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Abstract. The present lecture is focused on the design methodologies of flight relevant experiments to be 
performed in the CIRA Plasma Wind Tunnel “Scirocco”. The final goal is the definition of the facility 
set-up (nozzle configuration, test chamber conditions, model size, position and attitude) able to match test 
requirements, preliminarily defined by means of CFD simulations in critical flight conditions on re-entry 
vehicles components. The design procedure is developed in the frame of the well known “simulation 
means triangle”, which consists of a combination of computational predictions, ground facility 
simulations and in-flight experimentation: the design of a re-entry vehicle is the outcome of proper 
correlations between experimental and flight (predicted and measured) results. The procedures followed 
in some on-going test design activities are described, related either to components of the ESA ballistic re-
entry capsule EXPERT either to those of the future CIRA winged re-entry vehicle USV-X. 

1. INTRODUCTION 

One of the most challenging problems of modern aerospace engineering is the 
prediction of high speed flows characterised by very complex physical phenomena. 
Difficulties are due to: the high energy content of these flows, that makes extremely 
difficult the design of ground-based experiments; the complexity of the physical 
phenomena that have to be predicted by CFD simulations; the lacking of flight data. 
On the other hand ground facility simulation, numerical methods and in-flight 
simulations are the suitable simulations means that have to be combined and mutually 
validated, both to improve understanding of high-speed high-energy flows for research 
activities and to make possible the design of a hypersonic vehicle.  
The necessity of this tools combination is well represented by the so called “simulation 
means triangle”[1] that is schematically reported in Figure 1. 
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Figure 1. Simulation means triangle 

The dotted line, that links ground and in flight testing, highlights the impossibility of 
contemporary reproducing in a wind tunnel all the flight parameters: Mach number, 
Reynolds number, chemical state of the gas, energy distribution, model dimension. For 
hypersonic flight one of the most important features to model is the heat flux transferred 
to the surface but, since ground facilities are far from reproducing the real operating 
conditions of a hypersonic re-entry vehicle, as said above, Computational Fluid 
Dynamics (CFD) has to be used to understand test conditions necessary to reproduce on 
a representative model the same values of heat flux and pressure loads that vehicles 
experience during the re-entry trajectory, being the aim to test Thermal Protection 
System, TPS, materials of such vehicles.  
The design of ground-based experiments based on theoretical-numerical analysis of 
simulated (critical) flight conditions is called extrapolation from flight. 
In the last years, an extrapolation from flight methodology has been developed at CIRA 
in order to perform flight relevant test campaigns in the Plasma Wind Tunnel 
“Scirocco”, and it will be described more in detail in section 3. Then, different 
applications of the methodology will be described, related either to components of the 
ESA ballistic re-entry capsule EXPERT[2],[3] either to those of the future CIRA winged 
re-entry experimental vehicle USV-X[4], in this way exploring (and exploiting) the 
possibilities to simulate in the “Scirocco” facility two different aerothermal re-entry 
environments. The results of simulated facility regulations (in terms of nozzle flow, 
flow around the calibration probe and flow past the model) will be shown for all the  on-
going design activities, together with the verification of test requirements in terms of 
model surface properties (heat flux and/or temperature, pressure, etc.) or total heat load. 
The certified achievement of these targets on the representative models in a relevant 
plasma environment, with the duplication of critical flight mechanical and thermal 
loads, will assure the qualification of the considered re-entry vehicle components.   
In addition, for the majority of the tests designed with present methodology, a flight 
experiment is foreseen, thus making possible the extrapolation to flight and, therefore, 
the triangle’s accomplishment.  

2. SIMULATION MEANS 
 

2.1 Plasma Wind Tunnel “Scirocco” 

The CIRA Plasma Wind Tunnel (PWT) “Scirocco”[5] is devoted to aerothermodynamic 
tests on components of aerospace vehicles; its primary mission is to simulate (in full 
scale) the thermo-fluid-dynamic conditions suffered by the Thermal Protection System 
(TPS) of space vehicles re-entering the Earth atmosphere. “Scirocco” is a very large size 
facility, whose hypersonic jet impacts the test article having a diameter size up to 2 m 
and reaches Mach number values up to 11. The jet is then collected by a long diffuser 
(50 m) and cooled by an heat exchanger. Seventy MW electrical power is used to heat 
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the compressed air that expands along a convergent-divergent conical nozzle. Four 
different nozzle exit diameters are available: 0.9, 1.15, 1.35 and 1.95 m, respectively 
named C, D, E and F.  The overall performance of  “Scirocco” in terms of reservoir 
conditions is the following: total pressure (P0) varies from 1 to 17 bar and total enthalpy 
(H0) varies from 2.5 to 45 MJ/kg. Lower enthalpy values are obtained by using  a 
plenum chamber between the arc heater column exit and the nozzle inlet convergent 
part, which allows transverse injection of high pressure ambient air to reduce the flow 
total enthalpy. 
The energetic heart of the facility is the segmented constricted arc heater, a column with 
a maximum length of 5.5 m and a bore diameter of 0.11 m. At the extremities of this 
column there are the cathode and the anode between which the electrical arc is 
generated. A power supply feeds the electrical DC power to the electrodes for the 
discharge. A compressed air supply distributes dry compressed air to the various 
segments of the arc heater column, being able to supply a mass flow rate ranging from 
0.1 to 3.5 kg/s, heated up to 10000 K. The last important subsystem of “Scirocco” is the 
vacuum system which generates the vacuum conditions in test chamber required by 
each test. The system consists of ejectors that make use of high pressure water steam as 
motor fluid (30 bar and 250 °C). 
Facility theoretical performance map in terms of reservoir conditions produced by the 
arc heater is shown in Figure 2. 

 

Figure 2. Arc heater theoretical performance map 

The achievement of the desired operating conditions in test chamber is assured by the 
presence, before the insertion of the model, of a 100mm-diameter hemi-spherical 
calibration probe made of copper, actively cooled, that measures radial profiles of 
stagnation pressure (Ps) and stagnation heat flux (Qs) at a section 0.375 m downstream 
of the conical nozzle exit section, by means of high precision pressure transducers and 
Gardon-Gage heat flux sensors, respectively. Facility regulations (mass flow, current) 
are tuned in order to measure on the calibration probe the prescribed set point in terms 
of the couple (Ps, Qs) which corresponds to a couple (P0, H0). 

2.2 Computational Fluid Dynamics 

CIRA code H3NS[6] has been used to perform two-dimensional and three-dimensional 
computations. It is a structured multiblock finite volume solver that allows for the 
treatment of a wide range of compressible fluid dynamic problems. The fluid is treated 
as a mixture of perfect gases in the case of thermo-chemical non equilibrium flow. The 
chemical model for air is due to Park and is characterized by 17 reactions between the 
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five species (O, N, NO, O2, N2), neglecting the presence of inert gas in the air (e.g. Ar). 
The energy exchange between vibrational and translational modes is modelled with the 
classical Landau-Teller non-equilibrium equation, with average relaxation times taken 
from the Millikan-White theory modified by Park. For what concerns transport 
coefficients, the viscosity of the single species is evaluated by a fit of collision integrals 
calculated by Yun and Mason, the thermal conductivity is calculated by means of the 
Eucken’s law; the viscosity and thermal conductivity of the gas mixture are then 
calculated by using the semi-empirical Wilke formulas. The diffusion of the multi-
component gas is computed through a sum rule of the binary diffusivities of each couple 
of species (from the tabulated collision integrals of Yun and Mason). 
With respect to the numerical formulation, conservation equations, in integral form, are 
discretised by means of a finite volume cell centred technique. Eulerian fluxes are 
computed with a Flux Difference Splitting method, and second order formulation is 
obtained by using a ENO-like reconstruction of interface values. Viscous fluxes are 
computed with a classical centred scheme. Time integration is performed by employing 
an explicit multistage Runge-Kutta algorithm coupled with an implicit evaluation of the 
chemical and vibrational source terms. 
 

   
 

    

Figure 3. Examples of block decompositions (left) and computational grids (right) 

The computational two and three-dimensional grids for the numerical flow simulations 
reported in this article have been generated by means of the commercial software 
package ANSYS ICEMCFD®. Grids, composed by quadrilateral elements, have been 
generally generated for the symmetry plane (axi-symmetric configurations) or for half 
model (three-dimensional configurations) by using a multiblock approach, and have 
been stretched normally to wall surfaces in order to properly predict the different 
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boundary layers developing around the geometric configuration and the localised peak 
values of thermo-mechanical loads; moreover, grid points have been clustered in 
presence of corners, edges and rounded details. The grid topologies have been created in 
such a way to accurately define all the geometric details of the configurations, i.e. using 
the necessary number of O-grids. In addition, grid adaptation to bow shock wave 
surfaces has been performed.  
Two examples of block decomposition and related grid are reported in Figure 3, 
respectively for the blunted forebody/full-scale flap test article and the winglet test 
article. 

3. PWT TEST DESIGN METHODOLOGY 

The design of a test in a Plasma Wind Tunnel is complicated by the circumstance that 
many differences exist between flight and test chamber conditions (model size, 
dissociated flow conditions in test chamber, density level, etc.). All these aspects play 
an important role on the real gas non-equilibrium phenomena and make difficult the 
duplication of real flight conditions in wind tunnel. The main problem is to find the 
correct similitude parameters: to this effect, it is firstly needed to define the goal of the 
simulation, i.e. the phenomenon we are interested in reproducing; this is often a flight 
condition to be simulated on the test article in wind tunnel, but it can be a particular 
customer’s request as well[7].  
As a first step, a test feasibility verifies the compatibility both of test requirements with 
the PWT theoretical envelope and of test article dimensions with test chamber 
capability, in order to avoid blockage phenomenon. Then, a first operating condition is 
defined by means of both engineering tools, to derive the stagnation point heat flux and 
pressure from requirements on the test article, and the curve-fit calibration law for fast 
PWT Test Setting[8]. This latter links the driving parameters of the facility (current and 
air mass flow) and the PWT performances in terms of reservoir pressure (P0) and 
reservoir enthalpy (H0), and consequently to stagnation pressure (PS) and stagnation heat 
flux (QS) on the PWT calibration probe. Starting from the preliminary condition, the 
final PWT settings able to match the test requirements are defined by means of an 
iterative procedure, which involves both CFD computations and evaluations with 
simplified engineering correlations.  
This test design iterative procedure is schematically described in Figure 4. 
Free stream conditions to be used for the simulation of the flow around the model in test 
chamber are obtained from the numerical computation of the nozzle flow. If the CFD 
simulation of the flow past the model shows that test requirements over the model are 
not still achieved, a new reservoir condition (P0, H0) is deduced by using simplified 
engineering correlations and the procedure restarts from the CFD simulation of the 
nozzle flow. As an alternative, test requirement fulfillment could be reached with the 
same reservoir conditions, properly modifying the model position inside the test 
chamber and/or the model attitude. In this last hypothesis only model computation has 
to be iterated. 
Once the final PWT operating condition has been defined, simulation of the flow past 
the PWT calibration probe provides pressure (PS) and heat flux (QS) at the probe 
stagnation point. These values, measured during the test, ensure the achievement of the 
desired operating condition in terms of (P0, H0) in test chamber. 
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Figure 4. Test design iterative procedure 

Engineering correlations used in the procedure of Figure 4 are generally derived from 
normal shock wave properties, and from the Fay-Riddell semi-empirical correlations for 
stagnation heat flux[9], i.e. 
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where the subscript T distinguishes the “Target” values (i.e. the test requirements) from 
the current ones and indicates the new PWT test condition in terms of total enthalpy and 
total pressure. Qst,T and Pst,T constitute the heat flux and pressure at the calibration probe 
stagnation point needed to ensure the test requirements. 
The above explained test design methodology was successfully applied in recent past 
for Inflatable Reentry Technology (IRT) capsule PWT testing activities[10], a program 
funded by ESA and leaded by the Italian company AEROSEKUR. 

4. TEST DESIGN ACTIVITIES RELATED TO EXPERT 

The first group of design activities is related to the plasma tests of components of the 
ballistic re-entry capsule EXPERT. The European Space Agency (ESA) EXPERT in-
flight test program[2],[3] focuses on a generic capsule-like configuration designed to 
investigate the most interesting aerothermodynamic phenomena of a typical re-entry 
vehicle performing a sub-orbital ballistic hypersonic flight. The main objective of the 
project is to collect in-flight data on critical aerothermodynamic phenomena by means 
of dedicated classical and advanced flight test measurement assemblies, i.e. the 
scientific payloads[2],[3], and this in order to improve the knowledge about the 
differences between ground experiments and real flight conditions. The capsule will be 
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launched by the VOLNA launcher then performing a ballistic flight and, at the end, it 
will safely land in Kamchatka peninsula to be recovered. 
Gas-surface interactions, induced and natural laminar-to-turbulence transition, real gas 
effects on shock wave boundary layer interaction, shock layer chemistry, base flow, etc. 
will be separately analyzed through specific experiments designed in the frame of a 
dedicated Technical Research Program parallel to the capsule system development. The 
in-flight data will then be used to validate state-of-the-art numerical tools for 
aerothermodynamic applications and ground-to-flight extrapolation procedures[2],[3]. 
The EXPERT capsule (see Figure 5) is a body of revolution with an ellipse-clothoid-
cone two-dimensional longitudinal profile cut by four planes and equipped with four 
fixed open flaps. The elliptical nose has a radius of 600 mm at the stagnation point and 
an eccentricity of 2.5. The fixed flaps have a deflection of 20 deg, a width of 400 mm 
and an x-axis projected length of 300 mm. 
 

 

Figure 5. EXPERT capsule 

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

·  tests on a blunted forebody/full-scale flap model, the goal being to reproduce the 
shock-wave boundary layer interaction at the flap hinge line, with the induced 
separation, and the associated mechanical and thermal loads on the C/SiC flap; 

·  test on the full-scale deflected C/SiC flap (including the underneath PM1000 
cavity), the goal being to subject the flap qualification model to the maximum 
heat flux compatible with the facility performance, to qualify the flight sensing 
equipment and to observe the physical phenomena which happen inside the flap 
cavity with an IR camera; 

·  test on a winglet Ultra High Temperature Ceramic (UHTC) qualification model, 
the goal being to reproduce the total thermal load and, if it is realizable, the 
maximum temperature which the winglet is subjected to during the re-entry 
trajectory. 

 

4.1 Blunted forebody/full-scale flap model 

A number of PWT experiments, representative of the EXPERT capsule flight conditions 
with respect to the shock wave boundary layer interaction phenomenon occurring 
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around the 20 deg flap, has been designed. Facility driving conditions, model attitude 
and configuration have been defined by means of a massive CFD activity[11][12]. These 
experiments have been designed with the goal to duplicate the characteristic parameters 
of the interaction (viscous interaction parameter, rarefaction parameter, reference 
pressure and heat flux), and to reproduce on a full-scale flap model both pressure and 
heat flux levels estimated in critical re-entry flight conditions. The final goal has been to 
develop an “extrapolation-to-flight” methodology for such flows since the full 
duplication of flow characteristic numbers (Mach, Reynolds, Damkhöler) and state of 
the gas is not feasible in ground facilities. 
The model configuration (shown in Figure 6) reproduces the full-scale EXPERT 20 deg 
flap, mounted on a holder composed by a flat plate with a blunt leading edge (made of 
copper and actively cooled) and lateral rounded edges; the model is being built by using 
the same material of the EXPERT capsule to manufacture the flap, i.e. C-SiC, whereas 
Inconel 718 is being used for the flat plate, and the insulator PROMASIL 1100 for the 
lateral edges.  
It has to be remarked that the model configuration, in terms of nose radius of curvature, 
flat plate length, flap dimension and deflection angle, has been defined in the frame of 
the extrapolation-from-flight procedure itself, being the model designed to reproduce on 
the flap the flight conditions (pressure and heat flux) expected along the EXPERT 
trajectory[11].  
 

 
 

Figure 6. Blunted forebody/full-scale flap model 
 
Representative experiments in PWT have been defined[11][12] by considering the most 
interesting points of the EXPERT reference trajectory[2][3]: point P1 (M� =13.99, h=37 
km), characterized by the highest stagnation point heat flux, and point P2 (M� =18, h=50 
km), characterized by high heat flux and a relatively low pressure, potentially critical 
for passive/active oxidation transition of the nose built with C-SiC. In particular, for 
point P1 the operating conditions of the facility have been determined in order to 
duplicate the peak values of pressure and heat flux over the flap (Pflap, Qflap, estimated in 
flight conditions), whereas for the point P2 the reference values ahead of the flap of 
pressure and heat flux (Pref, Qref) have been considered as targets of the experiment. The 
requirements, derived from three-dimensional computations performed in flight 
conditions at the selected points along the trajectory[2][3], are summarized in the 
following Table 1: 
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condition Property Flight Estimation 

Pflap (Pa) 18573.7 
Target P1 

Qflap (kW/m2) 250.0 
Pref (Pa) 511.9 

Target P2 
Qref (kW/m2) 80.8 

 

Table 1. PWT test requirements 
 
For the estimation of the facility operating conditions able to duplicate on the model the 
in-flight predicted values of reference or peak pressure and heat flux, it is possible to 
consider analytical relationships between the variables of our interest and the facility 
reservoir conditions, evaluated through the results obtained over the model (a lot of 
two-dimensional flow simulations) in different operating conditions[11][12]. 
In Figure 7-left it is reported the variation of Pref as function of the reservoir pressure P0 
whereas in Figure 7-right the variation of Qref as function of the parameter P0

1/2
 H0 is 

depicted. The best approximation (i.e. the best fit) for the two variables (obtained by a 
least square method) is given by Eq. (3) and Eq. (4), respectively. 
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Figure 7. Pref variation as function of P0 (left) and Qref variation in function of P0
1/2 H0 (right) 

 
24.3881.5144.4 00 -+= PHPref  (3) 

 

5.244354.791 00 += HPQref  (4) 

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

476.903385.32711.891.175 0000 --+= HPHPPflap  (5) 

 

342629.4529 00 -= HPQ flap  (6) 

 
In order to determine the facility operating conditions that guarantee the achievement of 
a certain value of the couple (Pref, Qref) or (Pflap, Qflap), it is necessary to solve, 
respectively, the system of Eqs. 3-4 or Eqs. 5-6 in terms of P0 and H0.  
 
Concerning point P1 (M� =13.99, h=37 km) the selected PWT condition is H0=15 
MJ/Kg and P0=10 bar, and the model is set with a 12 deg angle of attack (the flap is in 
the windside part), as graphically shown in Figure 8-left. Due to facility limitations, it is 
not possible to duplicate the peak value of pressure over the flap, therefore the operating 
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condition has been determined to duplicate only the peak value of heat flux with a 
degradation of the objectives of the test. 
Regarding the duplication of the reference pressure and heat flux estimated at the 
trajectory point P2 (M� =18, h=50 km), the following PWT test condition has been 
determined: H0=11 MJ/kg, P0=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 P2-PWT (right) 
 
Table 2 summarizes the PWT operating conditions theoretically derived, together with 
the results at the calibration probe stagnation point[12][13].  
 

Nozzle D P1-PWT 
P0=10 bar, H0=15 MJ/kg 

aaaa=12 deg 

P2-PWT 
P0=10 bar, H0=11 MJ/kg 

aaaa=5 deg 
Ps 6690 Pa 6480 Pa 

Qs 2450 kW/m2 1640 kW/m2 
 

Table 2. PWT operating conditions 
 
Once having determined the PWT operating conditions for the duplication of the 
interesting parameters over the model, some three-dimensional thermo-chemical non 
equilibrium flow simulations have been carried out in order to verify, at least from a 
numerical point of view, the achievement of the requirements on the model[13].  
In the following some predicted flow features are presented only for point P1-PWT. 
Flow field pressure contours are shown in Figure 9-left: in front of the flap the pressure 
increases due to the presence of the separation shock induced by the boundary layer 
separation, while the pressure over the flap seems almost constant behind the 
reattachment shock. Moreover, the flow field seems largely two-dimensional on the 
cylindrical leading edge, the flat plate and the region around the hinge line (where a 
flow recirculation occurs), whilst evident spanwise effects are present on the flap 
surface with a flow expansion at the flap lateral edge. Figure 9-right shows temperature 
contours on the model with skin friction lines. Leading edge temperature is imposed to 
373 K (it is water cooled), whereas on the rest of the model the radiative equilibrium is 
assumed. Temperature reaches values of about 1500 K on the symmetry plane of flap 
with an increase at the lateral edge due to the thinning of the boundary layer caused by 
spanwise effects. On the lateral part of the flap an increase of temperature is predicted 
due to the separation vortex in front of the flap turning around the flap itself. A typical 
corner flow structure is predicted with a inner vortex and a outer main vortex, this latter 
separating just below the flap lateral edge and attaching on the rounded lateral 
protection of the model, causing a local temperature peak of about 1500 K. 
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Figure 9. Pressure contours (left) and temperature contours with skin-friction pattern (right) 
 
Wall pressure longitudinal distributions are shown in Figure 10-left along three different 
Z=const planes for the non catalytic and fully catalytic flap assumptions, and describe a 
typical shock wave boundary layer interaction phenomenon in laminar regime. Three-
dimensional effects are present along the entire geometry of the model (and are stronger 
on the flap, for Z>0.1 m, due to the greater transversal pressure gradient) with the 
exception of the cylindrical leading edge, thus indicating that the model is not 
sufficiently wide to inhibit the influence of finite span effects on the shock wave 
boundary layer interaction phenomenon. In Figure 10-right heat flux distributions over 
the model for fully catalytic and non catalytic flap conditions are shown, respectively. 
As expected, a strong catalytic effect is observed over the flap (at all longitudinal 
sections), with a significant reduction of both heat flux and temperature in non catalytic 
conditions. The three-dimensional effects result in an increase of the thermal loads in 
the lateral part of the model (section Z=0.195 m), and are clearly independent of the 
catalytic flap condition, being induced exclusively by the pressure gradient which 
establishes at the flap lateral edge and causes a flow expansion and a boundary layer 
thinning. Inside the separation bubble the classical cuspid-like distribution is predicted, 
with heat flux and temperature that decrease due to the increasing of the boundary layer 
thickness, and the reduction of the gradients at wall, whereas a local peak of thermal 
loads at the reattachment point is predicted (where boundary layer thickness is 
minimum). 
 

   
 

Figure 10. P1-PWT: pressure (left) and heat flux (right) longitudinal distributions 
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The summary of the results obtained over the model for the selected PWT operating 
conditions is reported in Table 3, and compared to the test requirements extracted from 
the EXPERT flight conditions[13]: 
 

condition Property EXPERT Flight 3D Results 
Pflap (Pa) 18573.7 1776.00 Target P1 

Qflap (kW/m2) 250.0 250.16 
Pref (Pa) 511.9 476.90 Target P2 

Qref (kW/m2) 80.8 68.15 
 

Table 3. Comparison of PWT results and test requirements 
 
From the analysis of Table 3, it can be concluded that for P1 targets the P1-PWT 
condition will provide a Pflap that remains one order of magnitude lower than the value 
predicted in flight, as also accepted in the test design phase, due to the limitation in 
pressure of the PWT facility (see Figure 11-left); on the other hand, Qflap will be 
perfectly duplicated with the P1-PWT condition (see Figure 11-right). P2 targets will be 
reasonable achieved in the P2-PWT condition, which will provide a 10% lower Pref (see 
Figure 12-left) and a 15% lower Qref (see Figure 12-right), both with respect to the 
predicted in-flight value.  
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Figure 11. P1-PWT: comparison between PWT and flight conditions 
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Figure 12. P2-PWT: comparison between PWT and flight conditions 
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From all the analyses of the available results, it can be concluded that the developed 
extrapolation-from-flight methodology has allowed, at least from a numerical point of 
view, the achievements of the requirements over the designed model. More in detail it 
has been found that[13]: 

·  the (maximum possible) model width is not sufficient to avoid finite span effects 
on the shock wave boundary layer interaction around the flap and over the entire 
model; typical distributions of such interaction phenomena are fully reproduced; 

·  the PWT facility envelope does not allow to duplicate high pressures over the 
flap such as that of point P1 (lower altitude condition); 

·  the maximum heat flux predicted in flight over the flap at point P1 (maximum 
stagnation point heat flux) is perfectly duplicated in the PWT facility; 

·  the reference values of both pressure and heat flux at point P2 (higher altitude 
condition) can be well duplicated over the model in the determined operating 
conditions. 

 

4.2 Full-scale flap and cavity 

The main objective of this test is to experimentally investigate the thermo-mechanical 
behaviour of the EXPERT capsule full-scale flap in the “Scirocco” Plasma Wind 
Tunnel, realizing one test model configuration with the same cavity of the actual flap, 
built using the same materials (C-SiC for the flap and PM1000 for the cavity) and 
equipped with a reduced set of the in-flight flap instrumentation and with the full IR 
thermo-camera assembly and interfaces of the in-flight cavity, so to include in the test 
the plasma qualification of the EXPERT flap-cavity sensing equipment. 
From three-dimensional computations[14] it comes out that, in the point of maximum 
heat flux (i.e. M� =13.99) of the EXPERT 5 km/s trajectory, the flap is subjected to a 
very high heat flux: the peak value varies from 800 kW/m2, in the hypothesis of fully 
turbulent flow, to 1300 kW/m2 in the more critical situation of laminar-to-turbulent 
transition at flow reattachment on the flap. Such high values, as it has been verified by 
means of CFD simulations, are not reproducible in PWT, so the goal of this test is to 
reproduce the maximum heat flux compatible with both the geometry of the EXPERT 
actual flap and the “Scirocco” facility performance. In this way the flap will be just 
partially qualified. The focal point of the test will be the study of the physical 
phenomena which occur inside the flap cavity, detected by the IR thermo-camera; in 
particular, to have information about the vortex reattachment heating inside the cavity 
and the radiative heat exchange between the surface of the cavity and the back face of 
the flap. Views of the actual EXPERT open flap and of the test article (flap and cavity) 
for the PWT test campaign are reported in the following Figure 13. 

 

Figure 13. EXPERT actual flap (left) and flap test article (right) 
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At the beginning of the activity, when the model geometry was still not frozen, the 
present test design methodology was applied for two possible configurations: a) holder 
nose curvature radius 3.75 cm, flap deflection 55 deg; b) holder nose curvature radius 
3.50 cm, flap deflection 45 deg. Predicted temperature contours on test article symmetry 
plane, where two-dimensional computations have been performed, are shown in Figure 
14.  

 

Figure 14. Temperature contours: case a), left; case b), right 

Total enthalpy and total pressure values reported in figure are relative to the final PWT 
operating conditions deduced by adapting the general test design methodology to the 
current case, and by using the following reasoning. 
Initially, a requirement of 1300 kW/m2 at the nose/flap interface (NFI) has been 
supposed (QNFI,T=1300 kW/m2), to which corresponds, in the hypothesis of radiative 
equilibrium, a requirement in terms of surface temperature: TNFI,T=(QNFI,T/� e )1/4. 
Heat flux at the nose/flap interface can be expressed by means of Fay-Riddell concepts 
for stagnation point heat flux and Beckwith-Gallagher correlation for the heat flux 
distribution around a circular cylinder of radius R[9], i.e. 
 

.
3/ 2
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where � NFI is 35 deg in case a) and 45 deg in case b). From Eq. (7) heat flux and 
temperature required at the stagnation point can be deduced: 
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and then QS,T and TS,T as well. 
Then, once having defined and simulated the preliminary test condition, the new test 
condition in terms of H0,T able to realize QNFI,T, supposing the same value of P0  (PS), is: 

.
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where QNFI and TS have been provided by CFD simulation of flow past the flap model. 
The comparison of predicted in-flight heat flux distributions[14] with that obtained in 
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PWT conditions (see Figure 15) shows the impossibility of reproducing the mean heat 
flux value on the flap, as it was expected. Lower heat flux values achieved with 55 deg 
flap deflection are due to the greater entropy layer that develops in this case, as it is 
clear from the shock wave curved shape in Figure 14-left. In fact, entropy layer 
development causes a deterioration of model surface properties; for example, predicted 
wall pressure (not shown) is no more constant along the flap surface.  
 

 
 

Figure 15. PWT and in-flight heat flux distribution comparisons: case a), left; case b), right 
 
Two PWT conditions have been derived, with the flap test model inclined by 45 deg 
and nose radius of curvature of 3.5 cm, which differ in total enthalpy only. They are 
reported in Table 4 together with the results predicted at the calibration probe stagnation 
point and the heat flux predicted at the nose/flap interface, at middle flap (QMF) and at 
the flap trailing edge (QFTE).  
 

Nozzle D P0=6.4 bar, H0=20.90 MJ/kg P0=6.4 bar, H0=17.91 MJ/kg 

Ps 4540 Pa 4452 Pa 

Qs 3030 kW/m2 2490 kW/m2 

QNFI 1207 kW/m2 980 kW/m2 

QMF 457 kW/m2 369 kW/m2 

QFTE 486 kW/m2 393 kW/m2 
 

Table 4. Final PWT test conditions (Ps, Qs) and CFD results (QNFI, QMF, QFTE) 
 
The fully turbulent requirement (800 kW/m2) could be reasonably matched over the flap 
in average (over-estimation at nose/flap interface, under-estimation at middle flap, and 
over-estimation at flap trailing edge, see Figure 15-right), of course being closer the 
result obtained with the higher total enthalpy H0. Regarding the turbulent reattachment 
requirement (1300 kW/m2), it seems possible to accomplish the requirement only at 
nose/flap interface, and only with the higher total enthalpy.   
 

4.3 Winglet 

This test is dedicated to the EXPERT scientific Payload#15, developed by CIRA, 
consisting of two massive UHTC ZrB2 winglets placed on the capsule surface in 
diametrically opposite positions (see Figure 16). Test aim is to reproduce, on a winglet 
qualification model, the total thermal load and, if it is realizable, the maximum 
temperature which the winglet is subjected to during the 5 km/s EXPERT re-entry 
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trajectory, in a relevant plasma environment. During the test, the winglet qualification 
model will be mounted on a properly designed model holder (see Figure 16) and will be 
instrumented with four pressure taps and two thermocouples. 
This test design procedure[15] differs from the formers for two fundamental reasons: 
-  due to the high temperatures predicted in flight conditions and to the circumstance 

that test aim is mainly the total thermal load reproduction, PWT operating condition is 
defined as the one which corresponds to the maximum heat flux measurable on the 
PWT calibration probe stagnation point (i.e. 3000 kW/m2); 

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

 

 
 

 
 

Figure 16. Winglet mounted on the EXPERT capsule (top) and on the model holder (bottom) 
 
Hence, once having defined a preliminary PWT condition and a possible model holder 
configuration, looking at the left branch of the flow chart in Figure 4, computations on 
the test model have been substituted by axi-symmetric simulations realized on the PWT 
calibration probe, and the adopted correlations have been Eq. (1) and Eq. (2). Then, 
with the deduced PWT condition, two-dimensional simulations have been performed on 
the model holder without the winglet. 
Distributions of significant flow variables extracted at various holder streamwise 
sections (i.e. different possible winglet positions) have been compared to analogue 
features obtained in flight conditions. These latter ones have been drawn by performing 
two dimensional simulations on the EXPERT capsule symmetry plane and then 
extracting the section in correspondence of the winglet (relative) position. 
Holder sections (X=const) have been extracted both on the flat (� =0 deg) and on the 
deflected (� =20 deg) surface. The comparison between PWT conditions (with different 
winglet positions) and in-flight condition is shown in Figure 17, in terms of Mach 
number, static pressure and temperature flow profiles, finding out that Mach number 
around the winglet can be well reproduced while pressure obtained in PWT is from 3 
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until 10 times lower, as it was expected. The best winglet position is the one on the 20 
deg deflected plate at X=0.1 m from the holder leading edge (the cyan line in Figure 
17), since it allows the highest pressure (and temperature) values obtainable avoiding 
the impingement of the bow shock wave on the winglet.   
In order to evaluate temperature requirement fulfilment and run duration needed to 
reproduce on the winglet the in-flight thermal load (by using the “energy equivalence” 
principle), conditions at the selected holder section have been used as free stream 
conditions for a two-dimensional computation on the winglet top profile (on the 
horizontal plane). 
 

 

Figure 17. PWT and in-flight Mach number (top left), pressure (top right) and temperature (bottom left) 
distributions; effect of different holder X=const sections 

 

The same has been made for the winglet in flight conditions, in order to allow a 
meaningful comparison. Predicted results on the winglet top profile, in the hypothesis of 
fully catalytic (FC) and radiative equilibrium wall, are shown in Figure 18. 

 

Figure 18. Temperature (left) and heat flux (right) distributions on the winglet top profile in flight and in 
PWT conditions 
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Temperature and heat flux values at the stagnation point have then been corrected to 
take into account that the winglet leading edge is not perpendicular to the flow direction 
because of the winglet sweep angle[16], i.e. 

( ) ( )o0 cosstag stagQ QL = L = L� �  ( 10 ) 

where L  is the winglet sweep angle (L=p/2-54.46 deg) and Qstag(L=0°) is the stagnation 
point heat flux value taken from the winglet top slice two-dimensional simulation. 
Results are summarized in Table 5, where an indication of the test requirement 
reproducibility has been given as the ratio of PWT heat flux to in-flight heat flux. Note 
that reproducibility is enhanced from 0.83, obtained with cold wall assumption, to 0.97 
by considering a more realistic surface temperature at radiative equilibrium. 

 
Table 5. CFD results and reproducibility 

 

As a verification of the goodness of the adopted test design methodology, as a starting 
point for the future test rebuilding, and for having information about overloads induced 
by the blunt/fin interaction due to the presence of the winglet, three-dimensional CFD 
simulations on the complete configuration (holder and winglet), in PWT conditions, 
have been performed[15]. The computational grid is the one shown in Figure 3, while 
some results are reported in Figure 19. The effects of grid resolution, surface catalysis 
and winglet base flow have been also assessed[15]. 

 

  
 

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

 
It must be positively evidenced that three-dimensional CFD simulation on the complete 
model configuration yields a peak heating on the winglet of 4.66 MW/m2 with fully 
catalytic (FC) wall and radiative equilibrium, see Table 6, to be compared to the value 
of 5.34 MW/m2 provided by the test design procedure. Note that also a more accurate 
emissivity coefficient for the winglet (� =0.66, at typical operating temperatures) has 
been used in the full three-dimensional calculations with respect to the one (� =0.80) 
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preliminarily used in the simplified analysis. Results obtained on two grid levels[15] are 
also reported in Table 6, further demonstrating the grid-independence of numerical 
predictions. 
 

Simulation Qwle (MW/m 2) Twle (K) 
radiative equilibrium FC FRC FC FRC 

2D simplified analysis (flight) 5.481 3.270 3315.94 2921.06 
2D simplified analysis (PWT) 5.340 2.902 3316.10 2852.23 
3D analysis (PWT), grid b coarse 4.665 3.084 3289.46 2957.00 
3D analysis (PWT), grid b fine 4.669  3342.09  

 

Table 6. Predicted maximum heat flux (Qwle) and temperature (Twle) at winglet leading edge 
 
The effect of assuming a more realistic catalytic (FRC) behaviour of the UHTC ZrB2 

material[17] is clearly evidenced in Figure 19-right and in Table 6: a reduction of about 
330 K for the winglet leading edge peak temperature, and 1.6 MW/m2 for the winglet 
peak heat flux is predicted with respect to the FC assumption.  
The analysis[15] of holder longitudinal sections in the winglet surrounding area has 
permitted to identify a region (the triangle-shaped primary separated area, see Figure 
19-left) clearly affected by the blunt/fin interaction: over-pressure factor equal to 1.2 
and over-heating factor of 1.5 (FRC) or 1.37 (FC) have been calculated in the holder 
sections closer to the winglet, and the effect of considering a FRC for the winglet 
induces higher thermal loads on the holder. In addition, no significant effect of winglet 
wake (simulating the winglet base flow, grid of Figure 3) has been predicted on the 
winglet thermo-mechanical loads[15]. 
The theoretically derived PWT condition is reported in Table 7, together with the results 
predicted at the calibration probe stagnation point.  

 

Nozzle C, P0=12.1 bar, H0=13.9 MJ/kg 

Ps 12000 Pa 

Qs 3000 kW/m2 
 

Table 7. Final PWT test condition (Ps, Qs) 
 
Finally, run duration (tPWT) has been evaluated by means of the “energy equivalence” 
principle[15]: first, the total energy (E) accumulated by the winglet along the flight 
trajectory (from time ti to time tf) has been calculated, and then divided by the heat flux 
predicted on the winglet in PWT conditions, thus obtaining: 

( )   
tf

flight
Winglet PWT PWT

Wingletti

E
E q t dt t

q
= � =� �  ( 11 ) 

Obviously, in doing that, the “bell curve” which represents the time history in flight, is 
approximated by a constant heat flux, therefore the winglet, in PWT, will be submitted 
to a thermal shock that will not be experienced in flight. Estimated run duration ranges 
from 37 s to 62 s, respectively if during the plasma test 100% or 60% of the winglet 
peak heating will be reproduced[15]. 

5 TEST DESIGN ACTIVITIES RELATED TO USV-X 

In the frame of the Italian Aerospace Research Program (PRO.R.A.), an experimental 
Unmanned Space Vehicle (USV) is being developed[4]. The vehicle is a winged 
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eXperimental Flying Test Bed (FTB-X) which will be launched with the VEGA rocket 
and re-enter the Earth’s atmosphere, thus allowing to perform a number of experiments 
on critical re-entry technologies. The vehicle will be used to demonstrate 
manoeuvrability in the upper atmosphere, to test advanced thermo-structure concepts 
such as leading edges made of Ultra High Temperature Ceramics (UHTC), and to 
investigate aerothermodynamic flow features during re-entry in order to improve and 
validate CIRA numerical and experimental prediction capabilities and extrapolation to 
flight methodology.  
Different challenging performance, design and technology validation requirements shall 
be fulfilled by the CIRA reentry demonstrator with respect to other reentry vehicles[18]. 
Among system requirements that directly impact on the USV-X vehicle’s aerothermal 
environment definition[19] there are the capability to manage long duration reentries with 
well improved aerodynamics and maneuverability characteristics, and the use of the 
Italian launcher VEGA, a small expendable launch vehicle being developed from ESA 
and ELV. Moreover, the vehicle shall be characterized by a rather high aerodynamic 
efficiency, and therefore will exhibit small nose and wing leading edge radii and will fly 
at moderate angles of attack. For all these reasons, aerodynamic design and analysis of 
the proposed configuration is a great challenge to the aerodynamicists.  
 

 
 

Figure 20. USV FTB-X-392-FW50 Concept 
 
Several concepts have been analysed for the FTB-X vehicle. The last configuration 
proposed at the end of the trade-off design activities[18],[19], namely FTB-X_392_FW50, 
is shown in Figure 20.  
 

 

 
 

Figure 21. FTB-X/VEGA payload accommodation bay compatibility 
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The requirement to be launched by VEGA has a strong impact on vehicle design, see 
Figure 21. In fact at launch, the vehicle will be stored in the VEGA fairing, thus limiting 
the overall dimensions of the vehicle as wing span and fin height as well as the location 
of vehicle centre of gravity. 
 
The second group of test design cases, described in the present section, is related to the 
development of enabling technologies for the design of the Italian Unmanned Space 
Vehicle USV-X. In particular, the procedures applied during the following three on-
going test design activities will be detailed: 
 

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

·  test on a TPS tile (built with both UHTC and C/SiC) that will be mounted on the 
USV-X nose-fuselage junction, and for which one critical point of the re-entry 
trajectory in terms of heat flux and pressure has to be reproduced on a mock-up; 

·  tests of innovative TPS technologies for the USV-X wing leading edge. The test-
article to be tested comprises an active cooled leading edge, an UHTC leading 
edge, a Metal Matrix panel for the wing leeside and a C/C SiC coated panel for 
the windside. The aim of the test design activity is to reproduce in PWT the 
flight requirements for all the four technologies. 

 

5.1 Sharp nose 

The technological project Sharp Hot Structures (SHS)[20] is focused on the assessment 
of the applicability of Ultra High Temperature Ceramics (UHTC, like ZrB2) to the 
fabrication of high performance and slender shaped hot structures for reusable launch 
vehicles. Critical parts of re-entry vehicles such as the nose cap have to be firstly 
qualified on-ground, and then tested and validated in flight conditions. To this aim a 
dedicated PWT test campaign has been designed on a technological demonstrator of the 
USV-X sharp nose (a blunted cone with 1 cm radius of curvature).  
The nose cap thermal protection system has been designed to withstand with the critical 
flight conditions estimated along the trajectory the USV vehicle is supposed to perform 
(namely a sub-orbital re-entry trajectory). An experimental test campaign has been 
developed to validate the proposed concept by exposing the model in a flight relevant 
environment to a heat load similar to the one estimated in flight conditions. 
Starting from the value of heat flux to be realized at the model stagnation point, 
theoretical and numerical activities have been conducted in order to aid the set up of the 
facility driving conditions for on-ground qualification of the demonstrator. Following an 
incremental approach it has been decided to start from a low heat flux requirement that 
has been progressively increased during the development of the project; in particular 
three different values of cold wall stagnation point heat flux have been considered: 610 
kW/m2, 1220 kW/m2 and 2440 kW/m2.  
Following the test design methodology here proposed, for each of these heat flux levels 
the PWT operating conditions in terms of reservoir enthalpy, H0, and pressure, P0, and 
setting conditions in terms of stagnation pressure, Ps, and heat flux, Qs, over the 
hemispherical calibration probe have been determined[21]. However, only the results 
concerning the most critical condition (2440 kW/m2) are presented because the 
determined condition was used to perform the first experimental test. The following 
condition has been determined: H0=14.2 MJ/kg, P0=5.1 bar. Heat flux distribution over 
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the sharp nose model for this condition is reported in Figure 22, compared to the 
distributions obtained by multiplying by a factor 2 the distribution with a stagnation 
point heat flux equal to 1220 kW/m2 and by a factor 4 the distribution with a stagnation 
point heat flux equal to 610 kW/m2; the comparison is rather good along the entire 
geometry, with a maximum difference of about 8%. The simplified scaled estimations 
tend to underestimate the computed heat flux for the determined PWT conditions[21]. 
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Figure 22. Heat flux distribution for PWT condition H0=14.2 MJ/kg, P0=5.1 bar 
 
The flow field around the calibration probe has been then computed in order to estimate 
stagnation point heat flux and pressure, see Table 8, these conditions being considered 
as a target point for the execution of the first SHS experimental test, i.e.  
 

Nozzle F, P0=5.1 bar, H0=14.2 MJ/kg 

Ps 1800 Pa 

Qs 1090 kW/m2 
 

Table 8. Computed first SHS test conditions 
 
whose experimental results are reported in the following Table 9: 
 

 
 

Table 9. Actual first SHS test conditions 
 
The numerical rebuilding has been then performed starting from the measured values of 
stagnation heat flux and pressure rather than the values of reservoir pressure and 
enthalpy[21], the aim being to provide a meaningful heat flux distribution on the model 
during the test as input for the thermo-structural rebuilding analysis, whose results (wall 
temperature distribution) could be compared with the IR thermo-graphic acquisition. 
From a numerical point of view it has been determined the condition (P0, H0) that 
provides the better agreement with the probe measurements and then, with the same 
condition, the heat flux over the model has been recomputed. To match measurements 
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on the probe, both in terms of heat flux and pressure, the following condition has been 
derived: H0=13.7 MJ/kg and P0= 6.7 bar (i.e. the value measured during the test). 
The results in terms of heat flux and pressure over the hemispherical probe obtained 
with these reservoir conditions are reported, respectively, in Figure 23, and compared to 
experimental measurements. In Table 10 it is also reported the comparison between 
experimental and numerical values at the hemispherical probe stagnation point. 
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Figure 23. Calibration probe heat flux (left) and pressure (right) 
 

Nozzle F  
P0=6.7 bar, H0=13.7 MJ/kg 

Exp. CFD � (%) 

Qs [kW/m2] 1130 1144 -1.2 
Ps [Pa] 1850 1810 2.1 

 

Table 10. Comparison between experimental and numerical values at probe stagnation point 
 
In conclusion, it can reasonably be assumed that H0=13.7 MJ/kg and P0=6.7 bar are the 
reservoir conditions realized during the first SHS experimental test[21]. 
 
Once that the most reliable reservoir conditions have been estimated, the simulation 
over the sharp nose model has been performed, whose free stream conditions have been 
extracted from the nozzle flow simulation at a distance of 49 cm from the nozzle exit 
section (i.e. the position of the model stagnation point). A first simulation of the flow 
around the model has been carried out by considering a fully catalytic (FC) wall and a 
fixed wall temperature of 300 K (the conditions used during the design phase), and the 
results are reported in Figure 24-left. 
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Figure 24. Heat flux distribution over the model: Tw=300 K (left) and FC-NC comparison (right) 
 
Another computation has been done considering a non catalytic (NC) wall as reported in 
Figure 24-right. As expected, heat flux computed with the fully catalytic wall 
assumption is about 50% higher than the heat flux computed with the non catalytic wall 
along the entire geometry. At the stagnation point of the sharp nose the computed values 
are respectively equal to 2650 kW/m2 for the fully catalytic wall and 1750 kW/m2 for 
the non catalytic wall. Although the pre-test activity has been carried out considering a 
fully catalytic wall to be conservative for the safety thermo-mechanical analysis, the 
rebuilding phase has been performed also considering the heat flux estimated assuming 
a non catalytic wall, thus including between the two distributions the real catalytic 
behaviour of the UHTC material. 
In Figure 25-left it is reported the heat flux distribution over the model with the 
hypothesis of fully catalytic and radiative equilibrium wall temperature, whereas Figure 
25-right shows the related temperature distribution. This computation has been made by 
considering the two different values of the emissivity for the ZrB2 massive cone and the 
ZrB2 coating, respectively equal to 0.58 and 0.55.  
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Figure 25. Heat flux (left) and temperature (right) distribution over the model 
 
The main output of the CFD calculations has been the definition of the PWT operating 
conditions allowing to obtain a certain value of the heat flux at model stagnation point, 
and the computation of the heat flux distribution over the model to be used as input for 
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the thermo-mechanical analysis carried out before (for safety 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 the study of materials to be used as Thermal 
Protection Systems (TPS) for re-entry vehicles and is linked with a flight passenger 
experiment designed for the future CIRA re-entry vehicle USV-X. The flight 
experiment foresees two TPS tiles (called Bread-Boards, B/Bs), mounted side by side, 
and built with both UHTC and C-SiC, on the USV-X nose-fuselage junction (see Figure 
26), in order to expose the two different materials to the maximum heat flux 
encountered during flight. 
For the “Scirocco” test, two Bread-Boards have been conceived (one in UHTC ZrB2, 
the other in C-SiC), the goal being to reproduce in PWT the same thermal and 
mechanical loads of the flight. Consequently, they have been designed regarding the 
thermal loads on the USV-X 1100_NG re-entry trajectory and referring to the USV-X 
nose geometry[19]. The latter can be well approximated by a sphere-cone geometry with 
a 100 mm radius and axis at an angle of 7.5 deg with respect to the longitudinal body 
axis, as shown in Figure 26 where the TPS tiles position is also indicated. 
   

 
 

Figure 26. USV-X nose geometry and B/B position (dimensions in mm) 
 
The inputs for the test design procedure (see Figure 4) are the flight conditions to be 
reproduced, that in this case correspond to heat flux and pressure values predicted on 
the B/Bs in the trajectory point of maximum heat flux (Mach 19.2; altitude 68.9 km; 
A.o.A.=25.17 deg). CFD computations performed on the three-dimensional geometry 
return as heat flux and pressure mean values on the TPS tiles, respectively, 350 kW/m2 
and 750 Pa. Therefore, these values have to be reproduced on the B/B’s surface in the 
Plasma Wind Tunnel test. 
A sketch of the tile model for the test is shown in Figure 27, in the case of UHTC B/B; 
the same concept has been adopted for the C-SiC one. During the test the B/Bs will be 
mounted on the PWT calibration probe support whose diameter is 100mm; the distance 
from nozzle exit to calibration probe stagnation point is 37.5 cm.  
 

 
 

Figure 27. UHTC B/B concept 

TPS 
tile  
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In Table 11 it is reported the PWT preliminary operating condition, deduced by fit-law 
based engineering tools[8]. 
 

Nozzle configuration 

F 

exit diameter=1.95 m 

length from the throat section=5.370 m 

Total pressure P0 2.2 bar 

Total  enthalpy H0 17.4  MJ/kg 

Stagnation Pressure PS 7.0 mbar 

Stagnation Heat Flux QS 760 kW/m2 
 

 

Table 11. PWT preliminary operating conditions 
 
The stagnation pressure PS and heat flux QS are those predicted on the PWT hemi-
spherical 100-mm diameter calibration probe by properly scaling the model 
requirements.  
Regarding B/B length a parametric analysis has been conducted, considering four 
possible lengths (5 cm, 10 cm, 15 cm, 20 cm), measured starting from the PWT 
calibration probe section (42.5 cm downstream the nozzle exit), once the hemispherical 
copper cap has been removed. 
The formula adopted for the stagnation point heat flux is a particular expression of the 
Fay-Riddell correlation[9], where the constants have been obtained by means of PWT 
experimental results fits: 
 

( )0,100 172.8 270.5S
S T P S

P
Q H c T

R
	 
= × × - -� �

 ( 12 ) 

 
Result in terms of total enthalpy has then been corrected by considering that flat faced 
model heating is equivalent to that realized on a sphere of effective nose radius (Reff) 
equal to 2.9Rb, being Rb=50 mm the base radius of the body[22]. 
The final PWT test condition, produced by the present test design methodology, is then 
defined in Table 12, together with the CFD results both for the calibration probe 
stagnation point and for the test article. 
 

Nozzle F, P0=2.4 bar, H0=14.7 MJ/kg 

Ps 717 Pa 

Qs 834 kW/m2 

PB/B 730 Pa 

QB/B 357 kW/m2 
 

Table 12. Final PWT test condition (Ps, Qs) and CFD results (PB/B, QB/B) 
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Figure 28. Bread-board geometry (left) and Mach number contours and streamlines (right) 
 
Bread-board model geometry is shown in Figure 28-left, where all the characteristic 
dimensions are indicated, while predicted Mach number contours around the B/B model 
are shown in Figure 28-right. Heat flux and pressure radial distributions on the B/B 
obtained with the final PWT condition are reported in Figure 29. The following effects 
have been evaluated: B/B length LB/B (see Figure 28-left) for which the free stream 
condition is different (i.e. the B/B stagnation point is closer to the nozzle exit section), 
curvature model radius, and surface catalysis. 
The B/B length effect can be considered negligible on all B/B surface properties with 
respect to the goal of the experiment. Analysis of curvature radius and catalysis effects 
has been conducted just for one B/B length (15 cm).  
The effect of a curvature radius increase is a slight raise of heat flux on the B/B middle 
part and a decrease of heat flux peak on the shoulder, as expected. Heat flux predicted in 
the non catalytic wall hypothesis is less than one half of the fully catalytic one. 
It can be concluded that present test design methodology has produced a PWT test 
condition that properly fulfils test requirements both in terms of heat flux (+2%) and 
pressure (-2.6%). 
 

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

 
 

Figure 29. Heat flux (left) and pressure (right) distributions on the B/B surface 
 



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

 28

5.3 Wing leading edge 

The main purpose of the Advanced Structural Assembly (ASA) project[23][24], funded by 
the Italian Space Agency, is to qualify, in an high enthalpy ground facility, a certain 
number of new technologies potentially applicable as wing thermal protection system to 
new generation of re-entry vehicles. 
To this aim, an adequate test article, to be tested in the “Scirocco” Plasma Wind Tunnel 
facility, has been designed, by extruding a longitudinal section of the FTB-X vehicle 
wing (see Figure 30-left). Being the test article a technological demonstrator and not a 
qualification model for the FTB-X wing, it was possible to slightly modify the original 
wing section profile in order both to simplify the assembly and to allow the 
compatibility of the test article with the facility[24]. In particular, in order to guarantee 
the possibility of swapping panels from windside to leeside, the wing section was 
flattened both on the top and on the bottom. Figure 30-left reports a comparison 
between the test article profile and the FTB-X wing section.  

 

 
 

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

 
Four different technologies have been defined: two leading edges (an Ultra High 
Temperature Ceramic leading edge and an actively cooled one) and two panels for the 
windside and leeside part of the model (a C-C/SiC panel developed by University of 
Rome and a Metal Matrix panel developed by CSM, respectively). Two test article 
configurations have been identified: the first one, identified as TA-1, is characterized by 
the leading edge in UHTC and passive ceramic lateral fairings (see Figure 31-left); the 
second one, identified as TA-2, has the Actively Cooled Leading Edge and a water 
cooled metallic lateral protection system (see Figure 31-right). The holder, common to 
both test articles, is a metallic structure, partially water cooled, that links the model with 
the PWT support system and hosts parts of the measurements acquisition system and the 
hydraulic circuit piloting device. As already said the test articles have been designed in 
order to have the two flat panels fully interchangeable. 
 

 
 

Figure 31. Test articles: UHTC leading edge (TA-1, left) and active cooled leading edge (TA-2, right) 
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The heat flux requirements for the PWT testing activities have been extracted from the 
aerothermal database built for the FTB-X re-entry trajectory[23], in the conservative 
hypotheses of cold and fully catalytic wall. In Figure 30-right the time envelope of heat 
flux distribution for the analysed wing section is reported, reflecting the variations of 
Mach number, altitude and angle of attack along the trajectory. In particular, the 
selected wing section is subjected in flight to a maximum stagnation point heat flux 
equal to 410 kW/m2, this latter being used as dimensioning load for the design of the 
leading edge TPS technologies (i.e. the Active Cooled and the UHTC leading edges), 
whereas the values of 170 kW/m2 and 90 kW/m2 have been used, respectively, for the 
beginning of the windside and leeside panel of the wing.  
Nevertheless, in order to qualify in a relevant plasma environment the developed 
technologies, it is necessary to reproduce such loads on the test article considering the 
real operating conditions of the materials during the experimental tests (i.e. catalytic 
behaviour and temperature), otherwise the developed technologies would have been 
tested in different (less critical) conditions making meaningless the entire validation 
process. To this effect, suitable temperature and catalysis boundary conditions have 
been imposed for the different part of the model in wind tunnel conditions.  
The definition of the PWT operating conditions has been carried out by means of two 
dimensional computations over the test article (the flow on the symmetry plane of the 
present model is almost “two-dimensional”), then three-dimensional effects for the 
dimensioning of the lateral fairings of the model have been considered[24].  
In this particular case the process of PWT operating condition definition is rather 
complex: more than one requirement has been extracted, in the same flight condition, on 
an object (the FTB-X delta wing) which has substantial geometric differences compared 
to the test article. Namely, the high sweep angle (65deg) increases the effective angle of 
attack of the flow impinging over the wing up to values that are not reproducible in the 
plasma test. Therefore, in order to submit in PWT the developed technologies to the 
flight loads but with a different configuration, a splitting of the requirements in different 
experimental test conditions has been necessary. 
Test requirements for the four technologies are summarized in Table 13. 

 

Catalysis Temp

A LE UHTC FRC Rad eq 410 Stagnation Point - x=0
B WINDSIDE PANEL C-C / SiC FRC Rad eq 170 Panel Apex - x=0.2
C LE AC FCW Tfix 410 Stagnation Point - x=0
D LEESIDE PANEL MMC FCW Rad eq 90 Panel Apex - x=0.1

q (KW/m 2) Position
Wall Conditions

ID req. TA part

 
 

Table 13. Requirements for PWT test design 
 
It has been verified that, due to the required heat fluxes on the panels, both of them have 
to be mounted on the windside part of the test article; in particular the C/C-SiC panel 
will be mounted on the TA-1 windside and the Metal Matrix panel on the TA-2 one, see 
Table 14. Of course, the contrary happens for the leeside parts of the test articles.  

Leading Edge  UHTC ACTIVE COOLED

Windside Panel  C-C / SiC METAL MATRIX

Leeside Panel METAL MATRIX  C-C / SiC

TA -1 TA -2TA part

 

Table 14. Definition of test articles 
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In the following, TC-1 will indicate the test condition 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, P0=5 bar and H0=15 MJ/kg, allows the achievement of 
the requirement over the UHTC leading edge for the model positioned at a distance of 
950 mm from the nozzle F exit section, and with an angle of attack equal to 35 deg, 
realized considering a 25 deg mechanical angle of attack provided by the holder 
deflection and a rotation of the PWT Model Support System of 10 deg after the 
insertion of the model in the plasma flow[24].  
In Figure 32 the heat flux distribution over the entire model is shown. The 
discontinuities in the heat flux distribution between the different parts of the test article 
are due to the different catalytic behaviour of the materials (the UHTC and the C/C-SiC 
have been considered as partially catalytic, with the correspondent available values of 
the recombination coefficients, whereas all the other parts have been considered as fully 
catalytic). Radiative equilibrium temperature has been assumed along the entire 
geometry. The selected condition allows the perfect fulfilment of the requirement on the 
leading edge (410 kW/m2) but the heat flux on the windside flat panel is lower of about 
57% respect to the desiderate value of 170 kW/m2. 

 

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

5.3.2 Test TC-2 definition 

For the computations carried out for the definition of TC-2 operating conditions, being 
the leading edge made of aluminium, i.e. a fully catalytic material, such as the Metal 
Matrix panel, also the leeside panel has been considered as fully catalytic (it is 
practically important, for design purposes, to take care of catalytic discontinuities only 
in case of non-catalytic/fully-catalytic interfaces). Wall temperature has been considered 
fixed to 410 K for the actively cooled leading edge, which will be cooled during the 
experimental test, and equal to the radiative equilibrium temperature (� =0.85) for the 
other parts of the test article. 
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Two test operating conditions have been defined, respectively TC-2.1 and TC-2.2, 
which correspond to the heat flux distributions over the test article represented in Figure 
33. The model is positioned at a distance of 950 mm from the nozzle F exit section and 
at an angle of attack of 35 deg, as in TC-1. The discontinuities between the different 
parts are due to the different wall temperature conditions that have been imposed. 
The first selected condition (TC-2.1: P0=5 bar, H0=10 MJ/kg) allows the fulfilment of 
the requirement on the leading edge but the heat flux on the flat panel is lower of about 
40% respect to the desiderate value of 90 kW/m2 (about 65 kW/m2 at the beginning of 
the panel). Another operating condition (TC-2.2: P0=5 bar, H0=13 MJ/kg), characterized 
by the same value of the reservoir pressure and a higher value of the reservoir enthalpy, 
has been then determined, in order to achieve the requirement on the flat panel. 
Obviously, in this case the leading edge will be exposed to a increased heat flux equal, 
at the stagnation point, to about 600 kW/m2. 
These test conditions will be both executed, being the first one necessary in order to 
verify the correct functioning of the water cooling system in correspondence of the heat 
flux for which it should have the maximum efficiency; then it will be over-stressed up 
to 600 kW/m2. 
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Figure 33. Heat flux distribution over the test article for TC-2.1 and TC-2.2 tests 
 
Finally, Table 15 reports the PWT operating settings in terms of reservoir enthalpy, 
reservoir pressure,  stagnation heat flux and stagnation pressure over the calibration 
probe for the three identified test conditions. 

 
Nozzle F, aaaa=35 deg TC-1 

P0=5 bar, H0=15 MJ/kg 

TC-2.1 

P0=5 bar, H0=10 MJ/kg 

TC-2.2 

P0=5 bar, H0=13 MJ/kg 

Ps 1380 Pa 1390 Pa 1410 Pa 

Qs 1116 kW/m2 665 kW/m2 870 kW/m2 

Table 15. PWT operating conditions 

After the setting of the PWT operating conditions (see Table 15), a full three-
dimensional flow simulation around the test-article inside the test-chamber has been 
carried out, for test condition TC-2.1, in order both to: i) provide an input for the 
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thermo-mechanical design analysis of the assembly and, ii) provide useful information 
regarding the possibility of flow blockage occurrence. Concerning wall boundary 
conditions, the same assumptions reported above for the two-dimensional computation 
of TC-2.1 have been adopted, and the metallic model holder has been considered as 
fully catalytic and with fixed wall temperature (Tw=410 K). 
Predicted skin friction lines over the model surface are shown in Figure 34. The upper 
view (Figure 34-left) shows that the flow remains almost two-dimensional in the 
leading edge region up to the lateral fairings, this being due to the aerodynamic shape of 
the model that reduces the effective bluntness. From the bottom view (Figure 34-right) 
it is evident the presence of a large recirculation bubble induced by the shock wave 
boundary layer interaction caused by the model holder; it is interesting to note the 
strong three-dimensionality of the flow, and how the bubble is shrunk by the vortex 
detaching from the lateral side of the model holder. 
In Figure 35-left the heat flux in the symmetry plane is reported and compared to the 
two-dimensional result: apart from the holder leeside, where three-dimensional effects 
dominate, the distributions are quite similar, thus fully justifying the two-dimensional 
approach used for the definition of the test operating conditions. In Figure 35-right the 
heat flux map over the test article is reported: note the strong overheating, about 40% 
more than symmetry plane value, experienced by the leading edge corner caused by the 
flow turning and the associated thinning of the boundary layer. 
  

  
 

Figure 34: Skin-friction lines pattern on upper (left) and bottom (right) side of the test article 
 

  
 

Figure 35: Heat flux distribution in the symmetry plane (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 designs described in the previous sections 
can be quantified, before the execution of experimental test campaigns, only by 
comparing the results provided by the present design methodology to the extrapolated-
from-flight test requirements (both for EXPERT cases and USV-X cases). 
For the activities described, a design success index (DSI) can be defined as the ratio of a 
property to be duplicated over the model in a particular position, theoretically derived 
through the present test design methodology, to the same value given as requirement. In 
the design activities reported in sections 4 and 5 the properties to duplicate over the test 
articles in the “Scirocco” experiments are mainly pressure and heat flux, and therefore a 
couple of indexes can be defined: 

 

          
req

des
p

ppDSI =)(           
req

des
q

qqDSI =)(        (13) 

 

Table 16 reports the values of design success index for all the plasma wind tunnel tests 
designed with the proposed methodology. In the table total pressure P0 is expressed in 
[bar], total enthalpy H0 in [MJ/kg], pressures P in [Pa] and heat fluxes Q in [kW/m2]. 

 

 

Table 16. Design success index  
 
From a global analysis of the results of Table 16, it can be concluded that the 
application of the proposed design methodology has produced PWT conditions which 
duplicate almost perfectly (DSI » 1) on the model the test requirements (in the same 
working hypotheses) when remaining in the safer and more investigated region of the 
facility envelope (see Figure 36). 
DSI values less than unity have been achieved when some test requirements cannot be 
duplicated on the models due to facility limitations (high pressures and Reynolds 
numbers, high heat fluxes on inclined surfaces, high angles of attack), in other words 
when going towards the limits of “Scirocco” plasma wind tunnel in terms of maximum 
arc heater power, occurrence of tunnel blockage and subsystems capabilities (movement 
of model support system, cooling of the calibration probe, etc.). 
In Figure 36 all the designed test conditions for the EXPERT and USV-X related 
experiments are reported, together with all the test conditions realized as far as today, 
from the ESA acceptance tests to the qualification and validation tests and finally to the 
recent customer’s tests. 
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Figure 36. Plasma Wind Tunnel “Scirocco” envelope and designed test conditions 
 
By critically analyzing Figure 36, some interesting considerations about the testing 
capabilities of “Scirocco” for vehicles re-entering from LEO can be derived: 

·  components of a ballistic re-entry vehicle can be properly  tested in the region of 
the facility envelope characterized by moderate total enthalpies and moderate-to-
high total pressures; the shorter conical nozzles C (0.9m exit diameter) and D 
(1.15m exit diameter) have to be used in order to obtain as high pressures (and 
Reynolds numbers) as possible; in this part of the envelope it is possible also to 
reproduce some interaction phenomena dominated by viscous effects such as 
shock wave boundary layer interaction and blunt fin interaction; the achievement 
of very high heat fluxes (on inclined surfaces or swept leading edges) seems 
limited by the present cooling capability of the subsystems rather than by the arc 
heater power (higher enthalpies); 

·  components of a winged re-entry vehicle can be successfully tested in the region 
of moderate enthalpies and low-to-moderate pressures; the longer conical nozzle 
F (1.95m exit diameter) is used when pressure is not a requirement (or the 
requirement is a low pressure) and stagnation point heat flux must be duplicated; 
in addition, this nozzle makes also possible the use of larger test articles, whose 
size must be of course defined depending upon the heat flux levels to be 
reproduced. In this envelope region parts of a winged re-entry vehicle TPS can 
be tested and qualified such as noses, bottom fuselage tiles and wing leading 
edges. Limitation of this part of the facility envelope is represented by the 
instability of the arc heater when operating at low energy, 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 methodology followed in the definition of six 
flight relevant experiments to be performed in the CIRA Plasma Wind Tunnel 
“Scirocco”. The final goal has been the definition of the facility set-up (nozzle 
configuration, test chamber conditions, model size, position and attitude) able to match 
test requirements, preliminarily defined by means of CFD simulations in critical flight 
conditions on re-entry vehicles components, following what is commonly called the 
“extrapolation-from-flight” procedure. The present test design methodology has been 
developed in the frame of the well known “simulation means triangle”, which consists 
of a combination of computational predictions, ground facility simulations and in-flight 
experimentation: the design of a re-entry vehicle is the outcome of proper correlations 
between experimental and flight (predicted and measured) results. The procedures 
followed in some test design activities on-going at CIRA have been described, related 
either to components of the ESA ballistic re-entry capsule EXPERT either to those of 
the future CIRA winged re-entry vehicle USV-X. 
The application of the proposed test design methodology has produced PWT conditions 
which duplicate almost perfectly on the model the test requirements when remaining in 
the safer and more investigated region of the facility envelope, whilst partially degraded 
tests have been designed when some test requirements cannot be duplicated on the 
models due to facility limitations, i.e. when going towards the limits of “Scirocco” in 
terms of maximum arc heater power, occurrence of tunnel blockage and subsystems 
capabilities. 
In addition, by analyzing the reported test design activities some interesting 
considerations about the testing capabilities of “Scirocco” for vehicles re-entering from 
LEO can be derived. 
The components of a ballistic re-entry vehicle can be properly tested in the region of the 
facility envelope characterized by moderate total enthalpies and moderate-to-high total 
pressures, and by using the shorter conical nozzles in order to obtain as high pressures 
(and Reynolds numbers) as possible. In this envelope part it is also possible to 
reproduce some interaction phenomena dominated by viscous effects such as shock 
wave boundary layer interaction and blunt fin interaction, whereas the achievement of 
very high heat fluxes (on inclined surfaces or swept leading edges) seems limited by the 
present cooling capability of the subsystems rather than by the arc heater power. 
On the other hand, the components of a winged re-entry vehicle can be successfully 
tested in the region of moderate enthalpies and low-to-moderate pressures, by using the 
longer conical nozzle when pressure is not a requirement (or the requirement is a low 
pressure) and stagnation point heat flux must be duplicated; in addition, this nozzle 
makes also possible the use of larger test articles, whose size must be of course defined 
depending upon the heat flux levels to be reproduced. In this envelope region parts of a 
winged re-entry vehicle TPS can be tested and qualified such as noses, bottom fuselage 
tiles and wing leading edges. Facility limitation is represented by the instability of the 
arc heater when operating at low energy, the problem being solved by the use of a 
proper plenum chamber.   
The six designed plasma wind tunnel test campaigns are scheduled within the end of 
2008, and the certified achievement of the test targets will finally assure the 
qualification of the re-entry vehicle components. 



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

 36

8 ACKNOWLEDGEMENTS 

The authors are highly indebted to Giuliano Ranuzzi, responsible of the final 
development and validation of the code H3NS, and are grateful to the colleagues 
Antonio Schettino, Giuliano Marino, Antonio Del Vecchio, Eduardo Trifoni and 
Roberto Gardi for the precious technical interactions and the fruitful collaboration in 
carrying out the described test design activities.  
Results presented in Section 5.3 have been obtained in the frame of a contract funded by 
the Italian Space Agency, and leaded by TAS-I. 
 

9 REFERENCES 

[1] Hirschel E. H., “Basics of Aerothermodynamics”, Paul Zarchan Editor-in-Chief, 
Progress in Astronautics and Aeronautics, Volume 204, Springer-Verlag, Berlin, 
2005. 

[2] Muylaert J. M., Ottens H., Walpot L., Cipollini F., Schettino A., Saccoccia G., 
Kordulla W., Caporicci M., “Aerothermodynamic Environment of EXPERT and 
Flight Measurement Technique Integration Issues”, 56th IAC Congress, paper 
IAC-05-D2.6.08, Fukuoka, Japan, October 2005. 

[3] Ottens H., Walpot L., Cipollini F., Muylaert J.M., “Aerodynamic Environment 
and Flight Measurement Techniques of EXPERT”, 14th AIAA/AHI Space Planes 
and Hypersonic Systems and Technologies Conference, AIAA-2006-8118, 
Canberra, Australia, November 2006. 

[4] Russo G., “Towards RLV’s: The PRORA-USV Program”, 11th AIAA/AAAF 
International Aerospace Plane and Hypersonic Systems and Technologies 
Conference, Orléans,  France, September-October 2002. 

[5] Russo G. et al. “The SCIROCCO 70-MW Plasma Wind Tunnel: A New 
Hypersonic Capability”, in Advanced Hypersonic Test Facilities, Progress in 
Astronautics and Aeronautics, Vol. 198, F.K. Lu and D.E. Marren Editors, 
published by AIAA, 2002. 

[6] Ranuzzi G., Borreca S., “CLAE Project. H3NS: Code Development and 
Validation”, CIRA-CF-06-1017, September 2006. 

[7] Di Benedetto S., Marini M., Di Clemente M., “Plasma Wind Tunnel Test Design 
Methodologies for Re-entry Vehicle Components”, 2nd European Conference for 
Aero-Space Sciences, paper 228, Brussels, Belgium, July 2007. 

[8] De Filippis F., Caristia S., Del Vecchio A., Purpura C., “The Scirocco PWT 
Facility Calibration Activities”, 3rd International Symposium Atmospheric 
Reentry Vehicle and Systems, Arcachon, France, March 2003. 

[9] Anderson J. D. Jr., “Hypersonic and High Temperature Gas Dynamics”, McGraw-
Hill Book Company, New York, 1989. 

[10] Marini M., Graps E., “Aerothermodynamic Analysis of a IRT Capsule in Flight 
Conditions and Design/Execution of Plasma Wind Tunnel Tests”, AIAA paper 
2005-3279, May 2005. 



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

 37

[11] Di Clemente M., Marini M., Schettino A., “Shock Wave Boundary Layer 
Interactions in SCIROCCO Plasma Wind Tunnel”, East West High Speed Flow 
Field Conference, Beijing, China, 19-22 October 2005. 

[12] Di Clemente M., Marini M., Di Benedetto S., Schettino A., Ranuzzi G., 
“Numerical Prediction of Aerothermodynamic Effects on a Reentry Vehicle Body 
Flap Configuration”, paper IAC-06-D2.6.08, 57th IAC Congress, paper IAC-06-
C2.4.05, Valencia, Spain, 2-6 October 2006. 

[13] Marini M., Di Clemente M., Di Benedetto S., Ranuzzi G., “CFD Analysis of 
Shock Wave Boundary Layer Interaction Experiments in PWT”, CIRA-CF-06-
0986, September 2006. 

[14] Chiarelli C., “Report on the CFD Activities and Results for DPDR”, AAS-I, 28 
February 2006. 

[15] Di Benedetto S., Marini M., Gardi R., “CFD Analysis of the EXPERT Winglet in 
Plasma Wind Tunnel Conditions”, West-East High Speed Flow Field Conference, 
Moscow, Russia, 19-22 November 2007. 

[16] Hankey W. L., “Re-Entry Aerodynamics”, AIAA Education Series, J. S. 
Przemieniecki Editor-in-Chief, 1988. 

[17] Scatteia L. et al., “Catalytic and Radiative Behaviours of ZrB2-SiC Ultrahigh 
Temperature Ceramic Composites”, Journal of Spacecraft and Rockets, Vol. 43, 
No. 5, pp. 1004-1012, 2006. 

[18] Schettino, A., Pezzella, G., et al., “Mission Trade-off Analysis of the Italian USV 
Re-entry Flying Test Bed”, Proceedings of the 14th AIAA/AHI Space Planes and 
Hypersonic Systems and Technologies Conference, AIAA-2006-8017, Canberra, 
Australia, 6-9 November 2006. 

[19] Schettino A., Pezzella G., Gigliotti M., De Matteis P., “Aero-thermal Trade-off 
Analysis of the Italian USV Re-entry Flying Test Bed”, 14th AIAA/AHI Space 
Planes and Hypersonic Systems and Technologies Conference, AIAA 2006-8114, 
Canberra, Australia, 6-9 November 2006. 

[20] Del Vecchio A. et al., “Sharp Hot Structures Project Status”, 57th IAC Congress, 
paper IAC-06-C2.4.05, Valencia, Spain, 2-6 October 2006. 

[21] Di Clemente M., Rufolo G.C., “Aerothermodynamic Analysis for Nose-1 PWT 
Test”, CIRA-CF-06-0555, September 2006. 

[22] Pope R.B., “Stagnation-Point Convective Heat Transfer in Frozen Boundary 
Layers”, AIAA Journal, Vol. 6, No. 4,  April 1968. 

[23] Battista F., Rufolo G.C., Di Clemente M., “Aerothermal Environment Definition 
for a Reusable Experimental Re-entry Vehicle Wing Leading Edge”, 39th 
Thermophysics Conference, AIAA-2007-4048, Miami, FL, June 2007. 

[24] Di Clemente M., Rufolo G.C., Battista F., “An Extrapolation from Flight 
Methodology for a Re-Entry Vehicle Leading Edge Test in a Plasma Wind Tunnel 
Facility”, 39th Thermophysics Conference, AIAA-2007-3895, Miami, FL, June 
2007. 


