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Abstract. The present lecture is focused on the design rdethgies of flight relevant experiments to be
performed in the CIRA Plasma Wind Tunnel “Sciroccdhe final goal is the definition of the facility
set-up (nozzle configuration, test chamber condgtjonodel size, position and attitude) able to médst
requirements, preliminarily defined by means of C$imulations in critical flight conditions on reten
vehicles components. The design procedure is deedlan the frame of the well known “simulation
means triangle”, which consists of a combination aafmputational predictions, ground facility
simulations and in-flight experimentation: the dgsiof a re-entry vehicle is the outcome of proper
correlations between experimental and flight (preti and measured) results. The procedures followed
in some on-going test design activities are deedrilbelated either to components of the ESA ballist
entry capsule EXPERT either to those of the fuiRA winged re-entry vehicle USV-X.

1. INTRODUCTION

One of the most challenging problems of modern sEce engineering is the
prediction of high speed flows characterised byyvesmplex physical phenomena.
Difficulties are due to: the high energy contenttisése flows, that makes extremely
difficult the design of ground-based experimentse ttcomplexity of the physical
phenomena that have to be predicted by CFD sinoulsitithe lacking of flight data.

On the other hand ground facility simulation, nuicer methods and in-flight
simulations are the suitable simulations meanshbae to be combined and mutually
validated, both to improve understanding of higeesphigh-energy flows for research
activities and to make possible the design of a&ehsgnic vehicle.

The necessity of this tools combination is wellresggnted by the so called “simulation
means trianglé” that is schematically reported in Figure 1.
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WT Rebuilding

Figure 1. Simulation means triangle

The dotted line, that links ground and in flighstiag, highlights the impossibility of
contemporary reproducing in a wind tunnel all thight parameters: Mach number,
Reynolds number, chemical state of the gas, engigggbution, model dimension. For
hypersonic flight one of the most important feasuie model is the heat flux transferred
to the surface but, since ground facilities areffam reproducing the real operating
conditions of a hypersonic re-entry vehicle, asdsabove, Computational Fluid
Dynamics (CFD) has to be used to understand testittons necessary to reproduce on
a representative model the same values of heatafhak pressure loads that vehicles
experience during the re-entry trajectory, being #im to test Thermal Protection
System, TPS, materials of such vehicles.

The design of ground-based experiments based aretieal-numerical analysis of
simulated (critical) flight conditions is callecktrapolation from flight.

In the last years, an extrapolation from flight hzetology has been developed at CIRA
in order to perform flight relevant test campaigims the Plasma Wind Tunnel
“Scirocco”, and it will be described more in detail section 3. Then, different
applications of the methodology will be describeslated either to components of the
ESA ballistic re-entry capsule EXPERTF! either to those of the future CIRA winged
re-entry experimental vehicle USVX in this way exploring (and exploiting) the
possibilities to simulate in the “Scirocco” faglitwo different aerothermal re-entry
environments. The results of simulated facility ukatjons (in terms of nozzle flow,
flow around the calibration probe and flow pastmadel) will be shown for all the on-
going design activities, together with the verifioa of test requirements in terms of
model surface properties (heat flux and/or tempeeajpressure, etc.) or total heat load.
The certified achievement of these targets on #peesentative models in a relevant
plasma environment, with the duplication of critidhght mechanical and thermal
loads, will assure the qualification of the consadkre-entry vehicle components.

In addition, for the majority of the tests designeith present methodology, a flight
experiment is foreseen, thus making possibleettteapolation to flightand, therefore,
the triangle’s accomplishment.

2.  SIMULATION MEANS

2.1 Plasma Wind Tunnel “Scirocco”

The CIRA Plasma Wind Tunnel (PWT) “Sciroc&¥'is devoted to aerothermodynamic
tests on components of aerospace vehicles; itsapyimmission is to simulate (in full

scale) the thermo-fluid-dynamic conditions suffebgdthe Thermal Protection System
(TPS) of space vehicles re-entering the Earth gbhmere. “Scirocco” is a very large size
facility, whose hypersonic jet impacts the tesicithaving a diameter size up to 2 m
and reaches Mach number values up to 11. The jeeis collected by a long diffuser
(50 m) and cooled by an heat exchanger. Seventy d¥atrical power is used to heat
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the compressed air that expands along a convedjpemgent conical nozzle. Four
different nozzle exit diameters are available: .95, 1.35 and 1.95 m, respectively
named C, D, E and F. The overall performance 8tirbcco” in terms of reservoir
conditions is the following: total pressure)Faries from 1 to 17 bar and total enthalpy
(Ho) varies from 2.5 to 45 MJ/kg. Lower enthalpy valumre obtained by using a
plenum chamber between the arc heater column exittlae nozzle inlet convergent
part, which allows transverse injection of highgsure ambient air to reduce the flow
total enthalpy.

The energetic heart of the facility is the segmemienstricted arc heater, a column with
a maximum length of 5.5 m and a bore diameter bf @n. At the extremities of this
column there are the cathode and the anode betwddch the electrical arc is
generated. A power supply feeds the electrical @Wegr to the electrodes for the
discharge. A compressed air supply distributes cwgnpressed air to the various
segments of the arc heater column, being ablepplgwa mass flow rate ranging from
0.1 to 3.5 kg/s, heated up to 10000 K. The lasontigmt subsystem of “Scirocco” is the
vacuum system which generates the vacuum condifioriest chamber required by
each test. The system consists of ejectors thae ms& of high pressure water steam as
motor fluid (30 bar and 250 °C).

Facility theoretical performance map in terms cfer@oir conditions produced by the
arc heater is shown in Figure 2.
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Figure 2. Arc heater theoretical performance map

The achievement of the desired operating conditiortest chamber is assured by the
presence, before the insertion of the model, of0@nim-diameter hemi-spherical
calibration probe made of copper, actively coolddgt measures radial profiles of
stagnation pressure JRand stagnation heat flux {Qat a section 0.375 m downstream
of the conical nozzle exit section, by means ohhpgecision pressure transducers and
Gardon-Gage heat flux sensors, respectively. Baciigulations (mass flow, current)
are tuned in order to measure on the calibratioteithe prescribed set point in terms
of the couple (B Qs) which corresponds to a couple,(Pl).

2.2 Computational Fluid Dynamics

CIRA code H3N$! has been used to perform two-dimensional and tiireensional
computations. It is a structured multiblock finkelume solver that allows for the
treatment of a wide range of compressible fluidadgic problems. The fluid is treated
as a mixture of perfect gases in the case of themmemical non equilibrium flow. The
chemical model for air is due to Park and is charaaed by 17 reactions between the
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five species (O, N, NO, OHN,), neglecting the presence of inert gas in théeag. Ar).
The energy exchange between vibrational and traoiséd modes is modelled with the
classical Landau-Teller non-equilibrium equationthwaverage relaxation times taken
from the Millikan-White theory modified by Park. Favhat concerns transport
coefficients, the viscosity of the single specgesvaluated by a fit of collision integrals
calculated by Yun and Mason, the thermal condugtiig calculated by means of the
Eucken’s law; the viscosity and thermal condugpivitf the gas mixture are then
calculated by using the semi-empirical Wilke foramil The diffusion of the multi-
component gas is computed through a sum rule dbitieey diffusivities of each couple
of species (from the tabulated collision integE¥un and Mason).

With respect to the numerical formulation, consgoraequations, in integral form, are
discretised by means of a finite volume cell cehttechnique. Eulerian fluxes are
computed with a Flux Difference Splitting methoddasecond order formulation is
obtained by using a ENO-like reconstruction of iiftee values. Viscous fluxes are
computed with a classical centred scheme. Tim@jiat®n is performed by employing
an explicit multistage Runge-Kutta algorithm cowpleith an implicit evaluation of the
chemical and vibrational source terms.

e
S
SSaes

Figure 3. Examples of block decompositions (left)l @omputational grids (right)

The computational two and three-dimensional graistiie numerical flow simulations
reported in this article have been generated bynmed the commercial software
package ANSYS ICEMCFB Grids, composed by quadrilateral elements, haenb
generally generated for the symmetry plane (axiragtnic configurations) or for half
model (three-dimensional configurations) by usingnaltiblock approach, and have
been stretched normally to wall surfaces in ordemptoperly predict the different
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boundary layers developing around the geometridigaration and the localised peak
values of thermo-mechanical loads; moreover, gmihts have been clustered in
presence of corners, edges and rounded detailgyricheopologies have been created in
such a way to accurately define all the geomeeiaits of the configurations, i.e. using
the necessary number of O-grids. In addition, grahptation to bow shock wave
surfaces has been performed.

Two examples of block decomposition and relatedl gmwe reported in Figure 3,

respectively for the blunted forebody/full-scalefltest article and the winglet test
article.

3. PWT TEST DESIGN METHODOLOGY

The design of a test in a Plasma Wind Tunnel isplmaied by the circumstance that
many differences exist between flight and test db@mconditions (model size,
dissociated flow conditions in test chamber, denigvel, etc.). All these aspects play
an important role on the real gas non-equilibriunengomena and make difficult the
duplication of real flight conditions in wind tunn&he main problem is to find the
correct similitude parameters: to this effectsifirstly needed to define the goal of the
simulation, i.e. the phenomenon we are intereste@producing; this is often a flight
condition to be simulated on the test article imaviunnel, but it can be a particular
customer’s request as wéll

As a first step, a test feasibility verifies thergmatibility both of test requirements with
the PWT theoretical envelope and of test articlenetisions with test chamber
capability, in order to avoid blockage phenomenbimen, a first operating condition is
defined by means of both engineering tools, tovaetiie stagnation point heat flux and
pressure from requirements on the test article,thadurve-fit calibration law for fast
PWT Test Setting. This latter links the driving parameters of theility (current and
air mass flow) and the PWT performances in termgeskrvoir pressure ¢Pand
reservoir enthalpy (5J, and consequently to stagnation pressugead stagnation heat
flux (Qs) on the PWT calibration probe. Starting from threliminary condition, the
final PWT settings able to match the test requireihere defined by means of an
iterative procedure, which involves both CFD conapiohs and evaluations with
simplified engineering correlations.

This test design iterative procedure is schemdyicscribed in Figure 4.

Free stream conditions to be used for the simuiaifdhe flow around the model in test
chamber are obtained from the numerical computatiotihe nozzle flow. If the CFD
simulation of the flow past the model shows that tequirements over the model are
not still achieved, a new reservoir condition,(Plp) is deduced by using simplified
engineering correlations and the procedure restesta the CFD simulation of the
nozzle flow. As an alternative, test requirementilfionent could be reached with the
same reservoir conditions, properly modifying thedel position inside the test
chamber and/or the model attitude. In this lastoliypsis only model computation has
to be iterated.

Once the final PWT operating condition has beeinddf simulation of the flow past
the PWT calibration probe provides pressurg) @hd heat flux (Q at the probe
stagnation point. These values, measured duringeiteensure the achievement of the
desired operating condition in terms o,(Fo) in test chamber.
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Figure 4. Test design iterative procedure

Engineering correlations used in the procedureigiiié 4 are generally derived from
normal shock wave properties, and from the Fay-&ldsmi-empirical correlations for
stagnation heat fil%, i.e.

_ B
Bor =— Pst1 (1)
Pst
Qur
HO,T :&(Ho - Cstt)+ CsttT )
Psr
Pst

where the subscript T distinguishes the “Targetli®sa (i.e. the test requirements) from
the current ones and indicates the new PWT tedtitton in terms of total enthalpy and
total pressure. Qr and R r constitute the heat flux and pressure at the i@didn probe
stagnation point needed to ensure the test reqairesm

The above explained test design methodology wasesstully applied in recent past
for Inflatable Reentry Technology (IRT) capsule P\WEting activitie$”, a program
funded by ESA and leaded by the Italian company B5EKUR.

4. TEST DESIGN ACTIVITIES RELATED TO EXPERT

The first group of design activities is relatedtive plasma tests of components of the
ballistic re-entry capsule EXPERT. The Europeanc8pagency (ESA) EXPERT in-
flight test prografi"® focuses on a generic capsule-like configuratiosigied to
investigate the most interesting aerothermodyngohienomena of a typical re-entry
vehicle performing a sub-orbital ballistic hypergoflight. The main objective of the
project is to collect in-flight data on critical raghermodynamic phenomena by means
of dedicated classical and advanced flight test somegment assemblies, i.e. the
scientific payloadd®!, and this in order to improve the knowledge abte
differences between ground experiments and regitfitonditions. The capsule will be
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launched by the VOLNA launcher then performing didtec flight and, at the end, it
will safely land in Kamchatka peninsula to be resred.

Gas-surface interactions, induced and natural larvtimturbulence transition, real gas
effects on shock wave boundary layer interactibogck layer chemistry, base flow, etc.
will be separately analyzed through specific experits designed in the frame of a
dedicated Technical Research Program paralleleapsule system development. The
in-flight data will then be used to validate stafethe-art numerical tools for
aerothermodynamic applications and ground-to-flgtttapolation procedur@d®.

The EXPERT capsule (see Figure 5) is a body oflutem with an ellipse-clothoid-
cone two-dimensional longitudinal profile cut byufoplanes and equipped with four
fixed open flaps. The elliptical nose has a radiil600 mm at the stagnation point and
an eccentricity of 2.5. The fixed flaps have a eleibn of 20 deg, a width of 400 mm
and anx-axis projected length of 300 mm.

Figure 5. EXPERT capsule

In this section, applications of the test desigocpdure of section 3 relatively to the
plasma tests of EXPERT capsule components will bews. In particular, the
procedures applied in the following three on-gdiest design activities will be detailed:

tests on a blunted forebody/full-scale flap motted, goal being to reproduce the
shock-wave boundary layer interaction at the flaé line, with the induced
separation, and the associated mechanical and ah&rads on the C/SiC flap;
test on the full-scale deflected C/SiC flap (inchgdthe underneath PM1000
cavity), the goal being to subject the flap quedifion model to the maximum
heat flux compatible with the facility performande, qualify the flight sensing
equipment and to observe the physical phenomenehwidppen inside the flap
cavity with an IR camera;

test on a winglet Ultra High Temperature Cerami&l{C) qualification model,
the goal being to reproduce the total thermal laad, if it is realizable, the
maximum temperature which the winglet is subjediedduring the re-entry
trajectory.

4.1 Blunted forebody/full-scale flap model

A number of PWT experiments, representative oBKEERT capsule flight conditions
with respect to the shock wave boundary layer auon phenomenon occurring
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around the 20 deg flap, has been designed. Fadiiityng conditions, model attitude
and configuration have been defined by means ofissive CFD activify'?. These
experiments have been designed with the goal tbodig the characteristic parameters
of the interaction (viscous interaction parametemefaction parameter, reference
pressure and heat flux), and to reproduce on eséalle flap model both pressure and
heat flux levels estimated in critical re-entrygHft conditions. The final goal has been to
develop an “extrapolation-to-flight” methodology rfesuch flows since the full
duplication of flow characteristic numbers (MackeyRolds, Damkhdler) and state of
the gas is not feasible in ground facilities.

The model configuration (shown in Figure 6) reprogiithe full-scale EXPERT 20 deg
flap, mounted on a holder composed by a flat pMatke a blunt leading edge (made of
copper and actively cooled) and lateral roundecdksgine model is being built by using
the same material of the EXPERT capsule to manufacthe flap, i.e. C-SiC, whereas
Inconel 718 is being used for the flat plate, amel insulator PROMASIL 1100 for the
lateral edges.

It has to be remarked that the model configuratioterms of nose radius of curvature,
flat plate length, flap dimension and deflectiomglan has been defined in the frame of
the extrapolation-from-flight procedure itself, bgithe model designed to reproduce on
the flap the flight conditions (pressure and hdax)f expected along the EXPERT
trajectorytY.

Figure 6. Blunted forebody/full-scale flap model

Representative experiments in PWT have been défifetiby considering the most
interesting points of the EXPERT reference trajgétt’: point P1 (M=13.99, h=37
km), characterized by the highest stagnation gueat flux, and point P2 (M:=18, h=50
km), characterized by high heat flux and a rel&ivew pressure, potentially critical
for passive/active oxidation transition of the ndmelt with C-SiC. In particular, for
point P1 the operating conditions of the facilitpvk been determined in order to
duplicate the peak values of pressure and heaofex the flap (Ryp, Quap, €Stimated in
flight conditions), whereas for the point P2 théerence values ahead of the flap of
pressure and heat flux £ Qef) have been considered as targets of the experifmbat
requirements, derived from three-dimensional com}]imms performed in flight
conditions at the selected points along the trajgét®!, are summarized in the
following Table 1:
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condition Property Flight Estimatiorln
Phap (P) 18573.7
TargetP1 Quiap (KW/m") 250.0
Prer (P2) 511.9
Target P2 i—a— o wind) 808

Table 1. PWT test requirements

For the estimation of the facility operating corahts able to duplicate on the model the
in-flight predicted values of reference or peaksgtge and heat flux, it is possible to
consider analytical relationships between the ‘e of our interest and the facility
reservoir conditions, evaluated through the resolitained over the model (a lot of
two-dimensional flow simulations) in different opéing condition&*1*2,

In Figure 7-left it is reported the variation gf:Ras function of the reservoir pressuge P
whereas in Figure 7-right the variation of.@s function of the parameteg®Hy is
depicted. The best approximation (i.e. the bekfdit the two variables (obtained by a
least square method) is given by Eq. (3) and Egré4pectively.
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Figure 7. Ry variation as function of{left) and Q; variation in function of B>Hj, (right)

P, = 444H,+5181P, - 3824 3)
Qe = 79154/P,H, +24435 )

Similar relationships have been found for the pealkies of pressure and heat flux on
the flap, i.e.:

Py =17591P, +8271H,, - 3.3385°,H, - 90.476 5)
Quap =45299,/P,H,, - 34262 ©)

In order to determine the facility operating coris that guarantee the achievement of
a certain value of the couple {{f Qer) Or (Piap, Grap), it iS necessary to solve,
respectively, the system of Egs. 3-4 or Egs. 54@ims of B and H.

Concerning point P1 (M=13.99, h=37 km) the selected PWT condition is=1b
MJ/Kg and B=10 bar, and the model is set with a 12 deg anigétack (the flap is in
the windside part), as graphically shown in Figguileft. Due to facility limitations, it is
not possible to duplicate the peak value of pressuer the flap, therefore the operating
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condition has been determined to duplicate only ghak value of heat flux with a
degradation of the objectives of the test.

Regarding the duplication of the reference pressumg@ heat flux estimated at the
trajectory point P2 (M=18, h=50 km), the following PWT test condition hasen
determined: k=11 MJ/kg, B=10 bar,a=5 deg, as graphically shown in Figure 8-right.
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Figure 8. Definition of point P1-PWT (left) and P2A/T (right)

Table 2 summarizes the PWT operating conditionsreeally derived, together with
the results at the calibration probe stagnationt3af**.

Nozzle D P1-PWT P2-PWT
Po=10 bar, H=15 MJ/kg Po=10 bar, H=11 MJ/kg
a=12 deg a=5 deg
Ps 6690 Pa 6480 Pa
Q. 2450 kW/m 1640 kW/n

Table 2. PWT operating conditions

Once having determined the PWT operating condititorsthe duplication of the
interesting parameters over the model, some thraergional thermo-chemical non
equilibrium flow simulations have been carried autorder to verify, at least from a
numerical point of view, the achievement of theuiegments on the mod#&.

In the following some predicted flow features aresented only for point P1-PWT.
Flow field pressure contours are shown in Figutef®-in front of the flap the pressure
increases due to the presence of the separatiatk shduced by the boundary layer
separation, while the pressure over the flap seaimsost constant behind the
reattachment shock. Moreover, the flow field sedangely two-dimensional on the
cylindrical leading edge, the flat plate and thgioa around the hinge line (where a
flow recirculation occurs), whilst evident spanwisffects are present on the flap
surface with a flow expansion at the flap latexddge Figure 9-right shows temperature
contours on the model with skin friction lines. Heay edge temperature is imposed to
373 K (it is water cooled), whereas on the reshefmodel the radiative equilibrium is
assumed. Temperature reaches values of about 158l0tKe symmetry plane of flap
with an increase at the lateral edge due to thenihg of the boundary layer caused by
spanwise effects. On the lateral part of the flaprerease of temperature is predicted
due to the separation vortex in front of the flaming around the flap itself. A typical
corner flow structure is predicted with a innertearand a outer main vortex, this latter
separating just below the flap lateral edge andchihg on the rounded lateral
protection of the model, causing a local tempeegp@ak of about 1500 K.

10
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Figure 9. Pressure contours (left) and temperatoméours with skin-friction pattern (right)

Wall pressure longitudinal distributions are shawirigure 10-left along three different
Z=const planes for the non catalytic and fully baia flap assumptions, and describe a
typical shock wave boundary layer interaction plmeeoon in laminar regimélhree-
dimensional effects are present along the entioengéry of the model (and are stronger
on the flap, for Z>0.1 m, due to the greater trensal pressure gradient) with the
exception of the cylindrical leading edge, thusicatng that the model is not
sufficiently wide to inhibit the influence of firat span effects on the shock wave
boundary layer interaction phenomenon. In Figureidlt heat flux distributions over
the model for fully catalytic and non catalyticdl@onditions are shown, respectively.
As expected, a strong catalytic effect is obsergedr the flap (at all longitudinal
sections), with a significant reduction of both hiax and temperature in non catalytic
conditions. The three-dimensional effects resulaumnincrease of the thermal loads in
the lateral part of the model (section Z=0.195 an)d are clearly independent of the
catalytic flap condition, being induced exclusivdly the pressure gradient which
establishes at the flap lateral edge and causksvaekpansion and a boundary layer
thinning. Inside the separation bubble the classigspid-like distribution is predicted,
with heat flux and temperature that decrease dteetancreasing of the boundary layer
thickness, and the reduction of the gradients dk wéereas a local peak of thermal
loads at the reattachment point is predicted (whaoendary layer thickness is
minimum).
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P1-PWT, FC flap, Z=0.01m P1-PWT, FC flap, Z=0.1m
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Figure 10. P1-PWT: pressure (left) and heat flight) longitudinal distributions
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The summary of the results obtained over the méatethe selected PWT operating
conditions is reported in Table 3, and comparethéotest requirements extracted from
the EXPERT flight conditiors”:

condition Property EXPERT Flight 3D Results
Prao (P2) 18573.7 1776.00
Target PL g o (kWi 250.0 250.16
Pr (P2) 511.0 476.90
Target P24 " owin?) 80.8 68.15

Table 3. Comparison of PWT results and test requérgs

From the analysis of Table 3, it can be concludeat for P1 targets the P1-PWT
condition will provide a R, that remains one order of magnitude lower tharvtiee
predicted in flight, as also accepted in the testigh phase, due to the limitation in
pressure of the PWT facility (see Figure 11-lefijy the other hand, g will be
perfectly duplicated with the P1-PWT condition ($égure 11-right). P2 targets will be
reasonable achieved in the P2-PWT condition, whiithprovide a 10% lower R (see
Figure 12-left) and a 15% lowerQ(see Figure 12-right), both with respect to the
predicted in-flight value.
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Figure 11. P1-PWT: comparison between PWT andtfiiginditions
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Figure 12. P2-PWT: comparison between PWT andtfiiginditions
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From all the analyses of the available resultgait be concluded that the developed
extrapolation-from-flight methodology has allowed,least from a numerical point of
view, the achievements of the requirements overd#deggned model. More in detall it
has been found tH&t:

- the (maximum possible) model width is not suffitiemavoid finite span effects
on the shock wave boundary layer interaction ardhedlap and over the entire
model; typical distributions of such interactioneplomena are fully reproduced;
the PWT facility envelope does not allow to dupéchigh pressures over the
flap such as that of point P1 (lower altitude ctiodi;
the maximum heat flux predicted in flight over thegp at point P1 (maximum
stagnation point heat flux) is perfectly duplicatedhe PWT facility;
the reference values of both pressure and heatallypoint P2 (higher altitude
condition) can be well duplicated over the modethe determined operating
conditions.

4.2 Full-scale flap and cavity

The main objective of this test is to experimentativestigate the thermo-mechanical
behaviour of the EXPERT capsule full-scale flaptire “Scirocco” Plasma Wind
Tunnel, realizing one test model configuration witle same cavity of the actual flap,
built using the same materials (C-SiC for the feapd PM1000 for the cavity) and
equipped with a reduced set of the in-flight flagtrumentation and with the full IR
thermo-camera assembly and interfaces of the ghtficavity, so to include in the test
the plasma qualification of the EXPERT flap-cawsgnsing equipment.

From three-dimensional computatiffisit comes out that, in the point of maximum
heat flux (i.e. M=13.99) of the EXPERT 5 km/s trajectory, the flapsubjected to a
very high heat flux: the peak value varies from 890/m? in the hypothesis of fully
turbulent flow, to 1300 kW/fmin the more critical situation of laminar-to-tuibnt
transition at flow reattachment on the flap. Suhtvalues, as it has been verified by
means of CFD simulations, are not reproducible \MTR so the goal of this test is to
reproduce the maximum heat flux compatible withhbibte geometry of the EXPERT
actual flap and the “Scirocco” facility performanda this way the flap will be just
partially qualified. The focal point of the testIwbe the study of the physical
phenomena which occur inside the flap cavity, dettdy the IR thermo-camera; in
particular, to have information about the vorteattachment heating inside the cavity
and the radiative heat exchange between the suofaite cavity and the back face of
the flap. Views of the actual EXPERT open flap afdhe test article (flap and cavity)
for the PWT test campaign are reported in the Yahg Figure 13.

Figure 13. EXPERT actual flap (left) and flap tagicle (right)
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At the beginning of the activity, when the modebgetry was still not frozen, the

present test design methodology was applied forpgessible configurations: a) holder
nose curvature radius 3.75 cm, flap deflection &§; &) holder nose curvature radius
3.50 cm, flap deflection 45 deg. Predicted tempeeatontours on test article symmetry
plane, where two-dimensional computations have Ipegformed, are shown in Figure
14.

PO=7.1 bar, HD=17.1 MWKg : PO=6.4 bar, H0=20.9 MiKg
08
nose curvature radius=3.75 mm - nose curvature radiue=1.50 mm
Nap deflecion=55 deg flap deflection=45 deg
05
Temperature [K] Temperature (K]
g e 04 10574 61
880,11 a8 i
B318.60 g;g;g
7548 68
8978.27 E TH28 82
830085 5> 03 680252
5640.04 815612
4970.43 541972
4300.82 m&
201 65 is 321053
2281.58 247413
162238 1737.73
852,76 1001.33
(13 ]
L) 0 B
MR | I 1 1 i 1
. 03 04 ol 03 04 05
X [m] X [m]

Figure 14. Temperature contours: case a), lefg basright

Total enthalpy and total pressure values reporidjure are relative to the final PWT
operating conditions deduced by adapting the gémesa design methodology to the
current case, and by using the following reasoning.

Initially, a requirement of 1300 kW/mat the nose/flap interface (NFI) has been
supposed Q- =1300 kW/nf), to which corresponds, in the hypothesis of racta
equilibrium, a requirement in terms of surface terapure Tye =(Qun+ €)Y~

Heat flux at the nose/flap interface can be exmedssy means of Fay-Riddell concepts
for stagnation point heat flux and Beckwith-Gallaglcorrelation for the heat flux

distribution around a circular cylinder of radiuS'R.e.

Q) @\/%(HO -, T.)(acoS"? @ ) +b) (7)

where . is 35 deg in case a) and 45 deg in case b). Frgm(B heat flux and
temperature required at the stagnation point casebleced:

(@ = Qe - (@ (8)

acos’? g »+b °  es

and therQsrandTsras well.
Then, once having defined and simulated the prehnyi test condition, the new test
condition in terms of plrable to realiz&, 1, supposing the same valueRyf(Ps), is:

(Q)NFI T
(Q) NFI

where Qs andTshave been provided by CFD simulation of flow p&st lap model.
The comparison of predicted in-flight heat flux tdisutions™ with that obtained in

Hor o cpTS’T+ (H,- cpTS) (9)
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PWT conditions (see Figure 15) shows the impossilof reproducing the mean heat
flux value on the flap, as it was expected. LoweatHlux values achieved with 55 deg
flap deflection are due to the greater entropy rdiat develops in this case, as it is
clear from the shock wave curved shape in Figurdeft4 In fact, entropy layer
development causes a deterioration of model sugeangerties; for example, predicted
wall pressure (not shown) is no more constant atbadlap surface.

F 55 deg deflected flap 45 deg deflected flap
b —PWT conditions sl | - PWT conditions

= Flight conditions - | = Flight conditions

PO=T.1 bar, HO=17.1 Mlikg
P - Fuilly Turbsulent
Pl - Turbule it Reattachment

FO=6.4 bar, HI=17.81 MJikg
F=6.4 bar, HO=20.50M.kg
EXFERT F1 - Fully Turbuent
EXFERT F1 - Turbulent Reattachment

beeat flux [owim’]
- W
heat Rux (Wim®) .

; n

Py I PR " " I it a PP I I
[ 0.05 01 015 CE 025 k]

Figure 15. PWT and in-flight heat flux distributicomparisons: case a), left; case b), right

Two PWT conditions have been derived, with the fiegt model inclined by 45 deg
and nose radius of curvature of 3.5 cm, which dififetotal enthalpy only. They are
reported in Table 4 together with the results prtedi at the calibration probe stagnation

point and the heat flux predicted at the nose/ifdprface, at middle flap (§) and at
the flap trailing edge ().

Nozzle D | R=6.4 bar, H=20.90 MJ/kg | R=6.4 bar, H=17.91 MJ/kg
P, 4540 Pa 4452 Pa
Qs 3030 kW/ni 2490 kW/ni
Qur 1207 kW/m 980 kW/nf
Qur 457 kWi/nt 369 kWi/nt
Qe 486 kW/nt 393 kWi/nf

Table 4. Final PWT test conditionss(B)) and CFD results (i, Qur, Qrre)

The fully turbulent requirement (800 kWjrcould be reasonably matched over the flap
in average (over-estimation at nose/flap interfareler-estimation at middle flap, and
over-estimation at flap trailing edge, see Figuberight), of course being closer the
result obtained with the higher total enthalpy Regarding the turbulent reattachment

requirement (1300 kW/f), it seems possible to accomplish the requirenoery at
nose/flap interface, and only with the higher tetaihalpy.

4.3 Winglet

This test is dedicated to the EXPERT scientific IBag#15, developed by CIRA,
consisting of two massive UHTC ZgBwinglets placed on the capsule surface in
diametrically opposite positions (see Figure 1@stTaim is to reproduce, on a winglet
qualification model, the total thermal load and,itifis realizable, the maximum
temperature which the winglet is subjected to dyrihe 5 km/s EXPERT re-entry
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trajectory, in a relevant plasma environment. Dgine test, the winglet qualification

model will be mounted on a properly designed moaddler (see Figure 16) and will be

instrumented with four pressure taps and two theouples.

This test design proceddi? differs from the formers for two fundamental rezso

- due to the high temperatures predicted in flightditons and to the circumstance
that test aim is mainly the total thermal load ogjuction, PWT operating condition is
defined as the one which corresponds to the maxireat flux measurable on the
PWT calibration probe stagnation point (i.e. 3000/#?);

- due to the impossibility of performing two-dimensab simulations on the complete
test article (holder and winglet) centreline, deafiént solution has been found to get
rapid and useful indications for test design.

304
mm

Figure 16. Winglet mounted on the EXPERT capsulp)(and on the model holder (bottom)

Hence, once having defined a preliminary PWT coodiaind a possible model holder
configuration, looking at the left branch of thevl chart in Figure 4, computations on
the test model have been substituted by axi-synergtmulations realized on the PWT
calibration probe, and the adopted correlationsehasen Eq. (1) and Eq. (2). Then,
with the deduced PWT condition, two-dimensionalidations have been performed on
the model holder without the winglet.

Distributions of significant flow variables extract at various holder streamwise
sections (i.e. different possible winglet positipisve been compared to analogue
features obtained in flight conditions. These lattees have been drawn by performing
two dimensional simulations on the EXPERT capswesetry plane and then
extracting the section in correspondence of thelein(relative) position.

Holder sections (X=const) have been extracted batithe flat (=0 deg) and on the
deflected (=20 deg) surface. The comparison between PWT dondi{with different
winglet positions) and in-flight condition is shown Figure 17, in terms of Mach
number, static pressure and temperature flow gfifinding out that Mach number
around the winglet can be well reproduced whilespuee obtained in PWT is from 3
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until 10 times lower, as it was expected. The besglet position is the one on the 20
deg deflected plate at X=0.1 m from the holder ilegddge (the cyan line in Figure
17), since it allows the highest pressure (and &atpre) values obtainable avoiding
the impingement of the bow shock wave on the wingle

In order to evaluate temperature requirement fodihit and run duration needed to
reproduce on the winglet the in-flight thermal lodg using the “energy equivalence”
principle), conditions at the selected holder secthave been used as free stream
conditions for a two-dimensional computation on thanglet top profile (on the
horizontal plane).

Figure 17. PWT and in-flight Mach number (top lefijessure (top right) and temperature (botton) left
distributions; effect of different holder X=consictions

The same has been made for the winglet in flightdd@ns, in order to allow a
meaningful comparison. Predicted results on thaylstrtop profile, in the hypothesis of
fully catalytic (FC) and radiative equilibrium walire shown in Figure 18.

Figure 18. Temperature (left) and heat flux (righigtributions on the winglet top profile in fligand in
PWT conditions
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Temperature and heat flux values at the stagngttont have then been corrected to
take into account that the winglet leading edgeoisperpendicular to the flow direction
because of the winglet sweep aflei.e.

Quuy (L )= QuuyL = 0°) cOt (10)

whereL is the winglet sweep angle £p/2-54.46 deg) an@siad L =0) is the stagnation
point heat flux value taken from the winglet topcel two-dimensional simulation.
Results are summarized in Table 5, where an inditabf the test requirement
reproducibility has been given as the ratio of PWéat flux to in-flight heat flux. Note
that reproducibility is enhanced from 0.83, obtdiméth cold wall assumption, to 0.97
by considering a more realistic surface temperatiradiative equilibrium.

Table 5. CFD results and reproducibility

As a verification of the goodness of the adoptet design methodology, as a starting
point for the future test rebuilding, and for hayimformation about overloads induced
by the blunt/fin interaction due to the presencehef winglet, three-dimensional CFD
simulations on the complete configuration (holded avinglet), in PWT conditions,
have been perform&d. The computational grid is the one shown in Figgravhile
some results are reported in Figure 19. The effefctgid resolution, surface catalysis
and winglet base flow have been also ass€ssed

Figure 19. Temperature distribution and skin-faotlines on the winglet area (left) and heat flux
distribution on the winglet’s sections (right)

It must be positively evidenced that three-dimenaicCFD simulation on the complete
model configuration yields a peak heating on thagt of 4.66 MW/ with fully
catalytic (FC) wall and radiative equilibrium, s€able 6, to be compared to the value
of 5.34 MW/nf provided by the test design proceduNete that also a more accurate
emissivity coefficient for the winglet €0.66, at typical operating temperatures) has
been used in the full three-dimensional calculaianth respect to the one=0.80)
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preliminarily used in the simplified analysis. Riswbtained on two grid levétd are
also reported in Table 6, further demonstrating dgine-independence of numerical
predictions.

Simulation Quie (MW/m?) Tuie (K)
radiative equilibrium FC FRC FC FRC
2D simplified analysis (flight) 5.481 3.270 3315.942921.06
2D simplified analysis (PWT) 5.340 2.902 3316.10 5283
3D analysis (PWT), grith coarse 4.665 3.084 3289.46  2957.p0
3D analysis (PWT), grith fine 4.669 3342.09)

Table 6. Predicted maximum heat flux(Q and temperature (k) at winglet leading edge

The effect of assuming a more realistic catalyiRC) behaviour of the UHTC ZgB
material'”! is clearly evidenced in Figure 19-right and in [Ea6: a reduction of about
330 K for the winglet leading edge peak temperatanel 1.6 MW/rf for the winglet
peak heat flux is predicted with respect to theaS8umption.

The analysi$® of holder longitudinal sections in the winglet mumding area has
permitted to identify a region (the triangle-shagetnary separated area, see Figure
19-left) clearly affected by the blunt/fin interamt: over-pressure factor equal to 1.2
and over-heating factor of 1.5 (FRC) or 1.37 (F@yér been calculated in the holder
sections closer to the winglet, and the effect @fisidering a FRC for the winglet
induces higher thermal loads on the holder. Intamdino significant effect of winglet
wake (simulating the winglet base flow, grid of &g 3) has been predicted on the
winglet thermo-mechanical lodtf3.

The theoretically derived PWT condition is reporied able 7, together with the results
predicted at the calibration probe stagnation point

Nozzle C, B=12.1 bar, H=13.9 MJ/kg
Ps 12000 Pa
Qs 3000 kW/ni

Table 7. Final PWT test conditiong(F))

Finally, run duration @yt) has been evaluated by means of the “energy dgusel’
principld™®: first, the total energy (E) accumulated by thengléet along the flight
trajectory (from time; to timet;) has been calculateand then divided by the heat flux
predicted on the winglet in PWT conditions, thusagting:

tf
, E
E= q/f\li?]g:et(t) dt tPWT: —PWT ( 11 )

ti inglet
Obviously, in doing that, the “bell curve” whichpresents the time history in flight, is
approximated by a constant heat flux, thereforeviimglet, in PWT, will be submitted
to a thermal shock that will not be experiencedight. Estimated run duration ranges
from 37 s to 62 s, respectively if during the plastast 100% or 60% of the winglet
peak heating will be reprodudét,

5  TEST DESIGN ACTIVITIES RELATED TO USV-X

In the frame of the Italian Aerospace Research lmgPRO.R.A.), an experimental
Unmanned Space Vehicle (USV) is being devel6ped@he vehicle is a winged
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eXperimental Flying Test Bed (FTB-X) which will b@unched with the VEGA rocket
and re-enter the Earth’s atmosphere, thus allowarerform a number of experiments
on critical re-entry technologies. The vehicle wibe used to demonstrate
manoeuvrability in the upper atmosphere, to tesaaded thermo-structure concepts
such as leading edges made of Ultra High Temperaieramics (UHTC), and to
investigate aerothermodynamic flow features durnegntry in order to improve and
validate CIRA numerical and experimental predicteapabilities and extrapolation to
flight methodology.

Different challenging performance, design and tetbgy validation requirements shall
be fulfilled by the CIRA reentry demonstrator witbspect to other reentry vehidfés
Among system requirements that directly impact loa WSV-X vehicle’s aerothermal
environment definitiol” there are the capability to manage long duratemtries with
well improved aerodynamics and maneuverability abi@ristics, and the use of the
Italian launcher VEGA, a small expendable launchisle being developed from ESA
and ELV. Moreover, the vehicle shall be characestiby a rather high aerodynamic
efficiency, and therefore will exhibit small nosedawving leading edge radii and will fly
at moderate angles of attack. For all these reasmmedynamic design and analysis of
the proposed configuration is a great challengbeaerodynamicists.

Figure 20. USV FTB-X-392-FW50 Concept

Several concepts have been analysed for the FTRMcke. The last configuration
proposed at the end of the trade-off design am#&/t"®, namely FTB-X_392_FWS50,
is shown in Figure 20.

Figure 21. FTB-X/VEGA payload accommodation bay patibility
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The requirement to be launched by VEGA has a stionact on vehicle design, see
Figure 21. In fact at launch, the vehicle will hered in the VEGA fairing, thus limiting
the overall dimensions of the vehicle as wing spadh fin height as well as the location
of vehicle centre of gravity.

The second group of test design cases, describi ipresent section, is related to the
development of enabling technologies for the desifjthe Italian Unmanned Space
Vehicle USV-X. In particular, the procedures apgpli@uring the following three on-
going test design activities will be detailed:

tests on a Sharp Hot Structure representativeeohtise of the USV-X vehicle,
whose aim is to qualify, in a flight relevant emnment, a structure composed
by a massive blunted conical nose of UHTC matenmal a dome manufactured
by C/SiC and graphite, and coated with sprayed UHTC

test on a TPS tile (built with both UHTC and C/St@at will be mounted on the
USV-X nose-fuselage junction, and for which oneical point of the re-entry
trajectory in terms of heat flux and pressure baset reproduced on a mock-up;
tests of innovative TPS technologies for the USMiXg leading edge. The test-
article to be tested comprises an active cooledingaedge, an UHTC leading
edge, a Metal Matrix panel for the wing leeside and/C SiC coated panel for
the windside. The aim of the test design activéiyta reproduce in PWT the
flight requirements for all the four technologies.

5.1 Sharp nose

The technological project Sharp Hot Structures (54Ss focused on the assessment
of the applicability of Ultra High Temperature Cenas (UHTC, like ZrB) to the
fabrication of high performance and slender shapadstructures for reusable launch
vehicles. Critical parts of re-entry vehicles suah the nose cap have to be firstly
qualified on-ground, and then tested and validateflight conditions. To this aim a
dedicated PWT test campaign has been designedemm@ological demonstrator of the
USV-X sharp nose (a blunted cone with 1 cm radfusuovature).

The nose cap thermal protection system has beégneesto withstand with the critical
flight conditions estimated along the trajectorg thSV vehicle is supposed to perform
(namely a sub-orbital re-entry trajectory). An esipental test campaign has been
developed to validate the proposed concept by éxgdbe model in a flight relevant
environment to a heat load similar to the one esti&ah in flight conditions.

Starting from the value of heat flux to be realizatddthe model stagnation point,
theoretical and numerical activities have been ootedl in order to aid the set up of the
facility driving conditions for on-ground qualifitan of the demonstrator. Following an
incremental approach it has been decided to start & low heat flux requirement that
has been progressively increased during the dewelop of the project; in particular
three different values of cold wall stagnation pdirat flux have been considered: 610
KW/m?, 1220 kW/nf and 2440 kW/h

Following the test design methodology here propp&edeach of these heat flux levels
the PWT operating conditions in terms of reserenithalpy, H, and pressure,oPand
setting conditions in terms of stagnation pressékg,and heat flux, @ over the
hemispherical calibration probe have been detemffiheHowever, only the results
concerning the most critical condition (2440 kWymare presented because the
determined condition was used to perform the frgberimental test. The following
condition has been determined;=H4.2 MJ/kg, b=5.1 bar. Heat flux distribution over
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the sharp nose model for this condition is repoitedigure 22, compared to the
distributions obtained by multiplying by a factorti2e distribution with a stagnation
point heat flux equal to 1220 kWfmand by a factor 4 the distribution with a stagorati
point heat flux equal to 610 kW/mthe comparison is rather good along the entire
geometry, with a maximum difference of about 8%e Bmplified scaled estimations
tend to underestimate the computed heat flux ferdétermined PWT conditiof8.
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Figure 22. Heat flux distribution for PWT conditibhi=14.2 MJ/kg, B=5.1 bar

The flow field around the calibration probe hasrb#een computed in order to estimate
stagnation point heat flux and pressure, see Téblkese conditions being considered
as a target point for the execution of the firstSS¢kperimental test, i.e.

Nozzle F, R=5.1 bar, H=14.2 MJ/kg
Ps 1800 Pa
Qs 1090 kW/m

Table 8. Computed first SHS test conditions

whose experimental results are reported in thevietig Table 9:

Table 9. Actual first SHS test conditions

The numerical rebuilding has been then performadisg from the measured values of
stagnation heat flux and pressure rather than tiees of reservoir pressure and
enthalpy?Y, the aim being to provide a meaningful heat flistribution on the model
during the test as input for the thermo-structueauilding analysis, whose results (wall
temperature distribution) could be compared withlfR thermo-graphic acquisition.
From a numerical point of view it has been deteadirthe condition (& Ho) that
provides the better agreement with the probe measemts and then, with the same
condition, the heat flux over the model has be@omgputed. To match measurements
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on the probe, both in terms of heat flux and pressihe following condition has been
derived: H=13.7 MJ/kg and # 6.7 bar (i.e. the value measured during the.test)

The results in terms of heat flux and pressure derhemispherical probe obtained
with these reservoir conditions are reported, refhpaly, in Figure 23, and compared to
experimental measurements. In Table 10 it is atgwnted the comparison between

experimental and numerical values at the hemisgdlgorobe stagnation point.
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Figure 23. Calibration probe heat flux (left) anégsure (right)

Nozzle F Exp. CFD (%)
Py=6.7 bar, H=13.7 MJ/kg
Q. [kW/m?] 1130 1144 -1.2
P, [Pa] 1850 1810 2.1

Table 10. Comparison between experimental and noalemlues at probe stagnation point

In conclusion, it can reasonably be assumed tgal 317 MJ/kg and §6.7 bar are the
reservoir conditions realized during the first Se¥®erimental teSt.

Once that the most reliable reservoir conditiongehbeen estimated, the simulation
over the sharp nose model has been performed, wieesstream conditions have been
extracted from the nozzle flow simulation at a alste of 49 cm from the nozzle exit
section (i.e. the position of the model stagnapomt). A first simulation of the flow
around the model has been carried out by consglerifully catalytic (FC) wall and a
fixed wall temperature of 300 K (the conditions diskiring the design phase), and the
results are reported in Figure 24-left.
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Figure 24. Heat flux distribution over the mode|=B00 K (left) and FC-NC comparison (right)

Another computation has been done considering acatatytic (NC) wall as reported in
Figure 24-right. As expected, heat flux computedhwihe fully catalytic wall
assumption is about 50% higher than the heat ftumputed with the non catalytic wall
along the entire geometry. At the stagnation pofrihe sharp nose the computed values
are respectively equal to 2650 kW/ior the fully catalytic wall and 1750 kW/hnfor

the non catalytic wall. Although the pre-test aityihas been carried out considering a
fully catalytic wall to be conservative for the ef thermo-mechanical analysis, the
rebuilding phase has been performed also consglénim heat flux estimated assuming
a non catalytic wall, thus including between theo tdistributions the real catalytic
behaviour of the UHTC material.
In Figure 25-left it is reported the heat flux distition over the model with the
hypothesis of fully catalytic and radiative equiitbn wall temperature, whereas Figure
25-right shows the related temperature distributiidns computation has been made by
considering the two different values of the emisgifor the ZrB, massive cone and the
ZrB, coating, respectively equal to 0.58 and 0.55.
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Figure 25. Heat flux (left) and temperature (rigigtribution over the model

The main output of the CFD calculations has beend#finition of the PWT operating
conditions allowing to obtain a certain value of theat flux at model stagnation point,
and the computation of the heat flux distributioreiothe model to be used as input for
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the thermo-mechanical analysis carried out beftwe gafety reason) and after (for
comparison with experimental results) the test.

5.2 Thermal Protection System tile

As the previous one, this test is devoted to thdysbf materials to be used as Thermal
Protection Systems (TPS) for re-entry vehicles entinked with a flight passenger
experiment designed for the future CIRA re-entryhigke USV-X. The flight
experiment foresees two TPS tiles (called BreadrdBnaB/Bs), mounted side by side,
and built with both UHTC and C-SiC, on the USV-Xseefuselage junction (see Figure
26), in order to expose the two different materitids the maximum heat flux
encountered during flight.

For the “Scirocco” test, two Bread-Boards have beanceived (one in UHTC ZiB
the other in C-SiC), the goal being to reproducePWT the same thermal and
mechanical loads of the flight. Consequently, thaeye been designed regarding the
thermal loads on the USV-X 1100 _NG re-entry tragectand referring to the USV-X
nose geometR?. The latter can be well approximated by a spheree@eometry with

a 100 mm radius and axis at an angle of 7.5 delg negpect to the longitudinal body
axis, as shown in Figure 26 where the TPS tilegtipods also indicated.

TPS

Figure 26. USV-X nose geometry and B/B positiommgiisions in mm)

The inputs for the test design procedure (see Eigirare the flight conditions to be
reproduced, that in this case correspond to haatdhd pressure values predicted on
the B/Bs in the trajectory point of maximum heaixfllMach 19.2; altitude 68.9 km;
A.0.A.=25.17 deg). CFD computations performed oa tiree-dimensional geometry
return as heat flux and pressure mean values omRBetiles, respectively, 350 kWim
and 750 Pa. Therefore, these values have to bedweped on the B/B’s surface in the
Plasma Wind Tunnel test.

A sketch of the tile model for the test is showrFigure 27, in the case of UHTC B/B;
the same concept has been adopted for the C-SiCDamig the test the B/Bs will be
mounted on the PWT calibration probe support witbameter is 100mm; the distance
from nozzle exit to calibration probe stagnatiompg 37.5 cm.

Figure 27. UHTC B/B concept
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In Table 11 it is reported the PWT preliminary agaerg condition, deduced by fit-law
based engineering todls

F

Nozzle configuration exit diameter=1.95 m
length from the throat section=5.370 m

Total pressure P 2.2 bar

Total enthalpy Kl 17.4 MJlkg
Stagnation Pressure P 7.0 mbar
Stagnation Heat Flux £ 760 kw/m?

Table 11. PWT preliminary operating conditions

The stagnation pressure Bnd heat flux @ are those predicted on the PWT hemi-
spherical 100-mm diameter calibration probe by prhyp scaling the model
requirements.

Regarding B/B length a parametric analysis has bmmructed, considering four
possible lengths (5 cm, 10 cm, 15 cm, 20 cm), nredsstarting from the PWT
calibration probe section (42.5 cm downstream tezie exit), once the hemispherical
copper cap has been removed.

The formula adopted for the stagnation point hket is a particular expression of the
Fay-Riddell correlatioff, where the constants have been obtained by mdaRgvd
experimental results fits:

Q, =100 % 172.8kH,; €T,) - 2705 (12)

Result in terms of total enthalpy has then beenected by considering that flat faced
model heating is equivalent to that realized orplaese of effective nose radiuBef)
equal to 2.8, beingR,=50 mm the base radius of the b6dy

The final PWT test condition, produced by the pnésest design methodology, is then
defined in Table 12, together with the CFD reslltgh for the calibration probe
stagnation point and for the test article.

Nozzle F, R=2.4 bar, H=14.7 MJ/kg
Ps 717 Pa
Qs 834 kw/ni
Psis 730 Pa
Qes 357 kW/nt

Table 12. Final PWT test conditiong(l)) and CFD results @&, Qzs)

26



M. MARINI et al./ Test Design Methodologies for @it Relevant PWT Experiments

Figure 28. Bread-board geometry (left) and Mach Ipeintontours and streamlines (right)

Bread-board model geometry is shown in Figure 23-lghere all the characteristic
dimensions are indicated, while predicted Mach nemgontours around the B/B model
are shown in Figure 28-right. Heat flux and presstadial distributions on the B/B
obtained with the final PWT condition are reported-igure 29. The following effects
have been evaluated: B/B length/d-(see Figure 28-left) for which the free stream
condition is different (i.e. the B/B stagnation ipois closer to the nozzle exit section),
curvature model radius, and surface catalysis.

The B/B length effect can be considered negligdneall B/B surface properties with
respect to the goal of the experiment. Analysisw¥ature radius and catalysis effects
has been conducted just for one B/B length (15 cm).

The effect of a curvature radius increase is ésligise of heat flux on the B/B middle
part and a decrease of heat flux peak on the sequdd expected. Heat flux predicted in
the non catalytic wall hypothesis is less than lsalé of the fully catalytic one.

It can be concluded that present test design metbgg has produced a PWT test
condition that properly fulfils test requirementstip in terms of heat flux (+2%) and
pressure (-2.6%).

PWT condition P0=2.4 bar, H0=14.7 MJ/kg

Figure 29. Heat flux (left) and pressure (righBtdbutions on the B/B surface
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5.3 Wing leading edge

The main purpose of the Advanced Structural AsserkBA) project>?4, funded by
the ltalian Space Agency, is to qualify, in an h@gfthalpy ground facility, a certain
number of new technologies potentially applicaldeveng thermal protection system to
new generation of re-entry vehicles.

To this aim, an adequate test article, to be tastéloe “Scirocco” Plasma Wind Tunnel
facility, has been designed, by extruding a lordjital section of the FTB-X vehicle
wing (see Figure 30-left). Being the test articleeahnological demonstrator and not a
qualification model for the FTB-X wing, it was pdse to slightly modify the original
wing section profile in order both to simplify thassembly and to allow the
compatibility of the test article with the facili{l. In particular, in order to guarantee
the possibility of swapping panels from windside l¢é@side, the wing section was
flattened both on the top and on the bottom. FigB@deft reports a comparison
between the test article profile and the FTB-X waegtion.

Figure 30. FTB-X wing and test article derivatideft). Heat flux distribution for the selected wing
section along the trajectory (right)

Four different technologies have been defined: teading edges (an Ultra High
Temperature Ceramic leading edge and an activadiedoone) and two panels for the
windside and leeside part of the model (a C-C/Sa@ep developed by University of
Rome and a Metal Matrix panel developed by CSMpeesvely). Two test article
configurations have been identified: the first odentified as TA-1, is characterized by
the leading edge in UHTC and passive ceramic lataidngs (see Figure 31-left); the
second one, identified as TA-2, has the Activelyoléd Leading Edge and a water
cooled metallic lateral protection system (see FgL-right). The holder, common to
both test articles, is a metallic structure, p#ytiavater cooled, that links the model with
the PWT support system and hosts parts of the measats acquisition system and the
hydraulic circuit piloting device. As already sdit test articles have been designed in
order to have the two flat panels fully interchaaigje.

Figure 31. Test articles: UHTC leading edge (TAeft) and active cooled leading edge (TA-2, right)
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The heat flux requirements for the PWT testingvétadis have been extracted from the
aerothermal database built for the FTB-X re-entajettory’>, in the conservative
hypotheses of cold and fully catalytic wall. In &rg 30-right the time envelope of heat
flux distribution for the analysed wing sectionreported, reflecting the variations of
Mach number, altitude and angle of attack along ttfagectory. In particular, the
selected wing section is subjected in flight to axitmum stagnation point heat flux
equal to 410 kW/f this latter being used as dimensioning load fer design of the
leading edge TPS technologies (i.e. the Active €da@nd the UHTC leading edges),
whereas the values of 170 kW#mnd 90 kW/r have been used, respectively, for the
beginning of the windside and leeside panel ofvirey.

Nevertheless, in order to qualify in a relevantspla environment the developed
technologies, it is necessary to reproduce sudtisloa the test article considering the
real operating conditions of the materials durihg experimental tests (i.e. catalytic
behaviour and temperature), otherwise the develdpednologies would have been
tested in different (less critical) conditions nmrakimeaningless the entire validation
process. To this effect, suitable temperature aatdlysis boundary conditions have
been imposed for the different part of the modetind tunnel conditions.

The definition of the PWT operating conditions leeen carried out by means of two
dimensional computations over the test article {tb& on the symmetry plane of the
present model is almost “two-dimensional”), theme#idimensional effects for the
dimensioning of the lateral fairings of the modaVé been consideréd.

In this particular case the process of PWT opegationdition definition is rather
complex: more than one requirement has been egtraict the same flight condition, on
an object (the FTB-X delta wing) which has subsghmteometric differences compared
to the test article. Namely, the high sweep angbei€g) increases the effective angle of
attack of the flow impinging over the wing up tdwes that are not reproducible in the
plasma test. Therefore, in order to submit in PW& developed technologies to the
flight loads but with a different configurationsalitting of the requirements in different
experimental test conditions has been necessary.

Test requirements for the four technologies aremsarized in Table 13.

ID req. TA part nggs?sondlizr;?p g (KW/m 2) Position
A |LEUHTC FRC Rad eq 410 Stagnation Point - x=0
B  |WINDSIDE PANEL C-C/ SiC FRC Rad eq 170 Panel Apex - x=0.2
C |[LEAC FCW Tfix 410 Stagnation Point - x=0
D |LEESIDE PANEL MMC FCW Rad eq 90 Panel Apex - x=0.1

Table 13. Requirements for PWT test design

It has been verified that, due to the required Haaes on the panels, both of them have
to be mounted on the windside part of the testlartin particular the C/C-SiC panel
will be mounted on the TA-1 windside and the Médi&trix panel on the TA-2 one, see
Table 14. Of course, the contrary happens forahsitle parts of the test articles.

TA part TA-1 TA -2
Leading Edge UHTC ACTIVE COOLED
Windside Panel C-C/SiC METAL MATRIX
Leeside Panel METAL MATRIX C-C/SiC

Table 14. Definition of test articles
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In the following, TC-1 will indicate the test comidn associated with the TA-1, and
TC-2 the one associated with TA-2.

5.3.1 Test TC-1 definition

The condition selected for TC-1#5 bar and =15 MJ/Kkg, allows the achievement of
the requirement over the UHTC leading edge forntoelel positioned at a distance of
950 mm from the nozzle F exit section, and withaagle of attack equal to 35 deg,
realized considering a 25 deg mechanical angle twaicla provided by the holder
deflection and a rotation of the PWT Model SuppSyistem of 10 deg after the
insertion of the model in the plasma flét

In Figure 32 the heat flux distribution over thetien model is shown. The
discontinuities in the heat flux distribution beewethe different parts of the test article
are due to the different catalytic behaviour of taerials (the UHTC and the C/C-SiC
have been considered as partially catalytic, wih ¢orrespondent available values of
the recombination coefficients, whereas all theeotrarts have been considered as fully
catalytic). Radiative equilibrium temperature haseir assumed along the entire
geometry. The selected condition allows the peffidGtment of the requirement on the
leading edge (410 kW/but the heat flux on the windside flat paneldsér of about
57% respect to the desiderate value of 170 k¥/m

Figure 32. Heat Flux distribution over the tesichetfor the TC-1 test

5.3.2 Test TC-2 definition

For the computations carried out for the definitadnilT C-2 operating conditions, being
the leading edge made of aluminium, i.e. a fullyagic material, such as the Metal
Matrix panel, also the leeside panel has been dermi as fully catalytic (it is
practically important, for design purposes, to takee of catalytic discontinuities only
in case of non-catalytic/fully-catalytic interfage®vall temperature has been considered
fixed to 410 K for the actively cooled leading edgéich will be cooled during the
experimental test, and equal to the radiative dgwim temperature €0.85) for the
other parts of the test article.
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Two test operating conditions have been definedpaetively TC-2.1 and TC-2.2,
which correspond to the heat flux distributionsroWe test article represented in Figure
33. The model is positioned at a distance of 950fnem the nozzle F exit section and
at an angle of attack of 35 deg, as in TC-1. Thsedlitinuities between the different
parts are due to the different wall temperatureddans that have been imposed.

The first selected condition (TC-2.1335 bar, H=10 MJ/kg) allows the fulfilment of
the requirement on the leading edge but the heatdih the flat panel is lower of about
40% respect to the desiderate value of 90 k¥\(about 65 kW/rh at the beginning of
the panel). Another operating condition (TC-2.g=%bar, H=13 MJ/kg), characterized
by the same value of the reservoir pressure angrehvalue of the reservoir enthalpy,
has been then determined, in order to achieve ¢g@irement on the flat panel.
Obviously, in this case the leading edge will bpased to a increased heat flux equal,
at the stagnation point, to about 600 k\&/m

These test conditions will be both executed, béh®gfirst one necessary in order to
verify the correct functioning of the water cooliagstem in correspondence of the heat
flux for which it should have the maximum efficigndhen it will be over-stressed up
to 600 kKW/n.

Leading Edge
Windside Panel
Leeside

Holder - Windside
_ Leading Edge Req. Holder - Leeside

500

400

300 — — — — TC-2.1: H;=10 MJ/kg - P,=5 bar

TC-2.2: H,=13 MJ/kg - P,=5 bar

—

200

Heat Flux [kW/m ?]

100 Metal Matrix Panel Req.

[ L L L O =

Figure 33. Heat flux distribution over the tesidetfor TC-2.1 and TC-2.2 tests

Finally, Table 15 reports the PWT operating seftimg terms of reservoir enthalpy,
reservoir pressure, stagnation heat flux and stagn pressure over the calibration
probe for the three identified test conditions.

Nozzle F,a=35 deg TC-1 TC-2.1 TC-2.2
Po=5 bar, Hs=15 MJ/kg Po=5 bar, H,=10 MJ/kg Po=5 bar, H,=13 MJ/kg
Ps 1380 Pa 1390 Pa 1410 Pa
Qs 1116 kW/ni 665 kW/nf 870 kW/nt

Table 15. PWT operating conditions

After the setting of the PWT operating conditiorsed Table 15), a full three-
dimensional flow simulation around the test-articiside the test-chamber has been
carried out, for test condition TC-2.1, in orderttbdo: i) provide an input for the
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thermo-mechanical design analysis of the assemialy i§ provide useful information
regarding the possibility of flow blockage occumen Concerning wall boundary
conditions, the same assumptions reported abovihéotwo-dimensional computation
of TC-2.1 have been adopted, and the metallic mbdiler has been considered as
fully catalytic and with fixed wall temperature (3410 K).

Predicted skin friction lines over the model sueface shown in Figure 34. The upper
view (Figure 34-left) shows that the flow remainisnast two-dimensional in the
leading edge region up to the lateral fairingss tieing due to the aerodynamic shape of
the model that reduces the effective bluntnesanRfe bottom view (Figure 34-right)
it is evident the presence of a large recirculatiobble induced by the shock wave
boundary layer interaction caused by the model drld is interesting to note the
strong three-dimensionality of the flow, and howe thubble is shrunk by the vortex
detaching from the lateral side of the model halder

In Figure 35-left the heat flux in the symmetry@ais reported and compared to the
two-dimensional result: apart from the holder ldesiwhere three-dimensional effects
dominate, the distributions are quite similar, thwly justifying the two-dimensional
approach used for the definition of the test opegatonditions. In Figure 35-right the
heat flux map over the test article is reportedertbe strong overheating, about 40%
more than symmetry plane value, experienced byetding edge corner caused by the
flow turning and the associated thinning of thertary layer.

Figure 34: Skin-friction lines pattern on uppeftjl@nd bottom (right) side of the test article

Figure 35: Heat flux distribution in the symmetdape (left) and over the model (right)
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6 RELIABILITY OF PLASMA WIND TUNNEL TEST DESIGNS

The reliability of the plasma wind tunnel test dgs described in the previous sections
can be quantified, before the execution of expeamtaletest campaigns, only by
comparing the results provided by the present desigthodology to the extrapolated-
from-flight test requirements (both for EXPERT cas@d USV-X cases).

For the activities describeddasign success ind¢®SI) can be defined as the ratio of a
property to be duplicated over the model in a paldir position, theoretically derived
through the present test design methodology, tcnge value given as requirement. In
the design activities reported in sections 4 atloeSproperties to duplicate over the test
articles in the “Scirocco” experiments are maintggsure and heat flux, and therefore a
couple of indexes can be defined:

DSI(p) = p% DSI(q) = qd% (13)
req req

Table 16 reports the values of design success ifatexdl the plasma wind tunnel tests
designed with the proposed methodology. In theetétial pressuregHs expressed in
[bar], total enthalpy blin [MJ/kg], pressures P in [Pa] and heat fluxeis xW/m?.

Table 16. Design success index

From a global analysis of the results of Table &6¢can be concluded that the
application of the proposed design methodology grasluced PWT conditions which
duplicate almost perfectly (DSi 1) on the model the test requirements (in the same
working hypotheses) when remaining in the safer imode investigated region of the
facility envelope (see Figure 36).

DSI values less than unity have been achieved sbeare test requirements cannot be
duplicated on the models due to facility limitaoifhigh pressures and Reynolds
numbers, high heat fluxes on inclined surfacesh laiggles of attack), in other words
when going towards the limits of “Scirocco” plasmend tunnel in terms of maximum
arc heater power, occurrence of tunnel blockagesabdystems capabilities (movement
of model support system, cooling of the calibratioabe, etc.).

In Figure 36 all the designed test conditions foe EXPERT and USV-X related
experiments are reported, together with all thé ¢desditions realized as far as today,
from the ESA acceptance tests to the qualificasiioa validation tests and finally to the
recent customer’s tests.
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Figure 36. Plasma Wind Tunnel “Scirocco” envelopd designed test conditions

By critically analyzing Figure 36, some interestingnsiderations about the testing

capabilities of “Scirocco” for vehicles re-enteritgm LEO can be derived:
components of a ballistic re-entry vehicle can tmpprly tested in the region of
the facility envelope characterized by moderatal tetthalpies and moderate-to-
high total pressures; the shorter conical nozzlg®.8m exit diameter) and D
(1.15m exit diameter) have to be used in orderbtaia as high pressures (and
Reynolds numbers) as possible; in this part ofetineelope it is possible also to
reproduce some interaction phenomena dominatedidopus effects such as
shock wave boundary layer interaction and bluntrfteraction; the achievement
of very high heat fluxes (on inclined surfaces wmept leading edges) seems
limited by the present cooling capability of the subsysteatiser than by the arc
heater power (higher enthalpies);
components of a winged re-entry vehicle can beessfully tested in the region
of moderate enthalpies and low-to-moderate pressthre longer conical nozzle
F (1.95m exit diameter) is used when pressure tsancequirement (or the
requirement is a low pressure) and stagnation paat flux must be duplicated;
in addition, this nozzle makes also possible theeafdarger test articles, whose
size must be of course defined depending upon ta fux levels to be
reproduced. In this envelope region parts of a ethge-entry vehicle TPS can
be tested and qualified such as noses, bottomaysdiles and wing leading
edges. Limitation of this part of the facility emwpee is represented by the
instability of the arc heater when operating at lemergy, the problem being
solved by the use of a proper plenum chamber.
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7  CONCLUSIONS

This paper has described the test design methogldddigwed in the definition of six
flight relevant experiments to be performed in t6RA Plasma Wind Tunnel
“Scirocco”. The final goal has been the definitioh the facility set-up (nozzle
configuration, test chamber conditions, model smesition and attitude) able to match
test requirements, preliminarily defined by meah€£BD simulations in critical flight
conditions on re-entry vehicles components, follgyvwhat is commonly called the
“extrapolation-from-flight” procedure. The presdest design methodology has been
developed in the frame of the well known “simulatimeans triangle”, which consists
of a combination of computational predictions, gr@dacility simulations and in-flight
experimentation: the design of a re-entry vehisléhe outcome of proper correlations
between experimental and flight (predicted and mmemh results. The procedures
followed in some test design activities on-goingC#RA have been described, related
either to components of the ESA ballistic re-ertapsule EXPERT either to those of
the future CIRA winged re-entry vehicle USV-X.

The application of the proposed test design metloggchas produced PWT conditions
which duplicate almost perfectly on the model t&t requirements when remaining in
the safer and more investigated region of theifg@hvelope, whilst partially degraded
tests have been designed when some test requireroanhot be duplicated on the
models due to facility limitations, i.e. when goitmyvards the limits of “Scirocco” in
terms of maximum arc heater power, occurrence ohdl blockage and subsystems
capabilities.

In addition, by analyzing the reported test desigativities some interesting
considerations about the testing capabilities a@lirtico” for vehicles re-entering from
LEO can be derived.

The components of a ballistic re-entry vehicle barproperly tested in the region of the
facility envelope characterized by moderate totdahalpies and moderate-to-high total
pressures, and by using the shorter conical nomzlesder to obtain as high pressures
(and Reynolds numbers) as possible. In this eneelpart it is also possible to
reproduce some interaction phenomena dominatedidmpus effects such as shock
wave boundary layer interaction and blunt fin iatgion, whereas the achievement of
very high heat fluxes (on inclined surfaces or sweading edges) seems limitby the
present cooling capability of the subsystems rdittnen by the arc heater power.

On the other hand, the components of a winged try-erehicle can be successfully
tested in the region of moderate enthalpies andtitemoderate pressures, by using the
longer conical nozzle when pressure is not a requent (or the requirement is a low
pressure) and stagnation point heat flux must hdichied; in addition, this nozzle
makes also possible the use of larger test artialeese size must be of course defined
depending upon the heat flux levels to be reprodiulrethis envelope region parts of a
winged re-entry vehicle TPS can be tested and fipthuch as noses, bottom fuselage
tiles and wing leading edges. Facility limitatiarepresented by the instability of the
arc heater when operating at low energy, the proldbeing solved by the use of a
proper plenum chamber.

The six designed plasma wind tunnel test campaggasscheduled within the end of
2008, and the certified achievement of the tesgetar will finally assure the
qualification of the re-entry vehicle components.
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