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ABSTRACT

A major contribution to the radiative heat flux for re-
entering space vehicles comes from radiation in the vac-
uum ultraviolet (VUV) region of the electromagnetic
spectrum. This, in itself, is a challenge to measure due
to instantaneous absorption within facilities and flight ob-
servations unless specially designed evacuated light paths
are used. Such measurements have been successfully
performed at the Institute of Space Systems (IRS) in a
Plasma wind tunnel (PWT) and the Centre for Hyperson-
ics in an expansion tube on cold ab initio probes (only
VUV radiation of the plasma), and on samples of car-
bon preforms and carbon-carbon. At IRS, tests were per-
formed also using ASTERM, a low density ablator of
Airbus Defense and Space. PWT tests were conducted
in the PWK1 facility at IRS. A spectroscopic setup has
been designed and qualified for measurements of VUV
radiation in the boundary layer through a small bore
hole in the material sample. The experimental condi-
tions have been chosen to match a high altitude flight
condition of the Hayabusa flight. Simultaneously to the
VUV spectroscopy, UV/NIR spectroscopy, photogram-
metric recession rate measurements and surface temper-
ature measurements were conducted intending to inves-
tigate the radiation ablation coupling phenomena in the
plasma wind tunnel testing. Expansion tube studies were
conducted using the X2 facility at the Centre for Hyper-
sonics. Three super-orbital flow conditions representative
of Hayabusa and Phoebus trajectory points were used.
Half-cylindrical models made of steel, cold graphite or
hot pre-baked graphite each with a radius of curvature
of 48 mm and width of 10 mm were tested in the facil-
ity. Spectra were obtained along the stagnation stream-
line in the wavelength range from 120 nm to 180 nm and
calibrated for absolute radiance using a Deuterium lamp.
Measurements were compared between the test models to
investigate the effects of ablation on the VUV spectrum.
Plasma wind tunnel experiments yielded larger molecular
UV/VIS radiation for carbon preform samples as well as
larger atomic VUV radiation. Pre heated samples in ex-
pansion tube experiments showed larger CN production
but did not introduce new species in the VUV spectra.

Key words: High-speed Earth Re-entry, VUV Emission
Spectroscopy, Expansion Tube, Plasma Wind Tunnel.

1. INTRODUCTION

Plasma wind tunnels developed at the Institute of Space
Systems (IRS) of the University of Stuttgart have been
developed to provide high enthalpy plasma flows for fun-
damental thermal protection material testing for high-
speed atmospheric entry maneuvers [AKKL96]. These
facilities have been layed out to simulate the thermo-
chemical state in the boundary layer in front of a thermal
protection material as a steady state condition. Impulse
facilities developed at the Centre for Hypersonics at the
University of Queensland (UQ) provide high speed flows
in order to duplicate the hypersonic flow conditions in
front of a re-entry vehicle [Mor97] for short experimen-
tal test times.

The only successful concept for thermal protection at
these load levels are ablative heat shields. Ablative mate-
rials withstand the high heat loads through a combination
of several effects: The hot surface reduces the heat trans-
fer at the wall and increases the re-radiation of heat; py-
rolysis processes inside the material lead to an outgassing
which keeps the hot plasma flow (further) away from the
surface; and chemical and thermal decomposition con-
sumes heat through oxidation, nitridation, and sublima-
tion [JGM13]. Due to the complex coupled physical phe-
nomena of chemistry and radiation, ablation at high entry
speeds is still not sufficiently understood to allow reliable
predictions [HL67]. Both increase and decrease in radia-
tive heating through ablation have been reported in nu-
merical analysis [Gup00, Par07, JGS09]. The numerical
analysis have also reported the significance of radiation
in the vacuum-ultraviolet (VUV) wavelength interval,
i.e. wavelengths between 80 nm and 180 nm [NPBM08,
JMG+11, Par04, LWM+09, PAI98, JGM13]. Particu-
larly when considering ablation, a coupling of radiation
and flowfield is required for the understanding and accu-
rate prediction of the surface heating processes [JGM13].

The radiation emission spectra on the stagnation line for
the shock, the relaxation zone, and the boundary layer are



shown in Fig. 1. These spectra are results from numerical
flowfield calculations using URANUS for the peak heat-
ing re-entry condition of the Hayabusa capsule in 2010 at
a velocity of v = 10.52 km/s and an altitude of 56.6 km
(see [LBHP12] and references therein for more details).
The simulation was a flowfield simulation with loose cou-
pling to radiation. Thus, the plotted spectra are the re-
sult of the radiation transport. Ablative processes are
not considered. Radiation develops at the strong shock

Figure 1. Principal spectral absorption and emission
along the stagnation streamline. Spectra have been cal-
culated using URANUS and PARADE for peak heating
conditions of Hayabusa (reproduced from [LHZ+14]).

front and comes mostly from the VUV regime behind
the shock [FWHR08]. Without ablation, the predomi-
nantely atomic VUV radiation is mainly self-absorbed
in the boundary layer where a high amount of low en-
ergy and ground state particles are present. Radiative
transport within the flowfield can have a significant ef-
fect on the macroscopic structure of the flow [MMB+08].
Physical phenomena involved are non-equilibrium ther-
mal relaxation due to radiation absorption of the shock
layer radiation resulting in non-equilibrium gas compo-
sition and precursor heating [JMG+11, CG13, JGM13].
Additionally, molecular radiation in the visible is present
and can add a significant contribution to the radiative heat
flux [Röc99]. Numerical calcuations with a coupling of
radiation with the flowfield show that the convective heat
flux increases and radiative heat flux decreases due to the
coupling [FWHR08].

The described situation changes again when ablation
products are considered. Coupled numerical calculations
with ablation and radiation show that the shock distance
is increased by ablation and the radiation heating is sig-
nificantly reduced. Mainly C3, atomic hydrogen (H) and
carbon (C) influence the boundary layer [JGM13]. The
convective heating, which is decreased by ablation, is al-
most unchanged due to the ablation and radiation cou-
pling [JGS09].

The flight experiment Fire-II demonstrated the sig-
nificance of VUV radiation and it has been investi-
gated extensively in impulse facilities [Cau67, CMGO09,
McC72, SMZ+12, WHAW69, Sut84]. However, to the
knowledge of the authors there is only the work of
Palumbo who conducted optical emission spectroscopic
measurements considering the VUV wavelength interval
in a plasma wind tunnel setup [PCWP97]. An experi-
mental investigation of the coupling of ablation and radi-
ation by means of spectroscopic tools including the VUV
wavelength range was not performed to date.

This paper provides an overview of the experimental
campaigns at IRS and UQ attempting to investigate ex-
perimentally the influence on ablation to the radiation is-
sues mentioned above including tests with ablative ma-
terials. Due to the significance of the radiation be-
low 180 nm, VUV spectroscopy has been applied in the
plasma wind tunnel PWK1 to measure VUV spectra in
the presence of ablative processes [HZF+14]. Further-
more, UV/NIR optical emission spectroscopy, infrared
thermography, and pyrometry has been set up. A pho-
togrammetric setup has been operated simultaneously
which allows an in–situ surface analysis and recession
detection [LSRC14]. Including conventional video and
photography, 7 different diagnostic tools have been ap-
plied simultaneously to each test. Expansion tube experi-
ments have been conducted measuring VUV radiation in
front of a hot and cold wall graphite sample in the expan-
sion tube X2 [She14].

The investigations are part of a research project funded by
the European Space Agency (ESA) and led by the Ecole
Federale Polytechnique de Lausanne (EPFL) [LMS+12].

2. PLASMA WIND TUNNEL EXPERIMENTS

Within this study material tests have been conducted in
the plasma wind tunnel PWK1. Details of the facility
setup for this campaign can be found in e.g. [LHZ+14].
The sample is mounted in a probe holder which is
mounted on a moving platform inside the vacuum cham-
ber. The high-enthalpy air flow is provided by a magneto-
plasmadynamic arcjet generator (RD5) [AKKL96]. The
probe is moved horizontally inside the chamber to adjust
for heat load and total pressure. The sample material is
a carbon preform of type CALCARB with a diameter of
40 mm. These preform materials are suitable for these
basic ablation experiments, because of their high poros-
ity allowing for volumetric oxidation which is assumed to
occur with real lightweight ablators [HCMH12]. Calcarb
is used as a simple material without a phenolic resin in
order to allow the investigation of these surface effects.
For comparison to the non-ablating case a cooled copper
sample is mounted.

The chosen flow condition (see Tab. 1) has been inves-
tigated previously for ground test based interpretation of
the Hayabusa re-entry in 2010, which was a superorbital
re-entry that has been observed with instruments aboard



an aircraft [LJ14, LBHP12, Jen10]. Heat flux and total
pressure have been measured in a separate measurements
using the same probe geometry. The local heat flux is

Table 1. Plasma wind tunnel condition corresponding to
Hayabusa at 78.8 km

Parameter Value
mass flow ṁ 18, 0 g

s
ambient pressure p∞ 16, 6 hPa
total pressure ptot 24, 3 hPa
arc current I 1220 A
arc voltage U 133 V
electric power P 162 kW
probe position x = 270 mm,y = 0 mm
heat flux Q̇ 4100 kW

m2

mass–specific enthalpy h 68, 43 MJ
kg

measured as a cold wall heat flux on copper. The cop-
per has been preoxidized. This surface state is consid-
ered as the one with the highest catalycity [LAK00]. The
flow condition has been adjusted according to the sim-
ilarity parameters derived by Kolesnikov [Kol99]. By
duplicating total pressure, local mass–specific enthalpy
and the boundary layer velocity gradient in a subsonic
plasma flow, the boundary layer of a flight condition with
respect to convective heat transfer is reproduced. The lo-
cal mass–specific enthalpy has been determined from the
measured cold wall heat flux and the semi-empirical for-
mula of Zoby [Zob68]. Velocity measurements to inves-
tigate the boundary layer velocity gradient have not been
performed at this condition so far. The duplication of the
radiation has not been considered by Kolesnikov.

There are only few optical accesses available at the vac-
uum chamber. Fig. 2 shows a top view schematic of the
arrangement of the mentioned experimental systems. The

Figure 2. Schematic of the arrangement of the suite of 7
different diagnostic setups at the wind tunnel (top view).

vacuum-ultraviolet spectroscopy is designed to measure
through the sample as it has been performed by Palumbo
et al. [PCWP97]. The measured radiation is directed with
mirrors outside the vessel to the spectrometer mounted on

top of the vacuum chamber. The UV/VIS spectroscopy is
arranged on the side of the vacuum chamber. The bound-
ary layer has been investigated using the classical opti-
cal emission spectroscopic setup as it has been applied
by several researchers at IRS [RAK97]. Thermography
and Pyrometry are applied through two windows in the
front lid. The same windows have been used for the pho-
togrammetric setup [LSRC14]. Through additional win-
dows, videos and photos are taken.

Both samples (copper or Calcarb) have the same front ge-
ometry, i.e. a 40 mm diameter. The samples are mounted
in a water cooled housing. The copper sample is sepa-
rately water cooled in order to determine the surface heat
flux onto the circular 40 mm diameter front surface area.

Testing is conducted as follows: The sample is positioned
laterally outside the flow. Usually, the required test condi-
tion is reached after about 3-5 min. When all parameters
are steady, the sample is laterally moved into the flow to
the center axis. The test time starts (t = 0 s) when the po-
sition is reached. After the specified test time (typically
30 - 45 s, the generator power is cut and the gas mass flow
valves are closed quickly. The sample lasts at its position.
The power off command is defined as the test end.

2.1. Optical Emission Spectroscopy

The measurements of the radiation are undertaken using
optical emission spectroscopy. In this work two spec-
trometers have been implemented, a VUV spectrometer
measuring the 116–197 nm wavelength region and a UV-
NIR spectrometer covering the 300–960 nm range.

The VUV measurements are captured utilising an AC-
TON RESEARCH CORPORATION VM-521-SG 1 m focal
length spectrometer coupled with an ANDOR iStar 340T
intensified charge-coupled device (CCD) camera. The
spectrometer has been provided by EPFL and the cam-
era and calibration lamp were provided by the Centre for
Hypersonics (UQ) (of the University of Queensland). An
evacuated light path for the VUV spectroscopy has been
designed to redirect the emitted radiation from the stag-
nation point of the probe to the entrance of the spectrom-
eter. The line of sight has been tilted by 28◦ in order to
avoid a direct view towards the generator (see Fig. 8). A
MgF2 window is located at the rear end of the sample
which seals the light path, directly behind this is a mir-
ror to redirect the radiation to the rear of the probe and
then out of the test section where it is focussed onto the
spectrometer entrance slit. This configuration is shown in
Fig. 8. The evacuated light path is maintained at a vac-
uum lower than 5 × 10−5 hPa which has been shown to
prevent significant absorption.

Calibration of the VUV system is conducted using a
MCPHERSON 632 deuterium lamp. The lamp has been
calibrated by the Physikalisch-Technische Bundesanstalt
Berlin (Germany’s national metrology institute). Pre- and
post-test the lamp is mounted in front of the test setup and
recordings are taken to measure the spectral response of
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Figure 3. Schematic of the VUV setup (side view).

the VUV system. The material sample needs to be re-
moved to be able to evacuate the optical path between
the MgF2 window and the calibration lamp. This does
not affect the required comparability of the calibration
configuration with the plasma wind tunnel configuration
as long as the window with possible contamination is
kept untouched. Full details of the setup, initial test-
ing, calibration and preliminary results can be found in
Ref. [HZF+14] .

The UV-NIR measurements are taken with a PRINCE-
TON INSTRUMENTS SpectraPro 2758 spectrometer cou-
pled with an ANDOR DU920N-0E camera. This optical
system images a vertically orientated rectangular region
60 mm high and 1.6 mm wide at approximately 5 mm in
front of the probe (for further details see [LHZ+14]).
Measurements are taken with a 300 l/mm grating over a
range of different central wavelengths covering the full
wavelength region from 300–960 nm. The separately ac-
quired spectra covering 120 nm each are concatenated
during post-processing to give the full spectrum. The UV-
NIR system is calibrated using a GIGAHERTZ-OPTIK
BN0102 integrating sphere for absolute radiance (inten-
sity). This is done by positioning the integrating sphere
at the measurement position and taking calibration mea-
surements over the full spectral range.

The ablation situation has been further investigated us-
ing additional diagnostics mounted in parallel. Sur-
face temperature has been measured using an LP3 linear
pyrometer from KE TECHNOLOGIE GMBH at 950 nm.
A recently procured thermographic camera system of
LUMASENSE Mikron MCS640 is a commercial camera
layed out and calibrated by the manufacturer for the opti-
cal paths at IRS. It measures with a frame rate of 60 fps.
The measured data is also corrected for window trans-
mission and surface emissivity. The recession of the ab-
lating samples has been analysed using stereoscopic pho-
togrammetry. Stereoscopic photogrammetry allows for
3D surface imaging during wind tunnel testing using two
digital single lens reflex (DSLR) cameras. With the pho-
togrammetric analysis as developed at IRS, the surface
is resolved with 25000 px/cm2, approximately 400 dpi.
This allows the in-situ analysis of the recession phenom-
ena of the ablator [LSRC14].

3. EXPANSION TUBE EXPERIMENTS

This section outlines the experiments in the X2 expan-
sion tube. The test matrix can be broken down into two
experimental campaigns: experiments measuring VUV
radiation incident and across the surface of a rectangular
steel model, and experiments to observe changes in VUV
emission due to an ablating graphite surface. Three con-
ditions representative of Hayabusa and Phoebus re-entry
trajectory points were utilised for both campaigns and are
outlined in Table 2.

Table 2. Static freestream testing conditions for X2 ex-
periments.

Condition Med.-C Med.-B Fast-A
Velocity (km/s) 9.30 10.2 10.6
Temperature (K) 2570 2700 3120
Pressure (Pa) 1690 866 2840
Density (kg/m3) 0.00223 0.00104 0.00280
Enthalpy (MJ/kg) 46.7 57.7 62.2
Total Pressure (GPa) 5.00 4.67 xx

The emission spectroscopy system utilised in these exper-
iments consisted of a McPherson NOVA 225 spectrome-
ter coupled to an Andor iStar generation 2 ICCD capable
of measuring down to 115 nm. The system was calibrated
using the same McPherson deuterium lamp as outlined in
Section 2.1. An adaptor plate was utilised to position the
lamp at the location of the radiating shock layer, allowing
for an in-situ calibration. A high vacuum optical cham-
ber was coupled to the spectrometer and test section to
remove oxygen and water vapour from the optical path.
Depending on the viewing configuration, the optical path
was sealed at the surface of the model, or the across sur-
face viewing port, again with a MgF2 window. The across
surface viewing port was housed within a fence that cre-
ated an acute shock wave dissociating the gas directly in
front of the window. A 10 mm gap was maintained be-
tween the model and the fence, ensuring negligible ab-
sorption of VUV radiation between the radiating shock
layer and the high vacuum optical path, and enough dis-
tance to avoid any disturbance to the shock layer being
observed. An annotated image of this configuration is
shown in Fig. 4 and a full outline of this system can be
found in [She14].

3.1. Incident and Across Surface Measurements

A simple two-dimension geometry was selected for this
series of experiments to reduce modelling complexity, al-
low for windows to be embedded in the surface of the
model without disturbing the surface shape, and provide
a large shock stand off. The model shape selected was a
rectangular bar normal to the flow with a length of 90 mm
and a height of 25 mm. These dimensions were selected
to provide the highest aspect ratio model that could be
contained within the core flow of the X2 expansion tube
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Figure 4. Annotated top down image acquired during the
test time illustrating the shock wave created by the fence
not interacting with the shock layer around the model.
The observational window position is centred upstream of
the surface of the model at a distance of 10 mm [SMM14].

and house an appropriately thick stock size magnesium
fluoride window.

Two sets of measurements at all three conditions were
made using this system. The first set of measurements
was spatially resolved emission measurements across the
surface of the model, viewing through an optical port as
shown in Fig. 4. Incident spectral measurements through
the surface of the model were also carried out using a
turning mirror within the test section and coupling to the
external focussing optical system. The optical systems
utilised for both sets of measurements is shown in Fig. 5.
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Figure 5. Imaging optics to observe radiation across
and through the surface of the models. Image drawn to
scale [SMM14].

3.2. Ablating Model Experiments

This series of experiments was conducted using half-
cylindrical models with an outer diameter of 49 mm
and a width of 10 mm. The goal of these experiments
was to investigate changes in radiative emission in the
VUV with an ablating graphite surface compared with
a steel surface. Carbon is found in the expansion tube
freestream in trace amounts and therefore an emission
baseline was established using steel models. Cold and
pre-heated graphite models were tested to investigate
possible changes in VUV emission. Pre-heated graphite

tests were conducted using the resistive pre-heating tech-
nique developed by Zander [ZMS+12]. The graphite
selected for these tests was Graphtek GM-10 due to its
isotropic properties allowing for a uniform surface tem-
perature distribution [Gra14]. The temperatures achieved
by pre-heated graphite samples were in excess of 2000 K
and two colour ratio pyrometery was utilised to obtain
two-dimensional temperature maps of the samples using
images taken seconds before the experiment.
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Pre-heating of samples resulted in additional complexi-
ties to the experimental setup. The viewing window at
the end of the optical path is required to be 10 mm from
the radiating shock layer and therefore experiences a sig-
nificant heat flux during the pre-heating process. Fur-
thermore, it was found that out-gassing of volatiles in
the pre-heating process coated the window and signifi-
cantly reduced transmission before the commencement
of test time. A study was conducted by Wolter to modify
the existing configuration to enable VUV spectral mea-
surements of pre-heated graphite models [Wol14]. It was
concluded that models required up to ten pre-heating cy-
cles under vacuum to remove all volatiles. Additionally,
the surface of the fence was recessed and a copper piece
installed to remove the radiative heat flux onto the glue
behind the window. Combining these modifications, and
completing the experiment within seconds of the model
achieving steady state temperature, ensured no damage
occurred to the windows before the conclusion of the test
time. The final model configuration is shown in Fig. 7.

4. RESULTS AND DISCUSSION

In the following the results from the two facilities are
summarised in separate subsections. Then a first conclu-
sion from the results from both test campaigns is tried
sehe ich bisher noch nicht.

4.1. Plasma Wind Tunnel Experiments

Figure 8 shows the measured VUV radiance (spectral
and cumulative) of a cooled copper and Calcarb mate-
rial sample which features strong atomic lines of oxy-



Figure 7. Configuration of graphite model with insulated
heating clamps and shielded optical port [SIW+14].

gen and nitrogen for both cases. Atomic carbon lines
are also present in the Calcarb spectrum. The spectral
region between 148 and 169 nm of the Calcarb spectrum
could not be calibrated correctly and was partially over-
saturated and is therefore neglected for the cumulative
radiance. The Calcarb spectrum exhibits stronger radi-
ation of nitrogen lines than the copper case, however, the
oxygen triplet at 130 nm is almost identical in the two
cases. Figure 9 shows the UV-VIS local emission coeffi-

Figure 8. VUV spectrum in front of the sample.

cient (spectral and cumulative) of the stagnation stream-
line 5 mm in front of a cooled copper and Calcarb ma-
terial sample. The atomic radiation of both nitrogen and
oxygen is stronger in the case of Calcarb. Furthermore,
the molecular radiation of N2 and N+

2 is also stronger
for Calcarb which also exhibits additional radiation of the
CN violet band.

Both spectral regions show that atomic and molecular ra-
diation is stronger for the Calcarb sample. A possible
explanation could be a higher surface temperature lead-
ing to a higher gas temperature in the boundary layer.
In front of the copper sample, the emission spectra have
been analysed assuming a Boltzmann distribution for ro-

Figure 9. UV-NIR stagnation streamline spectrum 5 mm
in front of the sample surface.

tational and vibrational states. This results in a rotational
temperature of Trot = 13270K, a vibrational temper-
ature of Tvib = 12750K and an electronic excitation
temperature Texc = 8300K. The measurements in the
visible and NIR have been complemented by the VUV
data on atomic oxygen, i.e. the ground and low lying en-
ergy states have been taken into account. The details of
this approach are currently in preparation for further pub-
lication. The respective data analysis for the hot Calcarb
sample is still in progress.

4.2. Expansion Tube Experiments

A substantial experimental dataset has been acquired
through the course of the ARC grant. Rectangular models
with two optical configurations, and three half-cylindrical
models with one optical configuration, have been tested
for all three conditions presented in Table 2. The rectan-
gular model experiments provide spatial resolution when
viewed from across the surface and spectrally resolved
measurements of VUV radiation incident on the surface
at the stagnation point, and experimental results were pre-
viously presented at EUCASS [LMM+13]. Initial anal-
ysis of the heated and cold half-cylinder models shows
no new species in the VUV spectral range due to an ab-
lating surface, as shown in Fig. 10. There was signif-
icantly increased cyanogen production observed for the
heated models indicating ablation of the heated mod-
els [SIW+14]. Further investigation of the carbon lines
measured is required before conclusions in regards to
VUV emission for heated models with an ablating sur-
face can be drawn.

5. SUMMARY

Experiments aiming to investigate ablation-radiation cou-
pling have been sucessfully conducted in the plasma wind
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Figure 10. Comparison of shock layer spectra using
steel, cold graphite and pre-heated graphite models for
the Medium-B condition.

tunnel PWK1 as well as in the expansion tube X2. Opti-
cal emission spectroscopic measurement systems in dif-
ferent wavelength intervals have been applied to investi-
gate the radiation of the hot flow in front of cold metal-
lic reference materials as well as carbon samples. The
planned experiments have all been conducted and a com-
prehensive set of data for both plasma wind tunnel and
expansion tube is available for further ablation-radiation
coupling assessment.

Spectra obtained through experiments in the expansion
tube with cold steel, cold graphite and hot graphite sam-
ples do not exhibit a clear trend. Further investigation of
the measurement results is required.

Plasma wind tunnel experiments show stronger radia-
tion from both molecules and atoms for the hot Calcarb
samples in comparison with cooled copper. The influ-
ence of ablation on the measured radiation is significant.
Through the combination of flowfield spectroscopy up-
stream the sample, a detailed investigation of the radia-
tion transport effects becomes accessible.

The combination of the two experimental campaigns will
then allow a better understanding of the ablation radiation
coupling.
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