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Abstract

This article presents the full operational experimental capabilities of the plasma wind tunnel facilities at the Institute of
Space Systems at the University of Stuttgart. The simulation of the aerothermodynamic environment experienced by vehicles
entering the atmosphere of Earth is attempted using three different facilities. Utilizing the three different facilities, the recent
improvements enable a unique range of flow conditions in relation to other known facilities. Recent performance optimisa-
tions are highlighted in this article. Based on the experimental conditions demonstrated a corresponding flight scenario is
derived using a ground-to-flight extrapolation approach based on local mass-specific enthalpy, total pressure and boundary
layer edge velocity gradient. This shows that the three facilities cover the challenging parts of the aerothermodynamics along
the entry trajectory from Low Earth Orbit. Furthermore, the more challenging conditions arising during interplanetary return
at altitudes above 70 km are as well covered.

Keywords Space transportation - High enthalpy flow fields - Aerothermodynamics

1 Introduction until the end of the last century [49]. The European facilities

have been integrated in that article already, e.g. the facili-
State-of-the-art experimental investigations of atmospheric  ties at the German Research Center (DLR) and the French
entry flight are conducted using impulse facilities or plasma  facilities in Bordeaux. Figure 1 shows an extension of this
wind tunnels [36]. A survey by Smith et al. from 1997 lists ~ plot taking into account new developments in, e.g. China
the plasma facility developments for aerospace applications  and Italy. For example, these new developments include the
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Fig. 1 Aerospace plasma facility development until the late 1990s
(reproduced from Smith et al. [49]) and additional facilities devel-
oped more recently [46] (Ames: NASA Ames Research Center, JSC:
NASA Johnson Space Center, LCAT: Boeing Large Core Arcjet
Tunnel,AEDC: Arnold Engineering Development Center, Langley:

consolidation of NASA’s arcjet capabilities at NASA Ames
Research Center for the development of the Orion capsule
for manned space missions [9]. For such large spacecraft
as well as for the return of smaller capsules from interplan-
etary missions at high speeds, testing environments taking
into account radiative heating are required [48]. Radiative
heating capabilities were installed in the arcjet facilities at
NASA Ames through a setup for additional laser heating
during plasma testing [12]. At the Italian research Center
CIRA, besides the Scirroco facility, a smaller constricted
arcjet named Ghibli is operational since 2007 [46]. Simi-
larly, the Chonbuk National University operates a 2.5 MW
constricted arcjet facility in Jeonju, Korea since 2015 [27].
New arcjet facilities have also been developed at the China
Aerodynamics Research and Development Center (CARDC)
in Mianyang, China. Here, the Hypervelocity Aerodynamics
Institute installed two large segmented arcjets and a | MW
inductively heated source.

New plasma generator developments were mainly driven
by the requirements for higher enthalpy levels and higher
total pressures for atmospheric entry from interplanetary
travel. The approximate operational capabilities of the vari-
ous generators are depicted in Fig. 2. However, this graph is
not plotted based on actual measurement data.

In the following, we only present measured flow condi-
tions to provide a profound base for the performance of
the facilities. This paper focuses on the presentation of the
recent performance analysis of the facilities developed at
the Institute of Space Systems (IRS) and the associated
capabilities for the investigation of entry manoeuvres in
the atmospheres of Earth. The next section provides the
background information about the heritage of the facilities
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NASA Langley, Technion: Technion Wind Tunnel Complex, Israel,
DLR: German Aerospace Center, Mitaka: Jaxa Mitaka Wind Tunnel,
Tokyo, VKI: Van Karman Institute, Belgium, CARDC: China Aero-
space Research and Development Center, CIRA: Italian Aerospace
Research Center, CBNU: Chonbuk National University, Korea)
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Fig. 2 Illustration of the operational capabilities for different genera-
tor principles for air conditions (similar to Fig. 1 in Smith et al. [49])

and new features. Afterwards, each facility is presented
with its operational range and specific features. The opera-
tional range is defined as the range of total pressures and
heat fluxes achievable on a 50 mm diameter flat faced cyl-
inder with an edge radius of 11.5 mm. In Europe, this
geometry is a standard probe geometry which was estab-
lished by ESA during the European HErRMES project [15].
Various heat flux measurement methods have been devel-
oped and applied worldwide over the years [32]. All heat
fluxes presented throughout this paper have been measured
using a water-cooled calorimeter to determine the copper
cold wall heat flux. The flow conditions are categorised
with respect to actual flight trajectories resulting in a per-
formance map based on experimental data sets.
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2 Background

Plasma wind tunnels have been developed to simulate the
heat load which a candidate material would have to with-
stand during atmospheric entry [29, 36]. The flow fields
provide the main aerothermodynamic features of a high
enthalpy re-entry flow. Depending on the requirements
for the simulation of a certain condition on the trajectory,
a flow condition is adjusted, which might be super- or
subsonic. For the characterisation of superorbital entry,
the simulation of the stagnation streamline is achieved
by a subsonic flowfield. The supersonic flow conditions
are required for testing of complex shapes as for example
for re-entry break-up analysis. Here, the shock interac-
tion with the structure is required for useful ground test-
ing. The challenge for all facilities is that the plasma is
generated through a different mechanism than the shock
compression induced plasma experienced in flight. There-
fore, this environment has to be carefully adjusted and
experimentally quantified to achieve conditions compara-
ble to the main features of the real re-entry flight scenario.
This approach motivates the requirement for the thorough
investigation of the local mass-specific enthalpy, chemical
composition, radiative and convective heating as well as
surface chemistry effects.

The development of plasma wind tunnels at the Institute
of Space Systems (IRS) of the University of Stuttgart was
initiated and triggered by a German-French research pro-
gram for the development of a space transportation system
called Hermes in the 1980s [3]. Since then, further devel-
opments and improvements led to facilities which provide
high enthalpy plasma flows for fundamental thermal pro-
tection material testing foreseen for entry maneuvers into
the atmospheres of Earth, Mars, Venus and Titan [8, 17,
21]. Although originally the focus was laid on the simula-
tion of conditions for a return from low Earth orbit, i.e.
low Earth orbital flight velocities, it is shown in this paper
that the facility capabilities also allow for the simulation
of superorbital re-entry trajectory conditions leading to
surface heat fluxes exceeding 10 MW/m? [16].

There are three generator designs in use at IRS: Two
arc-heated generators and one inductively heated plasma
source (ICP). From the perspective of a typical re-entry
trajectory, the magnetoplasmadynamic generator RDS
was developed for the upper part of the atmosphere and
the beginning of the re-entry and is mounted in PWKI1 or
PWK2 [8]. The design is based on the know-how at the
institute for high power electric space propulsion systems
[6]. It provides particularly high enthalpies. The limiting
factor are the attainable total pressure. For lower altitudes,
and hence higher pressures, the thermal arc-heated genera-
tor RB3 is utilised (mounted in PWK4). It is a classical

thermal arcjet with an advanced design for higher total
pressures, but at lower enthalpies compared to RDS. The
inductively heated source IPG3, used in PWK3, was devel-
oped for more fundamental research on aerothermochem-
istry which is relevant at all trajectory points for a re-
entry [7, 19]. The main advantage of this generator is the
electrodeless plasma excitation, enabling the generation
of pure oxygen and carbon dioxide flows, which chemi-
cally destroy any electrodes as used in the RD and RB
generators. In terms of flow field dimensions, the design
target was a homogenous inflow onto the common Euro-
pean standard probe geometry. This resulted in core jet
diameters of approximately 150 mm.

The facilities were originally dedicated to the investiga-
tion of re-usable thermal protection systems (TPS). The arc-
heated generators operate with electrodes which results in a
facility-specific amount of flow field contamination by the
unavoidably eroding electrode material (e.g. copper or tung-
sten). A particular requirement, especially for the analysis of
gas—surface interaction phenomena, is a minimum contami-
nation of the plasma jet. Any additional species in the flow
adds additional collisional and chemical partners within the
free flow and in interaction with the probe surface. Especially
solid particles affect also the heating of the surfaces directly.
In gas—surface interaction research, e.g. for the assessment
of catalytic effects at the surface, these contaminants signifi-
cantly corrupt the research data sets and therefore limit con-
clusive results. At IRS, the arc-heated generators use thermi-
onic, i.e. hot, radiation cooled tungsten cathodes, which were
thoroughly investigated previously for long-term application
in electrical thrusters. The design of the magnetoplasmady-
namic generators (MPG) shows low contamination at remark-
ably high mass-specific enthalpies. These high enthalpies are
required for the correct testing of interplanetary return or
meteoroid entry, which will be shown in this paper [33, 35].
Furthermore, the arc-driven generators are used with separate
inlets for oxygen and nitrogen. The oxygen is injected down-
stream of the cathode, helping minimise the contamination.
In other facilities, there is some oxygen around the cathode
causing higher contamination levels. The results are low ero-
sion rates, as illustrated in Fig. 3. In contrast, inductively
coupled plasma generators (IPG) operate without electrodes,
so that there is no flow contamination at all.

Various diagnostic methods have been developed to
assess the plasma flow characteristics and the material
behaviour when exposed to these conditions aiming to dupli-
cate a certain entry flight scenario [4]. As the development
of the facilities was mainly driven by the investigation of
reusable TPS in the beginning, research in the 1990s was
concentrated towards the detailed understanding of the pas-
sive to active transition of surface oxidation processes for
silicon carbide based materials, the investigation of surface
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Fig. 3 Electrode contamination for different facility types for air test-
ing (partly taken from Ref. [30] and references therein)

catalytic efficiencies and the development of surface protec-
tive layers for these materials (see Refs. [13, 26, 31]).

In the following the laboratory infrastructure is presented,
followed by the presentation of the performance of the facili-
ties based on actual experimental data sets. The data are
analysed with respect to known flight trajectories in Sect. 5.

3 Laboratory infrastructure: power supply
and vacuum pumping system

The plasma wind tunnel laboratory infrastructure at IRS was
refurbished and improved from 2013 to 2016. The facilities
are operated using a central gas supply, DC power supply
and vacuum pumping system. The water cooling system is
an in-house 20 bar water pressure system which is setup as a
redundant system using two pumps identical in construction
(type KSB WKL 65-5).

3.1 Vacuum system

All facilities are connected to the centralised vacuum pump-
ing system. This system, originally installed in the late
1970s, was refurbished in 2013 to provide an advanced,
explosion proof facility including a modern pressure reg-
ulation setup. Figure 4 shows a schematic of the vacuum
system. Gas is extracted from the respective facility (PWK]I-
PWK4) and is pumped to the outlet (named to Atmosphere).
Three PreIFFER roots pumps (RP1A-RP1C) are the first stage
connected to the vacuum vessels. The parallel arrangement
provides a high suction power at low pressures. A fourth
roots pump (ALcATEL) RP1D can be added optionally.
The second stage is another roots pump (RP2). The third
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stage is a roughing pump stage newly installed by BuscH
Vacuum Sorutions in 2013. This stage is a combination of
three pumps, a roots pump (named WV in Fig. 4) and two
parallel screw vacuum pumps (named NC Pump1/Pump?2
in Fig. 4). This combined stage provides the pre-vacuum
required for the pumps in stages 1 and 2 to work efficiently.
The upgraded pressure control system allows the pressure to
be controlled from vacuum to 500 hPa. The set point is then
maintained by the pumping system through a PID control-
ler. Furthermore, the tunnels can also be run with explosive
gases, e.g. hydrogen, for the investigation of entry flights to
Uranus or Neptune.

The suction performance of this new system has improved
slightly. The major improvements are in the advancement
of the pressure control system, the achievable minimum
pressure and the response time of the system to set a new
pressure level. Figure 5 shows two measured data sets for
the evacuation of the vessel, which takes about 700 s (for a
volume of 7 m?) from ambient pressure to < 50 Pa. The new
system allows controlled ambient pressure in the vacuum
vessels up to 500 hPa. The actual chamber pressure value is
taken directly from the vacuum chamber pressure reading
and the setpoint can be adjusted accordingly.

3.2 Power supply

The DC power is regulated using 6 identical current regu-
lated thyristors each supplying 1 MW of power. The analog
control system from 1968 was updated in 2015 to a digital
control system programmable for a controlled variation in
power during experiments.

The power supply can deliver either high current or high
voltage. Figure 6 shows the rectifier characteristic. The
maximum current is 48 kA at 125 V. The maximum voltage
is 6000 V at 1000 A. The ripple of the rectifier lies below
0.5 %. The controlling sample rate is 3 Hz.

4 Facility performance

The following subsections show the facility performance for
atmospheric entry testing. The three mentioned facilities,
PWK1, PWK3 and PWK4 are shown for air flow conditions.
The shown performance maps are based on the European
standard probe geometry which is a flat faced cylinder with
a diameter of 50 mm and a corner radius of 11.5 mm.

4.1 PWK1

PWK1 is equipped with the magnetoplasmadynamic gen-
erator RDS. This type of arcjet generator uses the elec-
tromagnetic forces induced by the arc passing through
the nozzle throat resulting in further acceleration at high
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currents and, thus, higher enthalpies [47]. Oxygen injec-
tion downstream of the throat protects the hot cathode
from oxidation. This is possible, because the arc travels
through the entire nozzle and hence can energise the oxy-
gen in the diverging section of the nozzle. The design is
shown in Fig. 7, and it can be seen that the last nozzle
segment acts as the anode where the arc attaches.

Figure 8 shows the measured envelope of heat flux and
total pressure achieved with the facility. Some conditions
have been analysed using a larger probe diameter, which
is subsequently scaled to the ESA standard probe. The
scaling is calculated based on the standard equations in
ASTM-637 [2].The maximum heat flux measured with
this facility reaches 17 MW/m? at stagnation pressures of
around 4.5 kPa. This maximum heat flux condition was
used for a large part of the investigations of the Stardust
re-entry [52].

Recent significant experimental campaigns including
quantitative vacuum-ultraviolet spectroscopic measure-
ments with ablators have been carried out in PWKI1 for the
analysis of the Hayabusa re-entry [25]. The flow condition
chosen simulates a flight scenario of the Hayabusa capsule
at an altitude of 78 km [23, 24]. This point is highlighted
in Fig. 8.

A further field of research which is conducted using
the PWKI1 facility is the investigation of space debris and
demisable materials [43, 44]. An advantage here is the
ability to simulate the upper Earth atmosphere where the
destructive re-entry processes start. The flow field is at
the limit of continuum mechanics and, therefore, quite
challenging.

A new feature based on the Hayabusa testing is the pos-
sibility to simulate meteoroid entry into the Earth atmos-
phere [35]. A particular probe setup has been designed
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Fig.8 Operational envelope of PWKI1 based on measured air condi-
tions

which allows the simulation of an entry scenario on
ground.

4.2 PWK4

PWKA4 is the facility using the thermal arcjet generator RB3
(see Fig. 9). Due to the higher arc chamber pressures, the
maximum total pressure reaches 110 hPa. In this generator
both the cathode and anode are located upstream the nozzle
throat.

Figure 10 shows the available flow conditions.As can
be seen, the heat flux levels are much lower compared to
PWKI, but the attained total pressures are higher. The flow
is supersonic reaching a maximum Mach number of approxi-
mately 5.

et

> > 2
/AR NN ¢

Fig.7 PWKI1 facility: photograph (left), cross section of magnetoplasmadynamic generator (right)
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Fig.9 PWKA4 facility: photograph (left), cross section of thermal arcjet generator RB3 (right)
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Fig. 10 Operational envelope of PWK4 based on measured air condi-
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This facility is suited to test conditions close to peak heat-
ing of reusable re-entry bodies [5]. The new vacuum system
now also includes an automated system for selecting high
pressure conditions (>100 hPa). Testing with controlled

pressure conditions up to 500 hPa is envisaged for the
upcoming investigations of destructive re-entries and new
entry system concepts where high pressure environments
become essential. The by-pass system has been adapted for
the higher pressures, i.e. the vessel pressure is adjusted by
reducing the suction power through turning off the stages

1 and 2 and adding air into the system by variable by-pass
valves.

4.3 PWK3

The PWK3 facility is equipped with the inductively cou-
pled plasma (ICP) source IPG3 (inductively heated plasma
generator). The plasma is generated inside a quartz tube sur-
rounded by a coil which is part of a resonant circuit (see
Fig. 11). Inside the tube, a plasma discharge is generated
by particle collisions with highly accelerated free electrons.
Depending on input power, gas mass flow rates, tube dimen-
sions and operational frequency, a high-enthalpy flow exits
the tube. There are designs with and without a nozzle at the
tube end.

Testing at PWK3 started in the 1990s. The current design,
aiming at the investigation of catalytic behaviour of thermal
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Cooling water casing
i IS}
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»/ ° lical O 00000
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Z 3 « I —
ot s ==
V¥
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Fig. 11 PWKS3 facility: Photograph (left), cross section of generator IPG4 (right)
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protection systems, is an in-house development. Herdrich
et al. extensively characterised the facility with particular
emphasis on pure oxygen flows [19, 22]. Due to its func-
tional principle without electrodes, the generated plasma is
free of electrode contamination, but more importantly this
allows the testing and analysis of pure oxygen flows. This
facility is ideally suited for fundamental surface chemistry
investigations as for example catalytic behaviour of materi-
als [40, 41, 45]. The facility is also qualified for CO, testing
[38].

The investigation of the catalytic behaviour of candidate
heat shield materials is analysed mainly using pure oxy-
gen flows [18, 39, 45, 50, 51]. The ability to test in pure
oxygen allows decoupled investigations into the nitrogen
and oxygen effects seen in air flows. Figure 12 shows the

@ Springer

test flow conditions available for air and Fig. 13 shows
the realised conditions for pure oxygen.Depending on the
required pressure, enthalpy and flow velocity, the generator
is equipped with a nozzle. In some cases, a so-called injector
ring is required for steady tunnel operation [20]. This ring is
mounted in the gas injection part to improve the inductive
heating at higher gas mass flows. The heat flux levels reach
values of up to 5 MW/m? at the kPa pressure levels and is
well comparable to the air flows used in PWK1 and PWK4.
For some reference conditions, a full dissociation of oxygen
was measured, which is of particular interest for the analysis
of material behaviour.

5 Classification of experimental conditions

In the following, the flow conditions presented in the previ-
ous section are related to flight conditions of actual re-entry
flight vehicle systems. The approach followed is the Local
Heat Transfer Simulation (LHTS) concept developed by
Kolesnikov [28]. The goal is to understand the ground test-
ing conditions to match the flight scenario. The stagnation
point heat flux as presented in the graphs of the previous
sections, is driven by the boundary layer characteristics. The
ground testing intends to rebuild the boundary layer of the
flight case. This similarity is assessed based on the bound-
ary layer equations derived for the re-entry scenario by Fay
and Riddell [14]. A ground testing condition corresponds
to a certain flight scenario when three essential parameters
are duplicated:

hﬂight = hground’ (1)
ptot,ﬂight = ptot,ground’ (2)
ﬂﬁight = ﬂground’ (3)

where £ is the enthalpy and f is the boundary layer edge
velocity gradient. The index flight denotes the flight situation
and ground the ground testing facility condition. To relate
the measured heat flux—total pressure envelopes to flight, the
data are converted into enthalpy—total pressure envelopes.
This covers the requirements in Eq. (1).

The boundary layer edge velocity gradient is defined as

_du
p= o @

Here, the velocity u is along the surface at the boundary
layer edge along the coordinate x, which is perpendicular to
the inflow direction. The axial flow velocity is denoted u to
avoid confusion. The parameters enthalpy and total pressure
are set up by adjusting the facility’s input parameters (elec-
trical input power, gas mass flow and pressure settings). The
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local mass-specific enthalpy is determined from the meas-
ured heat flux and total pressure with
!
h=—1__
K Prot (5)

Rsﬂ'

where K is a gas-specific constant (for air K = 0.368 kW kg/
(m?/2Pal/2M1J)), and R.; is the so-called effective nose
radius. In this work, we used the value for R,z = 2.3 X Ry,
where R, denotes the body radius [11, 37].

This approach for the determination of the local mass-
specific enthalpy was published first by Zoby and Sullivan
and is now stated as a standard in the ASTM E-637 [2, 54].
Independently from this approach, a probe is extensively
used at IRS which allows the direct measurement of the local
mass-specific enthalpy [34].

For subsonic flows, Eq. (5) requires a modification to take
into account that it was derived using the modified New-
tonian flow theory. This theory is not accurate for Mach
numbers Ma < 2. The appropriate expression is [2]

= KM q,’ [(ﬂ D/Moo)mod.N. ] 02

h
(BD/ug),=

(6)

Prot

Rcll’

where K, is the modified gas-specific constant (for air
Ky = 2561 N m%3s kg™!), D is the corresponding hemi-
spherical diameter (D = 2 X R.) and u, the axial freestream
velocity. The boundary layer velocity gradient for the modi-
fied Newtonian flow is derived from the Mach number Ma
using

05
4((y - DMa’ +2)

(ﬂ D/uoo)mod.N. = l ¥ Ma2 . (7)

The stagnation velocity gradient (x = 0) is given by

(BD/u)—y =3 —0.755Ma> (Ma < 1). ®)

The (subsonic) Mach number is determined using

g1 05
Ma= | 2 <”_> o) ©)
- \\ %,

where y denotes the isentropic exponent and p, the ambient
pressure. For the high enthalpy flows discussed here, the
isentropic exponent is assumed to y = 1.13. Strictly, Eq. (9)
holds only for an isentropic flow. However, the variation in
the isentropic exponent results in only a small change of the
Mach number. Therefore, this equation typically holds for
the pressure and temperature regime in plasma wind tun-
nels. Experimentally determined temperature and veloc-
ity shows, that the Mach number is reasonable [53]. The

ambient pressure is assumed to be equal to the background
pressure in the vessel.

Figure 14 shows the local mass-specific enthalpies
determined for the air flow conditions of the different
facilities based on the measured data shown in Figs. 8, 10
and 13 and using the approach described with Eqs. (5)-(9).
Some trajectories of flown vehicles are plotted as well.
These flight data are calculated using the classical
approach from Allen and Eggers [1]. Heating is calculated
using the recently published data from Brandis et al. [10].
The total pressure is calculated by adding the dynamic
pressure to the ambient pressure of the atmosphere as

Py =05pV? +pRT, (10)

with the atmospheric density p based on an exponential for-
mulation, the gas constant R = 287 J/kg/K and the atmos-
pheric ambient temperature taken from the MSIS database
[42]. Trajectories for the Space Shuttle re-entry STS-5,
the Hayabusa capsule and the Stardust capsule are plotted
together with the performance of the wind tunnels in Fig. 14.
It can be seen that enthalpy and total pressure regimes
covered by the IRS facilities allow a wide range of condi-
tions for simulations of real flight scenarios from LEO
entries (STS-5) to interplanetary return (Hayabusa and
Stardust). To meet the third criteria, i.e. the boundary
layer velocity gradient, the sample’s diameter is adjusted.
Thus, in conclusion, the stagnation streamline of a flight
condition at a certain altitude is simulated in the ground
testing facilities at IRS. Depending on altitude and flight
configuration, one of the three facilities is appropriate.
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Fig. 14 Total pressure—enthalpy profile of the IRS facilities and
exemplary trajectory data based on tested flow conditions and extrap-
olation to flight
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For entry flights from LEO with enthalpies below 30 MJ/
kg, the three facilities cover most of the critical part of the
re-entry including peak heating. For interplanetary return,
the upper altitudes are covered for a wider range of pos-
sible trajectories. Although peak heating conditions are not
reached, entry scenarios of interest for altitudes between 70
and 90 km can be reached.

6 Conclusion

This paper presents the latest findings for Earth entry simu-
lations. Recent advancements in facility operation allow the
rebuilding of flight situations along the whole flight trajec-
tory. At IRS, three plasma generator principles and the cor-
responding facilities are used. The flow conditions available
have been assessed for each facility. Recent improvements
through the modernisation of the DC power supply and the
vacuum pumping system show the high level of experimen-
tal flexibility. In this paper, the flow conditions are for the
first time consistently translated to actual flight scenarios
using the state-of-the-art flight-to-ground analogy which
shows the range of possible entry scenario simulations. It is
shown that the capabilities of the IRS facilities cover a wide
range of conditions for the whole LEO Earth re-entry trajec-
tory and excellent conditions for high-speed entry scenarios
at altitudes above 70 km.
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