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Abstract
This paper presents experimental investigations focused on flow field characterization around different
geometries in high speed flows in the slightly rarefied regime: simplified models of CubeSat, a simplified
model of Tiangong-1, and a model similar to the IXV. Experiments were performed in the MARHy wind
tunnel, which can simulate most of the re-entry corridors from 100 km to 60 km of altitude. For the
present study, models were tested in a Mach 4 flow (equivalent altitude of 68 km). For the CubeSat and
the Tiangong-1 models, influence of the solar panels on the flow field was investigated.

1. Introduction

This paper presents experimental investigations focused on flow field characterization around different geometries in
high speed flows in the slightly rarefied regime (or slip-flow regime). The model geometries tested in the wind tunnel
were: simplified models of CubeSat (1U-, 2U- and 3U-configuration), a simplified model of the Chinese space station
Tiangong-1, and a model similar to the IXV. The experiments were performed in the MARHy wind tunnel, which
can be equipped with a wide range of nozzles, simulating most of the re-entry vehicles flight corridors from 100 km
to 60 km of altitude. For the present study, models were tested in a Mach 4 flow with a free stream pressure of 8 Pa
(equivalent altitude of about 68 km). The flow around the model was visualized with a CMOS camera and due to the
rarefaction level of the flow, the flow field around the model was experimentally visualized with the glow-discharge
flow visualization technique. An infrared thermography device was used to measure the surface temperature of each
model during experiments. For the CubeSat and the Tiangong-1 models, influence of the solar panels on the flow field
was investigated. In addition, several positions were tested to reproduce different initial conditions of satellite attitude
at the beginning of the re-entry. For the IXV-like model, several angle of attack were tested.

2. Experimental setup

2.1 The MARHy wind tunnel

The experimental measurements were carried out in the MARHy wind tunnel (formerly known as the SR3 wind tunnel
of the “Laboratoire d’Aérothermique”), which is one of the three wind tunnels of the FAST platform3 of ICARE
(CNRS, France). Three main parts compose this wind tunnel (Fig. 1): a settling chamber (for the stagnation conditions),
a test chamber in which the measurements are performed (at free stream conditions), and a third chamber in which a
diffuser is installed. The diffuser is connected to a powerful pumping group (total capacity of 153 000 m3 h−1), which
ensures the low density flow conditions in continuous operating mode. The settling chamber is connected to the
test chamber through: a calibrated diaphragm for the subsonic flow conditions, a contoured de Laval nozzle for the
supersonic flow conditions, or a conical nozzle for the hypersonic flow conditions. In the case of subsonic or supersonic
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cases, the working gas was air of the experiment room. Molecular nitrogen N2 is used in the case of hypersonic flow
conditions.

Se�ling chamber
Windows

Gas inlet
(room air)

Diffuser

Hatch door

Test chamber

Pumping group

Figure 1: Hypersonic rarefied wind tunnel MARHy: schematic of the wind tunnel (left panel), and picture of the
pumping group (right panel).

2.2 Flow conditions

The MARHy wind tunnel can be equipped with different nozzles to reproduce experimentally several flow conditions
encountered during the re-entry of various geometries. A set of more than 20 nozzles is available and allows to test
subsonic flows (Mach 0.6 and 0.8), supersonic ones (Mach 2 and 4), and hypersonic ones (from Mach 6.8 up to 30).
The nominal operating conditions used for the present study corresponds to a supersonic flow at Mach 4 with a free
stream pressure of 8.0 Pa. The conditions are detailed in Tab. 1, where the subscripts 0 and ∞ stand for the stagnation
conditions and the free stream ones, respectively.

Table 1: Flow conditions for the “Mach 4 – 8 Pa” nozzle (air as working gas).

Stagnation conditions Free stream conditions
p0 = 1214.39 Pa p∞ = 8.00 Pa
T0 = 293 K T∞ = 69.76 K
ρ0 = 1.44 × 10−2 kg m−3 ρ∞ = 4.00 × 10−4 kg m−3

µ∞ = 1.108 × 10−5 Pa s
U∞ = 669.61 m s−1

Ma∞ = 4.0
λ∞ = 0.106 mm

For the present study, the static pressure p∞ in the test chamber corresponds to a geometric altitude of 68 km in
considering the Naval Research Laboratory Mass Spectrometer and Incoherent Scatter Radar Exosphere (NRLMSISE-
00) model,4 which was used to simulate the atmospheric properties (temperature, pressure, and total number density)
as a function of altitude. Figure 2 shows the flow conditions that can be tested with the MARHy wind tunnel in terms
of free stream pressure and equivalent altitude (calculated with the NRLMSISE-00 model). One can see that most of
these equivalent altitudes are close to the typical breakup altitudes (i.e., between 75 km and 85 km) that are usually set
in re-entry codes.1

Figure 3 shows the flow conditions parametrized in terms of the Mach number (Ma), Reynolds number (ReL),
and Knudsen number (KnL), for the nozzles of the MARHy wind tunnel. In this study, the Knudsen number is defined
as

KnL =
λ

Lref
, (1)

where λ is the mean free path (in m) and Lref is a characteristic length (in m) of the problem. The mean free path for
the free stream condition was estimated assuming a variable cross-section hard sphere (VHS) model as

λ∞ =
µ∞

ρ∞
√

2RmT∞

2 (7 − 2ω) (5 − 2ω)
15
√
π

, (2)
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Figure 2: Flow conditions of the MARHy wind tunnel in terms of: a) free stream pressure, and b) equivalent altitude
calculated with the NRLMSISE-00 model. Each point represents the flow condition of each available nozzle.

where µ∞ is the dynamic viscosity (in Pa s) calculated with the Chapman-Enskog relation (Eq. 3), ρ∞ is the total mass
density in kg m−3, Rm is the gas constant in J kg−1 K−1 (Rm = 287.05 J kg−1 K−1 for air), T∞ is the temperature in K,
and ω is the viscosity temperature exponent (µ ∝ Tω, Eq. 4). Even thought many other molecule interactions model
exist, the VHS model is one of the most used in the literature due to its simple implementation. The dynamic viscosity
was defined as

µ =
AT 1.5

B + T
, (3)

where A = 1.458 × 10−6, and B = 110.4 K for air. The viscosity temperature exponent was defined as

ω = 1.5
T

B + T
. (4)
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Figure 3: Flow conditions of the MARHy wind tunnel in terms of: a) Reynolds number, and b) Knudsen number. The
flow condition of each available nozzle is represented in terms of range obtained with two extreme reference lengths:
5 mm and 10 cm.
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2.3 Diagnostics

Different types of experimental diagnostics were used to characterize the flow topology around the models tested in the
MARHy wind tunnel.

Pressure measurements: The Mach 4 air flow was set by the difference between the settling chamber pressure
and the test chamber pressure. To ensure an accurate operating mode during experiments, the pressure parameters of
the wind tunnel were continuously acquired with absolute capacitive sensors whose scales are adapted to the range of
the measurement values expected. Specially the stagnation pressure p0 and test section pressure p∞ were measured
with two MKS Baratron capacitance manometers (Type 627D) with 0–10 Torr and 0–0.01 Torr ranges, respectively.
Both manometers are connected to a MKS control unit (PR 4000B) with a 12-bit resolution.

Shock wave visualization: The flow around the tested model was visualized with a Kuro CMOS Cameras
(2048 × 48-pixel array) with back-illuminated technology, equipped with a VUV objective lens (94 mm, f /4.1). The
light was collected through a fluorine window located in the wall of the test section chamber.2 Due to the rarefaction
level of the flow, the flow field around the model was experimentally visualized through the rarefied flow visualization
technique. This technique allows shock waves to be distinguished in low density flows, where other techniques, for
instance, Schlieren cannot be applied because of the low density of the flow. The rarefied flow visualization technique
consists in using an electric discharge to weakly ionize the air flowing around a model in the test chamber. In this study,
a negative voltage (ranged between −750 V and −1.7 kV) was applied between two parallel rectangular copper plates
separated by a gap of about 350 mm. The tested model was placed between these large electrodes, leading to a stream
of ionized air around the model. The consecutive diffuse light emission was focused on the CMOS camera. Due to air
density variations in the shock wave, a change in the light intensity in the resulting picture allowed the shock wave to
be detected.2

Surface temperature measurements: The evolution of the surface temperature of the model placed within the
supersonic flow was monitored with an infrared thermography device. The surface temperature was measured with an
OPTRIS PI 400 camera, which has a spectral range lying between 7.5µm and 13µm. The IR camera was placed on top
of the wind tunnel and focused the entire surface of the flat plate through a ZnSe window. The viewing angle remained
unchanged throughout the experiments. The lens used in this study was a O13 Telephoto lens with an aperture of
13° × 10° (FOV) with an image resolution of 0.61 mrad (IFOV). The IR detector covers a surface of 382 × 288 pixels
and the focus length between the model surface and the IR camera was 1395 mm ± 10 mm. This corresponded to a
spatial resolution of 0.84 mm pixel−1 ± 0.01 mm pixel−1 in the focus plane, along both X (in the longitudinal direction)
and Y (in the transverse direction) axes. Focusing of the IR camera was performed before each run of the wind tunnel
by placing a heated coin (head side) on the flat plate surface. The models tested in the wind tunnel were painted with a
high temperature flat black paint to obtain a surface emissivity higher than 0.8. This ensured a minimal deviation from
the black body temperature (considered for the model surface by the IR camera) given the experimental set-up of the
present study.2 The post-processing technique used to asses the actual temperature of the surface model is detailed in
Joussot et al.(2015).

2.4 Models

Three different types of models were tested in the MARHy wind tunnel: 1U, 2U, and 3U CubeSat; a simplified model
of the Chinese space station Tiangong-1; and a model geometry similar to the IXV (namely, the “IXV-like model” in
this paper).

CubeSat: The term CubeSat is used to describe a small satellite, which is build with basic unit cubes of 10 cm-
edge (“1U” blocks). CubeSat units can be assembled together to form bigger satellites with the most used configuration
being 3U (about 64%), followed by 1U (18%), then 6U.7 In the present study, three different CubeSat configurations
were studied: 1U, 2U, and 3U. Each simplified model of CubeSat tested in the wind tunnel was composed of two parts:
a body made of Macor with a reference edge of 10.25 mm, and solar panels cut in a semi-rigid metal plate. To respect
the CubeSat design specification, the thickness of solar panels was 0.3 mm. The simplified models of 1U, 2U, and 3U
had therefore a total length of 10.25 mm, 20.50 mm, and 30.75 mm, respectively. Each model of CubeSat was painted
in flat black for the surface temperature measurements (Fig. 4). The reference dimension for the Reynolds number and
the Knudsen number were based on the 1U edge of 10.25 mm. Figure 5 shows the comparison between the EntrySat
CubeSat trajectory5, 6 and the flow conditions of the MARHy wind tunnel. The red open circle corresponds to the
experimental free stream conditions of the present study (see Tab. 1).
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Figure 4: Pictures of the CubeSat model: 2U configuration (left panel), and 3U configuration (right panel).
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