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DEVELOPMENT OF A KINETIC SHOCK-TUBE
FOR PLANETARY EXPLORATION

The preparation of new Planetary exploration missions needs an adequate planning of the critical Entry,
Descent and Landing (EDL) sequences. The planetary entry phase occurs at hypersonic velocities, and the
aerodynamic configurations, and the thermal protections of a spacecraft have to be properly tailored. In
support of the upcoming European planetary exploration missions, the European Space Agency is funding the
development of a new shock-tube facility at the Instituto Superior Tecnico of Lisbonne. The characteristics of

this new large facility will be described in this work.
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Introduction

The Entry, Descent and Landing (EDL) phase is
generally viewed as the most critical stage of a
Planetary exploration mission. The design of a space
capsule, tailored for such missions, must accommodate
constraints which depend on the aerothermal properties
of the shock-induced plasma that is created during the
entry phase. Namely, the spacecraft thermal protections
must be able to whisthand the severe thermal loads
(convective and radiative) that impact their surface
during the whole entry phase. The development of
predictive CFD codes, capable of supporting the design
of such space vehicles, therefore depends on the
availability of a reliable aerothermal database. These
databases are in turn obtained and validated from
experiments in ground-test facilities which reproduce
this kind of shocked entry plasmas.

Shock-tube facilities are capable of simulating
entry plasmas for a large range of entry velocities (5-10
km/s and above). Different measurement techniques

(such as emission and absorption spectroscopy,
microwave interferometry, etc.) are deployed for
allowing a better qualitative and quantitative

understanding of the physical-chemical processes in
such a kind of plasmas, and supporting the validation of
aerothermal databases. Such facilities are therefore
essential for enabling access to space.

At European level, the piston-free shock-tube TCM2
from the University of Provence (Marseilles, France) had
been utilized for the support of European space exploration
programs. However, the decommissioning of this facility,
as well as the necessity of producing novel aerothermal

databases for superorbital entry flows (entry speeds above
10km/s), put forward the necessity for a higher-
performance facility of such a kind. The European Space
Agency decided to fund a competitive bid for the
construction of such a facility, which was won by an
international consortium led by the Instituto Superior
Técnico of Lisbon, Portugal, and grouping other
institutions (Fluid Gravity Eng., UK, Universit¢ de
Provence, France, Ingénicuric et Systémes Avancés,
France, ISQ International, Portugal, Moscow Institute for
Physics and Technology, Russia, Shock Waves
Laboratory, Germany, University of Manchester, UK,
Université Blaise Pascal, France, and Université Paris VI,
France). This work describes the rationale that was
considered for the design of this new high-performance
facility, which has been named ESTHER (European
Shock-Tube for High Enthalpy Research).

Section 1 describes the performance design of the
facility, which led to its geometrical configuration, and
Section 2 describes the mechanical design of the shock-
tube. Finally Section 3 briefly outlines the design of the
hosting laboratory.

1. Shock-Tube Performance Design

The ESTHER Shock-Tube design is tailored for
the obtention of superorbital shock velocities (around
10km/s).

For this kind of velocities to be within reach, one
may consider a single-stage design (high-pressure —HP—
driver section and low-pressure —LP— driven test
section). However, as the shock-speed depends on the
HP/LP ratio, and given that the LP value is typically a
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fixed parameter (around 1-0,1 mbar), reaching such
high-speeds requires a very large HP value (in the kbar
range), which poses many practical and engineering
constraints. The shock-tube equation (Eq. 1) relates the
P,/P; ratio (from which the shock speed M; can be
derived) to the HP/LP ratio (P4/P,), for a constant area
Shock-Tube (A4/A=1):
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Alternatively, a two-stage (double-diaphragm) design
can be considered. In a two-stage configuration, an
additional stage is added between the driver and driven
sections, with a gas at an intermediary pressure. This
allows reaching higher shock-pressures in the driven
section (at a cost of a lower runtime, due to the fast
travelling contact surface that follows the shock-wave. One
may apply Eq 1. In the two-stage approach in order to
derive this conclusion. The shock-tube diagram for a
double-stage configuration is presented in Fig. 1.

Another possibility for obtaining higher shock
speeds is having a decreasing cross-sectional area from
the driver to the test section. In this second case, the
relationships for obtaining the shock P,/P; ratio, and
hence the shock speed M, as proposed by Allen and
White [1], are slightly more complicated. We start by
determining the Mach number M3, in the fully expanded
region of the driver section (post-diaphragm opening).
This can be iteratively determined as a function of the
area ratio A4/A; between the driver and the test sections
(in a single stage configuration):
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We then introduce the equivalence factor g, as
proposed by Restler [2]:
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And the shock P,/P; ratio can then be obtained
according to Eq. 4:

_2v4
P, P 1_247_] vt
-1 Uy ay Y4 — Y4
A2t 280, (4)
P] P] a] a4 2
with
a1 _'Y1+1 MS

: )
u 2 ME-1
Where we can define the shock-speed M; defined
as a function of P,/P;:
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The examination of these relationships shows that
a variable cross-section may increase sock velocities to
a maximum of 15-20%. Indeed, shock speeds drastically
increase with a decreasing cross-sectional area from the
driver to the test section, but the increases become less

marked and eventually stagnate as the A4/A; ratio
reaches infinity.
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Fig. 1. Shock diagram for a two-stage shock-tube
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The optimization study, carried out using the
aforementioned relationships, has led to the general
guidelines regarding the design for ESTHER, allowing
it to reach shock velocities in excess of 10km/s.

e Driver section with final pressures up to
250bar+. The rise in pressure is obtained through the
ignition of a stochiometric Hy/O, mixture, diluted in He
in order to avoid detonations. The final temperature is
estimated to be 2800K, according to experience from
other experiments in high-pressure combustion (a
chemical equilibrium calculation yields a slightly higher
value of 3000K).

e Maximum area ratio limited to 6, as higher
values have diminishing returns in terms of shock
speeds, and lead to impractically large driver sections.

2. Shock-Tube Mechanical Design

The constraints set-up from the performance
design lead to the following specifications for the
different sections of the ESTHER shock-tube:

High Pressure Driver Section

250bar, internal diameter 200mm, outer diameter
360mm, internal length 1.5m,

Nominal mixture 70%He, 20%H2, 10%02

Initial pressure 10 to 50 bar.

e High pressure Ignition and safety system.

e Combustion gas preparation system and
induction system including mixing, storage, valves,
probes and gauges.

e Gasket system with rupture pressures 60 to
250+ bar.

Compression Tube (or second stage)
e Internal diameter 100mm, outer diameter
0,160mm, length Sm

o Initial pressure ~0,1-0,5 bar.
e Gasket system with rupture pressures 5 to
25 bar.

Working Section

Internal diameter 80mm, outer diameter 0,140mm,
length 4m from diaphragm to window. the total internal
length to the dump tank is 5,4m

Initial pressure ~10 to 1000Pa.

e Pumping system (1 sets 1 primary, 2 molecular

pumps to give a minimum pressure of 10'8 mbar during
cleaning procedures, and to ensure known initial test gas
composition.

o Working gas preparation and induction system
including probes and gauges.

e Windows (UV/VUV transparent) and window
mounting system.

o Shock speed / pressure measurement system.

e Diaphragm to dump tank

Dump Tank
Diameter: 0,8m, Length: 1,2m

e Post window section lead in tube to dump tank.

e Pressure range, vacuum to 2bar pressure post
shot.

Due to the severe pressure and mechanical
constraints incurred during operational mode, the
ESTHER Shock-Tube will be manufactured in duplex
and super-duplex low-carbon steel, which provide very
good mechanical resistance, including resistance to
fatigue. Low-carbon steel also has the advantage of
providing protection against corrosion effects from
Hydrogen, which will be utilized in this facility.

A 3D view of the final design for the ESTHER
Shock-Tube is presented in Fig. 2.

Fig. 2. 3D View of the ESTHER Shock-Tube
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Fig. 3. Architecture plan for the ESTHER hosting building.

3. Hosting Laboratory

The hosting laboratory for the ESTHER facility,
located in the IST campus of Sacavém, in the outskirts
of Lisbon, is currently under construction.

The hosting laboratory has been designed
according to the safety regulations for facilities with the
presence of hydrogen. As such, the hosting laboratory is
semi-buried, and blast panels are placed on the roof in
order to accommodate for any accidental ignitions of
hydrogen. Furthermore, the experimental hall is
segregated from the control room where the shock-tube
is operated remotely. Blast doors isolate the
experimental hall (which will be ATEX compliant)
from the other rooms whit the presence of humans.

The architecture plan of the hosting building is
presented in Fig. 3.

The slab where the shock-tube is to be placed has
also been the subject of a careful study, so as to prevent
as much as possible any transmission of the shock-tube
vibrations (during operation) to the experimental hall
itself, where the optical diagnostics are to be placed.
The slab itself has been dimensioned with a large inertia
(about 40Tonne, and is placed over a series of anti-
seismic pads (see Fig. 4) who prevent the transmission
of low-frequency vibrations to the rest of the building.
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Fig. 4. Current construction status
of the shock-tube slab.
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PA3PABOTKA KHHETUYECKOM YIAPHOM TPYEBI
JJIA UCCJIIEJOBAHUA IIJIAHET

M. Jluno oa Cunea, A. Quxxaoyu, A. Cmum

Jlns MOATOTOBKM HOBBIX IUIAHETAPHBIX Pa3BEIbIBATENIBHBIX MHCCHH HEOOXOAMMO MPOBOAUTH aJEKBATHOE
MOJICTTUPOBAHNE KPUTHUYCCKUX YCIIOBUI 3amycKa, CIycKa W MOCAJKH KOCMHYECKHMX ammnapatoB Ha miaHeTy. Pasa
BXoma B arMocepy IUIAHETHI MPOHMCXOJMUT TPH THIEP3BYKOBBIX CKOPOCTSAX, IOITOMY TEIUIOBAsl 3aluTa
KOCMHYECKHMX AalllapaToB C TOYKH 3PCHHS ad’pOJAMHAMHKU JOJDKHA OBITh OYEHb BEPHO CKOHCTpyHpOBaHA. B
MOMJICPXKKY MPEACTOSANICHX EBPOMEHCKUX ITaHETAPHBIX Pa3BelbIBATENBHBIX MEccHit EBporeiickoe KocMuueckoe
areHTCTBO (pMHAHCUpPYET pa3pabOTKy HOBOM yaapHoW TpyObl B Instituto Superior Tecnico B r. JluccaGon.
XapaKkTepHCTHKH 3TOr0 00bEKTa PHBEICHBI B 3TOH padore.

KiioueBsble ciioBa: BXox B atMochepy, Iu1a3Ma, yaapHas Tpyoa.

PO3POBKA KIHETUYHOI YIAPHOI TPYB!
JJIA JOCIIIKEHHSA ITVIAHET

M. Jlino oa Cinesa, A. Qikxaoyi, A. Cmim

JInist TiArOTOBKYM HOBUX TUIAHETAPHHUX PO3BiAYBAJbHHX Miciii HEOOXiTHO MPOBOMUTH aCKBATHE MOJICITIOBAHHSI
KPUTHYHHX YMOB 3aIyCKy, CIIYCKY i IIOCAJIKM KOCMIYHUX amapatiB Ha ruianery. ®a3a BXoay B aTMOcdepy MIaHeTH
BiZIOYBA€ThCS TIPH TIiMEP3BYKOBHX INBUAKOCTSAX, TOMY TEIUIOBHH 3aXHCT KOCMIYHHX AarapaTriB 3 TOYKH 30Dy
aepolMHAMIKM TOBHHEH OYTH MdyKe BIpHO CKOHCTpyhoBaHuil. Ha MiATPHMKY €BpOMEHCHKHX TUIaHETAPHHUX
PO3BiIyBaJIbHUX Miciii €Bponelicbke KOCMiYHE areHTCTBO (hiHaHCYe po3poOKy HOBOI yaapHoi TpyOu B Instituto
Superior Tecnico y m. JlicaboH. XapaKTepHCTHKH IILOT0 00'€KTa HABEICHI B ITiil pOoOOTI.

KurouoBi ciioBa: BXin B aTMochepy, I1a3Ma, ynapHa tpyoa.

Lino da Silva Mario - Doctor, Assistant Researcher in Instituto de Plasmas e Fusao Nuclear, Instituto
Superior Tecnico, Lisbon, Portugal, e-mail: mlinodasilva@mail.ist.utl.pt.

Chikhaoui Aziz - Doctor, Professor; IUSTI, Universit¢é de Provence; Marseille, France, e-mail:
aziz-chikhaoui@polytech.univ-mrs.fr.

Smith Arthur — Doctor; Fluid Gravity Engineering LTD; Farnborough, UK, e-mail: fge@fgel.demon.co.uk.



