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ABSTRACT

Uranus and Neptune, known collectively as the Ice Gi-
ants, are the only two planets in the solar system that are
yet to be explored with a dedicated mission. Planetary
entry probe missions to the Ice Giants were proposed in
2010 by NASA and ESA which prompted a resurgence
of interest in experimental simulation of the aeroheat-
ing environment that would be encountered by such a
spacecraft. More recently, the 2023 - 2032 Decadal Sur-
vey recommended that NASA’s highest priority new flag-
ship mission should be a Uranus orbiter and probe with
a launch date in the early 2030s. The Oxford T6 Stalker
tunnel is the only facility in Europe capable of replicat-
ing the high speeds required for Ice Giant entry and is
therefore a key stepping stone on the path to realising the
goal of an Ice Giant mission. In the present work, a 1:10
scaled model of the Galileo probe has been tested at Ice
Giant entry conditions. Conditions for nominal compo-
sition (85%H,15%He), Stalker substituted, and nominal
composition with methane (0.5% and 5% CH,) gas mix-
tures have been developed and validated for use with a
new expansion nozzle via a pitot rake survey. Test flows
with flight equivalent velocities greater than 18 km/s have
been produced with test times on the order of 30 us. Heat
flux into the model for the developed conditions has been
inferred from temperature measurements with a series of
coaxial thermocouples. High speed video has been cap-
tured to aid in characterisation of the test conditions.
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1. INTRODUCTION

The Ice Giants represent a class of planets in our solar
systems that are the least understood but the most fre-
quently observed type of exoplanet [1]. Our knowledge
of atmospheric processes occurring on these planets and
thus their role in the evolution of the solar system is
primarily derived from Earth based telescopes which
are associated with a high level of uncertainty. This

uncertainty motivates the design of an atmospheric probe
mission, identified as a high priority by NASA and
ESA on multiple occasions [2, 3], most recently in the
2023 - 2032 Decadal Survey [4]. Such a probe would
encounter an extreme heating environment on entry to
the hydrogen/helium atmosphere, comparable perhaps
only to the Galileo probe entry to Jupiter in 1995 [5].
These extreme conditions demand that a comprehensive
ground testing program accompany the design of the
entry module, which T6 is well placed to contribute to as
the only facility in Europe capable of replicating the high
speeds required for Ice Giant entry [6, 7] in expansion
tube, expansion tunnel, and shock tube modes.

The field of Gas Giant entry research might be divided
into two periods: a Galileo related period from 1960s
- 2000s and a post decadal survey period from 2010 -
present day. This distinction is fitting because of the time
difference and because of the large difference in entry
conditions and therefore total heat flux between Jupiter
trajectories and the other gas planets, as shown in Ta-
ble 1. Gas Giant entry research began with design and
analysis of the Galileo probe [8], and subsequent anal-
ysis was conducted after the capsule entry with a focus
on replicating the observed heat shield recession numeri-
cally [9, 10]. The Uranus and Neptune entry trajectories
proposed by ESA [2] and the expected aeroheating un-
certainty for these entries were analysed by Palmer et al.
in [11]. Radiation for these trajectories was simulated
experimentally by Cruden et al. [12] in the Electric Arc
Shock Tube (EAST) at NASA Ames Research Center.

Table 1: Typically quoted values for entry velocity and
stagnation enthalpy for gas planet trajectories

Planet Jupiter Saturn Uranus/Neptune
v [km/s] 47 26.9 22.3
hstag MJ/kgl 1,130 362 249

The use of expansion tubes to experimentally simulate
Gas Giant entry has been explored by James et al. [13]
and Liu et al. [14] at the X2 facility at the University
of Queensland. These efforts have made use of a test

9th International Workshop on Radiation of High Temperature Gases for Space Missions (RHTG-9)
12 - 16 September 2022. Azores, Portugal



gas substitution or Stalker substitution, first proposed
by Ray Stalker in 1980 [15]. The substitution is a
method for achieving an aerothermodynamically similar
environment to Gas Giant entry with less energy addition
than would otherwise be required. The test gas, roughly
85%H,15%He for Gas Giant entry, is modified with a
higher percentage of He or Ne. With higher percentages
of He or Ne the total specific heat of the gas decreases,
meaning that less energy addition is required to reach
a given post-shock temperature. Stalker found that the
type of diluent did not affect the post-shock relaxation
process and postulated that this was because the diluent
behaved as a third body or electron reservoir and did
not react chemically. It was found that the substitution
allowed the H, dissociation and ionization processes for
Uranus and Saturn entry shock layers to be modelled in
X2.

Although test gas substitution offers many advantages,
it also has several limitations. One of the four require-
ments for validity of the blunt body flow similarity trans-
formation that underpins the test gas substitution [16] is
that variation of the post-shock density ratio (¢) along a
streamline is the same for the two flows. Stalker and Ed-
wards [17] showed that the nonequilibrium variation of
the density ratio with a hydrogen binary reaction variable
is independent of the type and amount of diluent used.
However, they noted that because the equilibrium density
varies with pressure, similarity is lost for flows at differ-
ent pressure levels in equilibrium. This is a limitation of
the scaling technique as it does not allow the full flow
field chemistry to be modelled in a single experiment and
it is therefore unclear if parameters of interest, especially
surface heat flux, can be replicated between substituted
conditions. Another underlying assumption is that the
diluent (helium or neon) acts as an inert third body in any
reactions. As neon has a much lower excitation energy
than helium (17 eV vs 21 eV) and can ionise, this limits
the conditions at which it can be used as a diluent.

Although significant progress in Gas Giant entry research
has been made in the last ten years, many studies have ne-
glected the influence of trace components such as CHy on
the aeroheating environment. In a review paper, Moses
et al. [18] summarise the observed abundance of tropo-
spheric and stratospheric constituents on the Ice Giants.
These values are reproduced in Tables 2 and 3.

Table 2: Tropospheric composition of the Ice Giants by
volume from [18]

Species Uranus Neptune
He 15.2% 14.9%
CH4 1.4 -4% 2-5%
NH3 30 - 90 ppm 40 - 200 ppm
H,0 <5% 27%
PH3; <2 ppm <1.1 ppb at 0.7 bar

H,S 0.4 - 0.8 ppm 1-3ppm

From Titan entry experiments CH, is known to be a

Table 3: Stratospheric composition of the Ice Giants by
volume from [18]

Species Uranus

CH4 16 ppm at 50 mbar
CH, 0.25 ppm at 0.2 mbar
C,yHy <2 x 107'* at 10 mbar
C,Hg 0.13 ppm at 0.2 mbar
CsHy 0.36 ppb at 0.4 mbar
C4H, 0.13 ppb at 0.4 mbar
CO, 0.08 ppb at 0.14 mbar

Neptune

0.115% at 5 mbar
0.033 ppm at 0.5 mbar
0.8 ppb at 0.2 mbar
0.85 ppm at 0.3 mbar
0.12 ppb at 0.1 mbar
0.003 ppb at 0.1 mbar
0.78 ppm at 0.1 mbar

CO 6 ppb at 0.5 mbar 1.1 ppm at 0.1 mbar
H,O 3.8 ppb at 0.03 mbar 2.5 ppm at 0.16 mbar
D/H 4.4 x 107 4.1 x 107

significant contributor to radiative heat flux. Recent
work by Coelho [19] predicts that the presence of 1.5 %
CHy significantly enhances the radiative heat flux for Ice
Giant entry trajectories. Where Cruden et al. [12] found
that radiative heating is negligible for speeds lower than
25 km/s, Coelho predicts that the presence of CH4 means
radiative heating becomes comparable to convective
heating even for relatively low speeds of 18 km/s. The
bulk of the deceleration and therefore aeroheating for Ice
Giant trajectories is expected to occur in the stratosphere
[3], where CH4 abundance on Neptune is expected to
be an order of magnitude lower than the value modelled
by Coelho - abundance on Uranus is expected to be
three orders of magnitude lower. Given that the Decadal
Survey has identified a Uranus mission as the priority the
requirement for detailed studies of surface heat flux with
CH,4 mixtures is lessened. However, establishing this
capability will still be informative for modelling of the
atmosphere and heat shield recession post-flight as done
by, for example, [20].

In the present work, a 1:10 scaled model of the Galileo
probe has been tested at Ice Giant entry conditions
proposed by ESA [3] as these are associated with a
comprehensive numerical data set that can be used for
comparison. The use of sub-scale models necessitate
that test conditions are binary scaled [21, 22]. Binary
scaling is a method that allows the flight shock layer
to be duplicated in a wind tunnel in the vicinity of the
shock layer. In a binary scaled experiment, the total

enthalpy (essentially U;) and the post bow shock pL are
matched to flight. This scaling replicates most of the
desired properties from flight around the model, apart
from radiation which does not scale directly [23].

The following section provides details of the T6 facility
performance and a new expansion nozzle. The third
section details the experimental arrangement, specifi-
cally descriptions of the Pitot rake and sub-scale vehicle.
Results from initial testing are presented in the fourth
section with possible future work following.

9th International Workshop on Radiation of High Temperature Gases for Space Missions (RHTG-9)
12 - 16 September 2022. Azores, Portugal



2. FACILITY DESCRIPTION

T6, as shown in Figure 1, is a multi-mode hypersonic
wind tunnel. The free-piston driver, which generates
pressures on the order of 50 MPa during a shot, may
be coupled to a range of downstream components to al-
low operation of the facility as either a shock tube, ex-
pansion tube, expansion tunnel, or reflected shock tun-
nel. T6 offers the only expansion tube facility in Europe
and the highest performing shock tube in Europe. Ice
Giant experiments will be run in expansion tube/tunnel
mode to replicate aerodynamic parameters and provide
insight into the non-equilibrium thermochemistry occur-
ring in the shock layer. A more detailed overview of T6
can be found in [24].

The expansion tube concept, first proposed by [25],
offers the ability to significantly increase the total
enthalpy of the flow at the cost of reducing test time. In
an expansion tube, the test gas is initially processed by
an incident shock followed by rupture of the primary
diaphragm. A thin, secondary diaphragm separates the
test gas from low pressure lab air which is ruptured on
contact with the shock. The rupture of the secondary
diaphragm allows the high-pressure, shock heated test
gas to unsteadily expand into the acceleration tube,
resulting in an increase in total enthalpy. The apparatus
becomes an expansion tunnel when a nozzle is coupled
with the acceleration tube with the goal of expanding
the usable core flow diameter, allowing larger sub-scale
models to be tested [26]. The design of such a nozzle for
use with He/H mixtures has been completed specifically
for this study.

The contour of the nozzle was scaled from the University
of Queensland X2 nozzle to the larger inlet diameter of
the T6 facility. This has an outlet diameter of 236 mm,
producing core flows of 180 mm in diameter, with a nom-
inal entry Mach number of 7.3 and exit Mach number of
10. Attachment points have been included at nozzle exit
to allow for measurements of exit static pressure.

3. EXPERIMENTAL ARRANGEMENT

3.1. Pitot Rake Experiments

A Pitot rake was setup in the test section to record the
nozzle outflow properties and thereby assess the suitabil-
ity of the conditions for model testing. The rake has 11
slots spaced at regular 20 mm intervals to house type 113
PCB pressure transducers. The rake was located 20 mm
downstream of the nozzle outlet and on the nozzle center
line. A pressure transducer was also located at the nozzle
exit plane in order to measure the static outlet pressure.
More detailed information about the T6 pitot rake can be
found in [6].

3.2. Sub-scale Vehicle Experiments

The design of the capsule model is based on dimensions
of the Galileo spacecraft heat shield. The scaling of the
model was determined primarily by the predicted nozzle
core flow size of between 180 mm and 200 mm in diam-
eter for Ice Giant test conditions. A planform diameter
of 126 mm was selected, corresponding to a 1:10 scal-
ing of the Galileo probe. The model has a nose radius
of 22.2 mm (L in the p-L scaling parameter), a length of
90 mm. The model was machined from EN24 steel and
was surface hardened to 60 HRC. To allow for mounting
of the model in the T6 test section the backshell was not
machined and the model was truncated at the end of the
sphere-cone geometry. The model is pictured in the T6
test section in Figure 3.

The model is instrumented with both thermocouples to
infer heat transfer and pressure transducers to infer angle
of attack. Six K-type coaxial thermocouples from the
Medtherm corporation were installed flush against the
model surface at 10 mm intervals starting at the stag-
nation point. This type of thermocouple has a response
time of approximately 1 us and has been widely used in
hypersonic ground test facilities. K-type sensors were
selected so that the probe material would have values of
the thermal diffusivity, «, and thermal conductivity, k,
that matched the corresponding wall material value of
Vpck (or k/+/a) as nearly as possible. The sensors have
an outer diameter of 0.061” (1.54 mm) and a tube length
of 0.25” (6.35 mm). The manufacturer quoted sensitivity
and thermal product of the sensors were 41 uV and 8665
Jm K 1505 respectively.

Two slightly different models of thermocouple were pur-
chased, one where the negative junction was electrically
isolated from the model surface (triaxial or revision A)
and one where the negative junction was in contact. This
was done in an effort to assess the effect of noise from
the highly ionised flow environment on the thermocouple
signal. It was quickly found that the electrically isolated
models were far less noisy that the standard model and
all standard model thermocouples were subsequently
removed from the model and electrically isolated by
applying heat shrink tube around the outer diameter.

Three PCB type 113 pressure transducers were installed
with 120°azimuthal spacing. The surface of the PCBs
was recessed by approximately 3 mm from the model
surface to remove them from the flow line of sight and
hence limit the chance of damage from diaphragm frag-
ments entrained in the flow. A detailed summary of the
model sensor layout is shown in Figure 2.

A Kirana high-speed camera was set up perpendicular to
the flow plane as shown in figure 3 to record video of the
test time. The frame rate was set between 1 million and
2 million FPS with an exposure time between 100 and
500 ns depending on the expected brightness of the con-
dition. The settings allowed the time from 20 ps before
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Figure 1: Schematic of the T6 facility in expansion tunnel mode, showing the arrangement of different components. In
expansion tube mode, the expansion nozzle is replaced with a third driven tube.
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Figure 2: Schematic diagram of the instrumentation layout for the Galileo sub-scale model
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Figure 3: Schematic diagram of the optics setup used in
initial gas giant entry experiments

flow arrival to 60 ps after to be captured which included
arrival of the accelerator gas through to completion of the
test time. For later tests, a 656 mm band pass filter was
placed in front of the camera to isolate the H-« line.

4. TESTED CONDITIONS

4.1. Condition Details

Conditions for nominal composition (85%H, / 15%He),
Stalker substituted, and nominal composition with
methane (0.5% and 5% CHj) gas mixtures have been
developed and are detailed in Table 4. The shock tube
and acceleration tube fill pressures, p; and ps respec-
tively, were selected in order to maximise the total en-
thalpy of the test gas for condition A. The primary
and secondary shock speeds, Usy and Uy respectively,
were calculated using measurements from 9 shock tim-
ing stations distributed along the length of the facility.
The freestream total enthalpy (Hy), density (poo), total
temperature (7} ), and post-shock frozen temperature
(T'10,) have been calculated using PITOT [27].

Figure 4 shows the measured shock speeds for each con-
dition. As expected, the maximum shock speed was ob-
served for condition A where the largest fraction of H,
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Table 4: Summary of tested conditions

Condition Test Gas Composition P1 D5 Usi  Us/oo Hy Poo T} 00 Tho,z
[%oviv] [Pa] [Pa] [m/s] [m/s] [MJ/kg] [kg/m3] K] [K]

A 85%H, / 15%He 2362 22 8923 18397 176.3 9.67e-5 7262 14403

B 40%H, / 60%He 2614 25 8462 17146 153.7 1.83e-4 11458 19755

C 15%H, / 85%Ne 2334 25 7561 13954 105.0 1.34e-3 31045 32967

D 84.5%H, / 15%He / 0.5%CH, 2548 2.5 8373 16392 141.8 1.57e-4 6257 35920

20+

Shock speed (km/s)

<— Secondary diaphragm

I I I | I
0 1 2 3 4 5 6 7
Distance (m)

Figure 4: Comparison of shock speeds for tested condi-
tions

is present. A secondary shock speed of 18.39 kms~!
(corresponding to a flight equivalent velocity of 18.90
kms—!) was achieved.

Figure 5 shows a comparison of the achieved experimen-
tal performance for condition A versus several candidate
Ice Giant entry trajectories proposed by ESA [3]. PITOT
simulations tuned to experimental performance for the
existing "high’ driver condition of 46.2 MPa, a test gas
fill pressure of 2.3 kPa and a range of acceleration tube fill
pressure between 10 and 0.5 Pa are also shown as an indi-
cator of the achieveable performance. To simulate higher
density trajectory points, an experimenter could increase
the model size, run without an expansion nozzle which
sacrifices core flow size, or increase the acceleration tube
fill pressure which would decrease total enthalpy.

A wide parameter space is available to improve the facil-
ity total enthalpy performance. The minimum achievable
acceleration tube fill pressure was limited by a high leak
rate into the test section. Ultimate pressures of less than
1 mPa were achieved in a recent shock tube campaign
without the test section installed, indicating that with
sufficient effort these pressures could be achieved in
expansion tunnel mode. The acceleration tube fill pres-
sure is strongly related to the achieve able total enthalpy
as shown in Figure 5. The use of thinner secondary
diaphragm material could be explored to reduce losses.
Thicknesses of 1 and 2 um have been purchased but were
avoided for the initial campaign due to their proclivity
to tear. Finally, a new driver condition could be utilised.
It is believed that losses through the primary diaphragm
could be lessened by reducing the diaphragm opening

x10~4

—
i:
[
(3

pL [kg/m?

50 100 150 200 250 300 350 400
Total enthalpy [M.J/kg]

Figure 5: Plot of experimental conditions achieved versus
ESA candidate Ice Giant entry trajectories

time which would necessitate a different diaphragm
material. Design of a more powerful driver condition is
also possible, but may require manufacture of a lighter
piston.

Higher enthalpy flight conditions could also be modelled
by designing Stalker substituted test conditions as done
by James et al. [28]. In such experiments, the scaling
parameters become the post shock temperature and a
modified binary scaling parameter to match the rate of
hydrogen dissociation between conditions. The substitu-
tion breaks down if ionisation of the inert diluent (He or
Ne) occurs which was the case for condition C in Table
4. However, the post shock frozen temperatures achieved
for conditions C and D are a promising indicator that
T6 is capable of achieving the required performance
for Stalker substituted Saturn entry modelling (post
shock frozen temperature ~ 27,000 K) given appropriate
condition design.

4.2. Pitot Rake Experiments

Figure 6 shows pitot pressure traces obtained over the test
time for condition A and has been annotated with marks
indicating the test time. The data indicate that the test
time is 30 - 50 ps. Figure 7 shows the test time aver-
aged pitot pressure for each sensor in the rake versus the
radial location, 0 mm being the nozzle centerline. PP11
records a lower pressure than the others, indicating that it
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Figure 7: Test time averaged pitot pressures for condition
A

is outside the nozzle core flow. Considering the geometry
of the rake, this gives a core flow diameter of at least 160
mm. The uncertainty associated with each point in Figure
7 is simply one standard deviation of the measurements
in the test time.

4.3. Sub-scale Vehicle Experiments

Figure 8 shows traces obtained from the pressure trans-
ducers installed in the model over the test time. Only
one traces is shown for each condition as results were ef-
fectively equivalent between the three transducers. The
response time of the PCBs does not appear to have been
significantly reduced by the recessed mounting technique
employed.

Heat flux was inferred from temperature change for each
thermocouple using the inverse heat transfer technique
for semi-infinite substrates detailed in [29]. Sensitivity of
the thermocouples was assumed constant at 41 pV . K
and the thermal product was assumed constant at 8665
Jm?2 K503 although this has been shown to change
over the course of the test time [30]. The temperature in-
crease observed during the test time ranged between 50 -
100 K. All thermocouples were electrically isolated from

T T
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Figure 8: Model surface pressures
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Figure 9: Model stagnation point heat transfer

the model.

Figure 9 shows processed heat transfer traces at the
stagnation point for each test condition, the test time
begins at 10 us. Each of the traces is characterised by a
large ’dip’ just before flow arrival. This feature is almost
certainly spurious and due to the highly ionised accel-
erator gas imparting a negative charge on the surface of
the model and in turn the thermocouples. In general, the
traces for conditions B and C were much noisier than
conditions A and D. This may be because the test gas
in conditions B and C was more ionised and therefore
electrically noisy. The heat flux for condition B dips and
becomes negative during the test time which is clearly
non-physical. This could because the thermocouple was
struck by a diaphragm fragment or other debris.

Figure 10 shows a plot of the test time averaged heat flux
against the normalised surface distance to nose radius ra-
tio for each thermocouple. The validity of the results is
dubious given that for nearly every condition the average
heat transfer was higher away from the stagnation point.

Table 5 shows the average stagnation point heat flux for
each condition versus the corresponding Sutton & Graves
convective prediction [31]. The correlation is of the form:
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Where K is a gas constant, p is the freestream density,
R, is the sub-scale vehicle nose radius, and U, is the
flight equivalent velocity. Values for density were taken
from Table 4 with K calculated based on the H, mass
fraction of interest.

Table 5: Summary of test time averaged stagnation point
heat flux versus Sutton and Graves prediction

Condition K S&G Experiment A
[-] [MW/m?]  [MW/m?]  [%]

A 1.38e-4 29.4 78.9 168

B 1.88e-4 449 537 -88

C 4.19¢-4 154.2 154.9 1.3

D 1.40e-4 27.3 35.0 28
DY 1.40e-4 27.3 274 0.3

* Measurement affected by likely diaphragm fragment impact
T With SiO; coating

In an effort to rule minimise potentially ionisation effects
from the test gas on the thermocouples a silicon dioxide
coating was applied to the model surface. Silicon dioxide
with a purity of 99.99% was evaporatively applied to the
model surface by the Oxford Thin Film Facility using a
Leybold 560 box coater. The film thickness applied was
between 700 and 800 nm.

Figure 12 shows a comparison between normalised aver-
age heat transfer for two runs of condition D with and
without SiO, coating. The average heat transfer was
within uncertainty for the first two sensors but diverged
further along the model surface. The heat flux measured
at the stagnation point was still lower than that down-
stream, but shows good agreement with the value pre-
dicted by Sutton & Graves. The magnitude of the ’dip’ in
the thermocouple traces for the coated case was smaller,
meaning that a thicker coating may yield improved re-
sults.
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Figure 11: Comparison between stagnation point heat
flux traces for the coated and uncoated cases
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Figure 12: Comparison between normalised average heat
transfer for the coated and uncoated cases

Figure 13: Single frame colour exposure during the test
time, captured with the Nikon D610 DSLR camera
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Selected frames from the high speed video obtained with
the Kirana are shown in Figure 14. The exposure times
were 200, 100, 100, and 100 ns respectively with 100 ns
being the lowest possible exposure time permitted by the
camera. The images in Figure 14 are unfiltered i.e. no
bandpass filter was installed. Despite the very low expo-
sure times, the sensor saturated for every shot, however
this footage was still useful for verification of accelerator
and test gas arrival. In an attempt to prevent the camera
sensor from saturating, a 656 nm bandpass filter was in-
stalled in front of the camera lens, still with an exposure
time of 100 ns. Two shots, T6s349 and T6s350 were run
with this setup, both condition D. In these tests, no radi-
ance was visible during the test time. [14] found that rel-
atively high exposure times were required to capture the
full extent of the shock layer for gas giant conditions due
to the large non-equilibrium region, even due to the point
of saturating the camera in the near body equilibrium re-
gion. Future experiments to measure the shock stand-off
distance should explore the most appropriate camera set-
tings and optical path to achieve the desired effect, pos-
sibly utilising a neutral density filter as was done for the
DSLR camera.

Figure 13 shows a colour image obtained with the DSLR
during the test time for condition D. Initially, this camera
was triggered by the data acquisition system with the ex-
posure time set to the minimum possible of 250 ps. It was
soon found that the camera had a shutter delay of approxi-
mately 54 ms that prohibited accurate triggering from the
DAQ. In later shots, the camera was set to "bulb’ expo-
sure mode where the shutter is opened and closed manu-
ally. The shutter was opened immediately before the shot
and closed immediately after from the control room. This
method had the disadvantage of capturing light from the
accelerator and driver gas as well as the test gas, however
it was sufficient given that the images were not intended
for use in quantitative analysis. The camera aperture was
set to f22, the smallest possible, and a neutral density fil-
ter of optical density 2.0 was setup in front of the lens to
limit the amount of light reaching the camera sensor.

5. FUTURE WORK

5.1. Grounding Techniques

In all tests, the baseline noise before the shock wave
arrived at the model was small, indicating that the
noise was due to an interaction of the test gas with
the model and associated instrumentation circuits. All
thermocouple traces were characterised by an initial
’dip’ in voltage followed by a jump to what might be
considered a reasonable value during the test time. The
end of the test time was marked by another dip in voltage
before arrival of the driver gas.

Palmer [32] performed a series of experiments with thin-
film calorimeters in the X1 expansion tube and observed

similar features. To avoid risking damage to sensors dur-
ing noise diagnositic experiments a 5 €2 resistor, chosen to
match the thermocouple junction resistance, was placed
inside the model and not exposed to the flow. Any devi-
ation from a null signal produced by the resistor circuit
could therefore be attributed to solely to electrical inter-
ference. Palmer suggested that the noise could be due to
a number of effects, including:

1. Induction of electromagnetic effects in the instru-
mentation

2. The gas acting as a conductor that connects sensors
to parts of the facility which may be at slightly dif-
ferent earth potentials to the signal circuit

3. Formation of a plasma sheath (Debye sheath) over
the surface of the model leading to a net negative
charge at the model surface

Future experimental campaigns with models at Ice Gi-
ant entry conditions could benefit from implementation
of these techniques.

5.2. Spectroscopy of shock layer and Stalker substi-
tution.

Investigation of the radiative heating environment in the
stagnation region via spectroscopy would provide in-
sight into the effect of trace gases on the total heat flux.
This has been employed successfully at the University of
Queensland on a number of occasions [14]. Additionally,
use of this technique would aid in the design of Stalker
substituted test conditions since a key requirement for
similarity is matching of dissociation/relaxation rates of
species (i.e. H-a, H-3).

6. CONCLUSION

A summary of a prelimnary study of a Galieo sub-scale
model at Ice Giant entry conditions has been presented.
Test flows with flight equivalent velocities of greater than
18 km/s were produced with test times on the order of 30
ps. Heat flux and pressure measurements on the model
surface were obtained, however the data indicate that heat
flux measurements are affected by electrical interference
that was not resolved by initial attempts to isolate the
model from the flow. Future experiments should focus
on resolving this issue.
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(a) Condition A (b) Condition B

(c) Condition C (d) Condition D

Figure 14: Selected single frames from high speed video of the test time
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