

shock in the X1 superorbital expansion tube (assuming chemical and gives a linewidth AX of!3

thermal equilibrium)

Parameter

A, Moderate enthalpy B, High enthalpy

Freestream Bow shock Freestream Bow shock

Pressure, kPa
Temperature, K
Density, kg/m?
Enthalpy, MJ/kg
Velocity, km/s
Mach number
Dissociation fraction N,
Dissociation fraction O,
9%NO
Tonization fraction N
Tonization fraction O
Electron

concentration (cm™3)

35
3,270
0.035

14

4.27

3.7

o

AL =CN/

lines, the broadening is described by the quasistatic model, which

(€]

where N, is the electronconcentrationand C has only a weak depen-

580 29 850 dence on electron number density and temperature. Various sets of
6,400 7,160 15,900 tables exist for determining the electron concentrationfrom the line
0.25 0.0079 0.072 shape. A set of computed tables' is used in this case that provides
14 93 93 broadeningdata over temperaturesranging from 2500 to 160,000 K
0.6 10.8 12 and electron concentrations of 10'°-10'8 cm=3. The complete line
0.3 4.7 0.29 shapeis calculated for given values of temperature and electron con-
01' 101 01'708 }8 centrationand then compared with the experimentalmeasurements.
1.4 0.1 e
N N 0.31 Holographic Interferometry
— — 0.21 Holographic interferometry was used for flow visualization and
— — 88x107 to obtain quantitative information on the flow density and electron

concentration. The layout of the system is shown in Fig. 3. The

superorbital flows. The operating conditions are given in Table 1.
The quoted values are calculated, presuming chemical and thermal
equilibriumthroughoutthe flow, based on measurements of fill pres-
sures and shock speeds. The test time obtained in the tunnel ranged
from about 100 s for the moderate-enthalpy condition down to
about 30 us for the high-enthalpy condition. This tunnel is a fore-
runner to several largerfacilities,one currentlyin a calibrationphase
(X2) and the other under construction (X3).!!

For all measurements, the flow over a 20-mm-diam cylinder of
width 25 mm was investigated. The model was placed immediately
at the exit of the 38-mm-diam expansion tube in a specially con-
structed test section with optical access.

Emission

Spectrally resolved emission studies were performed to examine

Method

frequency-doubled and frequency-tripled outputs of an injection-

seeded Nd:YAG laser (Continuum NY81) were used, yielding a

laser beam output containing wavelengths of 532 and 355 nm. The
intensities of these wavelengths were varied independently to give
optimal holographicrecording. The beam was dividedinto two parts
(each containing both wavelengths), with one beam being expanded
and passed through the test section while the second beam was
passed around the tunnel by the use of periscopes. The beams were
combined on a Kodak 120-01 holographic plate, forming an image
plane hologram of the model in the test section. An aperture was
positioned in the test section beam to eliminate flow luminosity.
Holograms at the two wavelengths were simultaneously recorded
on a single holographic plate for, first, the no-flow situation and,
second, the with-flow situation. Upon illuminating the processed

plate with a helium-neon laser or sodium lamp, the reconstructed

beamsrecorded with the lower wavelengthwere diffractedat alarger

angle than those from the higher wavelength, and thus the two in-

species in the flow and to investigate wavelength regions free from recorded independently.

interferences from luminosity where optical measurements may be
performed. The experimental arrangement for the measurements

terferograms were spatially separated and could be observed and

The analysis of the images proceeded as follows. The fringe shift
referenced to the freestream was measured at each point along the
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Fig.3 Experimental arrangement for holographic interferometry in the X1 superorbital expansion tube.

stagnationstreamline, providingone set of values for the wavelength
of 355 nm and one set for 532 nm. This fringe shift can be described
by the equation'®

_ G4 Apal +
A

where the first term describes the effect due to the neutral species
A, the second term is the effect due to ionized atoms A*, and the
last term is the (negative) fringe shift due to the electrons. Because
we are considering reactions of the type

Gty Apa+l

Ap; — KAN )

A+MS AT +e + M 3)

the number of ions is equal to the number of electrons. Equation
(2) can, therefore, be reduced to an equation with two unknowns:
the total density of the flow and the electron number density. The
two sets of measurements (355 and 532 nm) provide two indepen-
dent equations of the type given by Eq. (2), which can be solved
simultaneously to obtain the quantities

(P1 = P1oo) M Ky — (P2 — Pas) 22 Ky

P =P t+
(Gi1K> — GK))!

)

— Do) Gy — — Dao) 22 G

N8=N8w+(P1 P1oo)A1Gy — (P2 — Prso) 22 Gy

(G K, — Gkl
For a single species A, the constant K; can be written

K; = KA} + Gayma(l —ry) 5)

where the subscripti refers to values of the parameter at the wave-
length ;.

The measurements presented here used a test gas of air, and thus
applicationof the given equationsrequires some extra assumptions.
Table 1 shows that, at the high-enthalpy condition, the freestream
consists mostly of atomic rather than molecular species, whereas
behind the bow shock only atoms and ions are present. To a good ap-
proximation, the gas can be considered as consisting of only atomic
oxygen and atomic nitrogen together with ionized species. Contri-
butions to the fringe shift from both of these species must, thus,
be considered. This can be achieved by defining a Gladstone-Dale
coefficient for the neutral species, which is effectively a linear com-
bination of the constituent coefficients weighted by the proportions
of the respective species (80% nitrogen, 20% oxygen):

_ O.SGN,-mN + 0.2G0,-m0

Mir

G,

(6)
Myir

The Gladstone-Dale coefficient for the ions, as given by the param-
eter r4, is more difficult to quantify. Given the lack of experimental
measurements of this quantity, it is here assumed that the value of the
Gladstone-Dale coefficient for the ion is equal to the value for the
atom. The error introduced by this assumption has only a minimal
effect on the measured electron number density.!

Results
Emission
Sample images of the spectra obtained at moderate and high
enthalpies are shown in Fig. 4. These images show a wavelength

Condition B

Condition A
. 430 nm

Flow [
—_
o Wavelength
360 nm

Shock  Model Shock Model

Fig. 4 Emission images; intensities for the high-enthalpy condition B
are approximately 50 times those for the moderate-enthalpy condition
A (see conditions in Table 1).

region of some 70 nm along a spatial axis aligned with the stagna-
tion streamline. The locations of the shock and model are indicated.
These are particularly distinct at the higher-wavelength end of the
spectra. However, toward the uv, the focus is not as sharp due to the
change in the power of the optical elements with wavelength. The
intensity of light falling on the detector is controlled by the size of
the spectrometerentrance slit and the duration for which the camera
is exposed. For the moderate-enthalpycondition, a spectrometer slit
width of 100 um and a camera gate duration of 500 ns were used,
whereas for the high-enthalpy condition these were 10 um and 100
ns, respectively. Thus, the spectra for the high-enthalpy case were
approximately 50 times strongerthan in the moderate-enthalpycase.
The size of the entrance slit together with the pixel spacing of the
camera influences the resolution of the detection system. For the
moderate-enthalpycase, the resolution at the exit of the spectrome-
ter was calculated to be 0.6 nm, whereas for the high-enthalpy case,
the resolution was 0.2 nm.

The spectra show a very small signal ahead of the shock front
(due to the temperature of the freestream) followed by a dramatic
increase as the gas was heated and compressed through the shock.
There was little variation in the intensity or spectral distribution of
the light along the stagnation streamline between the shock and the
body. To obtainspectrafrom theseimages, the entire region between
the shock front and the body was averaged in the spatial direction
and plotted as a function of wavelength. The resulting spectra from
the images shown in Fig. 4 are given in Fig. 5. The absolute value
for the wavelength was determined from the spectrometer setting,
which was calibrated, where possible, by the use of known spectral
lines from mercury and sodium lamps. Prominent linesin the spectra
from species expected to be in the flow (such as iron and sodium)
were used to cross check the calibration.
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Fig. 5 Recorded spectra behind the bow shock on a cylinder corre-
sponding to the images shown in Fig. 4; intensities for the high-enthalpy
condition B are approximately 50 times those for the moderate-enthalpy
condition A.

For the moderate-enthalpycase, the majority of the observedlines
in Fig. 5 can be attributed to the metallic contaminantiron from the
steel tube and/or diaphragm. As well, bright lines due to calcium
ions were observed, and contributions at other wavelengths can be
attributed to silicon, sodium, and other trace metallic components.
The presence of these contaminants was most likely due to their
entrainment into the flow as the hot test gas passed along the tube.

The spectral distributionin the high-enthalpy case shows, in con-
trast, far fewer spectrallines in the same wavelengthrange. Whereas
the calciumion lines persist, the iron lines are no longeridentifiable,
showingthatironis nota significantcontributorto the total radiation.
The remaining spectral line in Fig. 5 is thought to be due to silicon
(also observed at other wavelengths), which was probably present
due to either the use of a silicon oil diffusion pump for this condition
or the use of silicon vacuum grease in the facility. The background
radiation is now comparatively stronger than before, obscuring any
other spectral lines that may be present. The other spectral features
evident in Fig. 5 have not been conclusively identified.

Complete spectra for both conditions over a wavelength range
from 200 to 600 nm are given in Fig. 6. These were obtained by
overlapping eight spectra of the type given in Fig. 5 for each en-
thalpy. No attempthas been made to convertthese spectrato absolute
intensity measurements. Also note that the spectral response of the
spectrometer and photodetector are not constant across this wave-
length range, so that intensity levels over wide wavelength ranges
should not be compared.

The spectra for the moderate-enthalpycase show a large number
of narrow lines, which can be attributed to atomic species, as well as
broaderfeatures, which may be collectionsof closely spaced atomic
lines or, alternatively, molecular bands (possibly OH and NO). In
general, the spectra are very similar to those reported previously
for a shock tunnel? with the majority of the radiation lying in
the wavelength range between 200 and 450 nm. No evidence of
molecular nitrogen or oxygen bands was found. The transitions in
these species are much weaker than in the metallic species, and thus
emission is likely to be below the current detection limit.

For the high-enthalpy case, the absence of a large number of
spectral lines noted in Fig. 5 is continued over the wider spectral
range. The two major lines between 200 and 300 nm can be attributed
to silicon. Other lines have not been conclusivelyidentified. Atomic
nitrogen and oxygen have spectral features throughout the visible
spectrum. However, no lines were identified from these species. The
expectedintensities of these lines would have been relatively low so
that they were probably obscured by the intensity of the background
radiation.
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Fig. 6 Recorded spectra behind the bow shock on a cylinder for a
wavelength range of 200-600 nm; intensities for the high-enthalpy con-
dition B are approximately 50 times those for the moderate-enthalpy
condition A.
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Fig.7 Experimental and calculated profiles for the Stark broadened
H-3 emission line at 486.1 nm; solid line is the experimentally measured
profile, and dashed lines show predicted profiles for values of the electron
number density of a)2 X 10'7 ecm™3, b) 3 X 10! em~3, and ¢) 4 X 107
-3
cm™°.

There are several possible sources for this backgroundradiation.
The most likely contributors are from ion-electron recombinations
and/or bremsstrahlung. This is supported by the uniform nature of
the radiation across the visible spectrum. Weaker atomic lines may
also contribute to this signal.

The two broad features shown in Fig. 6 at the high-enthalpy con-
dition can be identified as the H-8 (486.1-nm) and H-y (434.1-nm)
lines from the Balmer series of atomic hydrogen. (The H-« line at
656.3nm is outside the spectralregioninvestigated.) This identifica-
tion is based on the spectral position as well as shape of the spectral
lines. These are much broader than other lines because hydrogen
experiences the linear Stark effect, whereas other species exhibit
only the weaker quadratic Stark effect. The source of the hydrogen
in the flow is uncertain but is most likely due to the presence of wa-
ter on the walls of the tunnel that is not completely removed during
the evacuation process. To quantify the electron density causing the
broadening, the profile of the H- 8 line was extracted from the back-
ground and compared with numerical simulations of the linewidth
using the electron number density as a free parameter to provide the
best fit. These results are shown in Fig. 7. The solid line is the exper-
imentally measured profile (obtained by averaging across the whole
region between the bow shock and the body), whereas the dashed
lines show calculated linewidths for different electron number
densities. As input to the code, a flow temperature of 15,000 K,
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taken from the estimated equilibrium conditions, was used. For the
H-p line, the influence of temperatureis very minor, with predicted
full widths changing by less than 1 nm over a temperature range
from 10,000 to 20,000 K. The fit shown in Fig. 7 for an electron
concentration of 3 x 107 cm™ is good, in general, with the major
discrepancy being at the peak on the higher-wavelengthside of the
line. This is thoughtto resultfrom the low signallevelsrecorded. The
curves allowed us to estimate the average electron density between
the shock and the body to be (34 1) x 107 cm™>. This is below
the estimated equilibrium value of 8.8 x 107 cm~2 given in Table 1.
Further discussion concerning electron concentration is presented
in the Holographic Interferometry section.

The significance of the spectral distributions of the emission is
twofold. First, from the point of view of the optical measurements,
it is clear, particularly for the high-enthalpy condition, that sub-
stantial filtering of the radiation will be necessary. A concern for
holographic interferometry is the presence of strong spectral lines
likely to perturb the backgroundrefractiveindex of the gas. No such
features for either condition were observed at the wavelength of 532
nm, which is currently used for holographicinterferometry on this
facility. Second, for condition B, there were no spectral influences
at the wavelength of 355 nm, which (together with 532 nm) is used
for two-wavelengthholographicinterferometry. The majority of the
backgroundradiation can be removed by the use of interference fil-
ters and aperturing for interferometrictechniques. However, careful
wavelength selection will be required for spectroscopictechniques.
Methods such as PLIF, degenerate four-wave mixing, CARS, and
near-resonantholographicinterferometryall require selected wave-
lengths that must be free from interference from other species in
the flow. As well, the output signal for each method must be de-
tected without contributions from background signals that lead to
low signal-to-noise measurements. The selection of these wave-
lengths must be made so as to avoid interferencesfrom contaminant
species.

The spectral distributionis also of significance when considering
heat transfer. For the high-enthalpy condition, velocities are such
that radiative heat transfer may form a significant proportion of the
total heat transfer.!> From the measurements performed here in the
visible and uv regions of the spectrum, it is seen that a proportion
of the radiation comes from contaminant species and so will not be
truly representativeof the flow regime. Comparisons of heat transfer
with numerical simulations'> may need to take such contributions
into consideration. Further investigation is required to determine
whether this is the case across the whole of the spectrum over which
radiative heat transfer is significant.

Holographic Interferometry

In a previous study, we investigated an airflow with a velocity
of 11 km/s over a range of wedges and measured the angles of
the attached shocks, which compared favorably with calculations?
The flow over a cylinder was also studied, and it was observed that
significantrelaxationoccurred. This was evidentas a negativefringe
shift behind the bow shock, indicating the liberation of electrons as
collisions within the shock-heated gas began to ionize the flow. The
processis initiated by atom-atom collisions but is accelerated when
a significant electron populationis generated. These electrons have
a higher mobility and a higher collisional cross section, which leads
to an avalanche effect. Their presence means that it is not possible
to obtain quantitative measurements on density distribution from a
single interferogram.

Quantitative measurements can be made when interferograms at
two sufficiently separated wavelengths are recorded. This is pos-
sible because the fringe shift due to electrons becomes larger for
longer wavelengths, whereas that due to heavy particles decreases
[seeEq. (2)]. Sampleinterferogramsrecordedusing two-wavelength
holographicinterferometry are shown in Fig. 8. These images were
recorded simultaneously in the flow: Fig. 8a using a wavelength of
355 nm and Fig. 8b with a wavelength of 532 nm. In each case,
some influence from flow luminosity can be observed behind the
bow shock, where fringe visibility decreases. Toward the sides of
the body, fringe shifts across the shock show a small positive jump
as the total density increases. This is followed by a negative shift
(more pronouncednearthe center of the image), indicating the liber-

a)

b)

Fig. 8 Holographic interferogram of the flow over a cylinder at the
high-enthalpy condition B; flow is from left to right; positive fringe shift
is upward; images were recorded with laser wavelengths of 355 and 532
nm.

ation of electrons. This occurs almost immediately behind the bow
shock on the stagnation streamline, indicating that the onset time
for generation of electrons is very short in this flow.

To obtain quantitative measurements, fringe shifts along the stag-
nation streamline were measured from each interferogram, and the
total density and electron concentration were determined using the
method described. These results are shown in Fig. 9, where each
point corresponds to a measurement of the fringe shift, and the
estimated uncertainty in the experiment is shown. The calculated
freestream density (see Table 1) was used in the determination of
the total density, whereas the freestreamelectron concentration was
presumed to be zero. The total density increases instantaneously
across the shock and continues to increase as the gas relaxes. Ignor-
ing the molecular component of the freestream, the frozen density
jump across the shock front would be expected to be a factor of
six. The measured jump is smaller than this, indicating that edge
effects in the flow over the cylinder may be significant, reducing the
true path length of the interferometry in the vicinity of the shock.
Nearer the body, an almost constant density is approached, which
agrees well with the calculated equilibrium value for a blunt body
quoted in Table 1. The electron concentrationalso increases behind
the shock and reaches a maximum value of (4.6 +0.5) x 10'7 cm™3
about halfway between the body and the shock. Beyond this point
the concentrationdecreases. The average value throughoutthe bow
shockregionis (3.8 £0.6) x 10" cm™~3, which s closer to the value
of (3£ 1) x 10'7 cm~3 measured from the hydrogenline broadening
than the estimated equilibrium concentration of 8.8 x 10'” cm™>.

There are two possible explanations for why the measured value
is significantly lower than the calculated value. First, the determina-
tion of the freestream conditions relies on upstream measurements
in the flow together with a calculation that assumes chemical and
thermal equilibrium throughout. This assumption is probably not
valid, especially through the expansion stage where the gas is ac-
celerated. More accurate simulationsneed to be developed. Second,
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