
WEST-EAST HIGH SPEED FLOW FIELD CONFERENCE 
19-22, November 2007 

Moscow, Russia 

CFD ANALYSIS OF THE EXPERT WINGLET IN PLASMA WIND 
TUNNEL CONDITIONS. 

S. Di Benedetto M. Marini, R. Gardi 

CIRA, Italian Aerospace Research Centre  
81043 Capua, Italy 

Emails: s.dibenedetto@cira.it; m.marini@cira.it; r.gardi@cira.it  
 

Key words: EXPERT payload, winglet, UHTC, test design, Plasma Wind Tunnel ”Scirocco”, CFD, 
blunt/fin interaction.  

Abstract. In the frame of the EXPERT program, funded by ESA, a number of qualification tests to be 
performed in the CIRA Plasma Wind Tunnel is scheduled. Among these, one is dedicated to the Payload 
15, consisting of two UHTC winglets placed on the capsule surface. Test aim is to reproduce, on a 
qualification model, the total thermal load and the temperature which the winglet is subjected to during 
the EXPERT re-entry trajectory, in a relevant plasma environment, so allowing pre-flight verification of 
materials and sensing equipment.  
PWT driving conditions, model configuration and test duration have been defined by means of a 
methodology based on two-dimensional computations and engineering correlations. For the selected test 
condition, detailed three-dimensional computations have been carried out. A large area of separated flow 
ahead of and around the winglet is reproduced as a result of a typical blunt/fin interaction, providing 
information about overpressure and overheating, including winglet wake effects. 

1. INTRODUCTION 

Simulation, both experimental and numerical, of space vehicles re-entering into the 
atmosphere and sustaining hypersonic flight has always been a crucial item of aerospace 
engineering. Difficulties are due to the high energy content of these flows, that makes 
extremely difficult the design of ground-based experiments and to the complexity of the 
physical phenomena that have to be predicted by means of CFD simulations. 
What certainly is essential to reproduce in a ground-based experiment is the heat flux 
transferred to the surface during the atmospheric re-entry, being the final goal to verify 
the behavior of the Thermal Protection System, TPS, materials of such vehicles.  
Unfortunately, ground facilities are far from reproducing the real operating conditions 
of a hypersonic re-entry vehicle, therefore CFD has to be used to understand test 
conditions necessary to reproduce on a representative model the same values of heat 
flux loads that vehicles experience during the re-entry trajectory. 
To this aim, a test design methodology has been developed in order to perform test 
campaigns in the CIRA Plasma Wind Tunnel (PWT) “Scirocco”[1]. Basing on it, the 
proper facility driving parameters (total enthalpy H0 and total pressure P0), the model 
configuration and attitude and the test duration are established by opportunely 



S. DI BENEDETTO et al./ CFD Analysis of the EXPERT winglet in PWT conditions 

 2 

correlating simplified two dimensional CFD computations and engineering correlations. 
As a final step, three dimensional CFD computations in the selected PWT conditions 
allow to verify the test requirements achievement and contemporary provide 
information about the physical phenomena that characterize a hypersonic regime and 
can cause dangerous local overpressures and overheatings on the TPS (i.e. shock 
wave/boundary layer interaction, shock/shock interaction, blunt/fin interaction). 
In the following sections all these steps will be fully described for the significant case of 
a typical re-entry vehicle component: a winglet, made of Ultra High Temperature 
Ceramic material, UHTC, mounted on a model holder. The test is finalized to qualify, in 
a relevant plasma environment, one of the scientific payloads of the ESA re-entry 
capsule, EXPERT[2]. 

2. SIMULATION MEANS 

2.1 CIRA Plasma Wind Tunnel “Scirocco” 

The CIRA Plasma Wind Tunnel “Scirocco” is devoted to perform 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 has a diameter size up to 2 
m and reaches Mach number values up to 11. The jet, after the impact with the test 
article, is collected by a long diffuser (50 m) and cooled by an heat exchanger.  
Seventy MW electrical power is used to heat 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 nominal 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 1. 
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Figure 1: “Scirocco” arc heater theoretical performance map 

The achievement of the operating conditions (P0, H0) 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, 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 a certain couple of values (PS, QS) 
which correspond to the desired set point in terms of the couple (P0, H0). 

2.2 Numerical tool 

CIRA code H3NS[3] 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 
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. 
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3. PWT TEST DESIGN METHODOLOGY 

The design of a test in Plasma Wind Tunnel is complicated by the circumstance that 
many differences exist between flight and PWT conditions (model size, dissociated 
flow conditions in test chamber, density level, etc.). All these aspects play an important 
role on the non-equilibrium phenomena and make difficult the duplication of real flight 
in wind tunnel conditions. 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 to reproduce; this is often a flight condition to be 
simulated on the test article (TA) in wind tunnel, but it can be a particular customer’s 
request as well. 
As a first step, a test feasibility verifies the compatibility 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 DART for fast 
PWT Test Setting[4]. 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 condition able to match the test requirements has been defined by means 
of an iterative procedure, which involves both two-dimensional CFD computations and 
evaluations with simplified engineering correlations and which is schematically 
described in Figure 2. 
PWT driving 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, numerical computation on 
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 2: Test design iterative procedure 

Engineering correlations used in the above procedure are generally derived from 
isentropic relations for stagnation pressure, and from the Fay-Riddell semi-empirical 
correlations for stagnation heat flux[5]: 
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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 model stagnation 
point needed to ensure the test requirements. 
The above explained test design methodology was successfully applied in recent past 
for IRT capsule PWT testing activities[6], a program funded by ESA and leaded by the 
Italian company AERO SEKUR. 

4. EXPERT WINGLET PLASMA WIND TUNNEL TEST 

The present work is dedicated to the EXPERT scientific Payload#15, developed by 
CIRA, consisting of two massive UHTC ZrB2 winglets, 5 cm x 10 cm in size (lateral 
view), placed on the capsule surface in diametrically opposite positions (see Figure 3). 
The winglets have a double delta shape, with 26.6 deg and 54.4 deg inclination (see 
Figure 4). 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 trajectory, in a relevant plasma environment.  
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During the test, the winglet qualification model will be mounted on a properly designed 
model holder (see Figure 5), made of amorphous carbon, and it will be instrumented 
with four pressure taps and two thermocouples.  

 

Figure 3. Winglet mounted on the EXPERT capsule 

 

Figure 4. Drawings of the winglet external shape (dimensions in mm) 

 

Figure 5. Winglet mounted on the PWT model holder 
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4.1 Expert Winglet Test Design 

As already said, the first step is the definition of a preliminary PWT test condition. 
For the present case, 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 to which corresponds the maximum heat flux 
compatible with the facility limitations. Moreover, although flight pressure is not 
reproducible in PWT, the conical nozzle C (minimum exit diameter: 0.9 m) has been 
selected for this test, in order to have the pressure level as high as possible. 
Once having defined a preliminary PWT condition and a possible model holder 
configuration, looking at the left branch of the flow chart in Figure 2, 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 computations have been 
performed on the model holder without the winglet, due to the evident impossibility of 
performing them on the complete test article (holder and winglet) configuration. 
The scope has been to compare distributions of significant flow variables extracted at 
various holder streamwise sections (i.e. different possible winglet positions) with 
analogue features obtained in flight conditions. These latter ones have been drawn by 
performing two-dimensional axi-symmetric simulations on the EXPERT capsule and 
then extracting the section in correspondence of the winglet position. 
Holder sections have been extracted both on the flat and on the deflected surface (see 
Figure 5); the comparison between PWT conditions (with different winglet positions) 
and in-flight condition is shown in Figure 6, finding out that Mach number and 
temperature around the winglet can be well reproduced while pressure obtained in PWT 
is from 3 to 10 times lower, as it was expected. As a result of the present test design, the 
optimal 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 6), since it allows the highest pressure value 
obtainable avoiding the impingement of the bow shock wave on the winglet. 

 

Figure 6. PWT and in-flight Mach number (top left), pressure (top right) and temperature (bottom left) 
normal-to-wall distributions; effect of different holder sections 
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In order to evaluate temperature requirement fulfillment and run duration needed to 
reproduce the winglet 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 (see the 2D 
slice in Figure 4). The same has been made for the winglet in flight conditions, in such a 
way to allow meaningful comparisons. Predicted results on the winglet top profile, in 
the hypothesis of fully catalytic (FC) and radiative equilibrium wall, are shown in 
Figure 7, in terms of temperature (left) and heat flux (right).  

 

Figure 7. Temperature (left) and heat flux (right) distributions on the winglet top profile in flight and in 
PWT conditions 

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[7], i.e. 
 

 ( ) ( )o0 cosstag stagQ QL = L = L� �  (3) 

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 1, where an indication of the reproducibility of flight 
conditions has been given as the ratio of PWT heat flux to in-flight heat flux. Note that 
reproducibility is enhanced (from 0.83 to 0.97) by considering more realistic surface 
temperature assumption such as radiative equilibrium. 

 

Table 1. CFD results and reproducibility 
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The theoretically derived PWT condition is finally reported in Table 2 together with the 
results predicted on the calibration probe stagnation point.  

 

Table 2. Final PWT test condition (Ps, Qs) 

A first assessment of the run duration (tPWT) has been made by means of the “energy 
equivalence” principle: the total energy (E) accumulated by the winglet along the flight 
trajectory (from time ti to time tf) has been first calculated, and then divided by the heat 
flux predicted on the winglet in PWT conditions, thus obtaining: 
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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 conditions, will be 
submitted to a thermal shock that will not be experienced in flight, as shown in Figure 
8, where three possible solutions have been proposed (and are still under investigation). 

 

Figure 8. Normalized heat flux time evolution in flight and in PWT conditions 

5. THREE-DIMENSIONAL CFD COMPUTATIONS 

Three-dimensional CFD simulations in PWT conditions on the complete test article 
configuration have a key role in the definition and execution of a wind tunnel test.  
In fact they constitute: 

� the mean through� which verify the goodness of the adopted test design 
methodology; 

� the starting point for the future test rebuilding; 
� the way to reach information about the phenomena that can cause overpressures 

and overheatings; in particular, in this case, the blunt/fin interaction and the 
winglet wake effects phenomena have been deeply investigated.  
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Results of the three-dimensional analysis are reported in this section, also including 
catalysis and base flow effects.   

5.1 Computational grids 

The computational grids for the numerical simulations of the flow around the test model 
have been generated by means of the grid generator commercial software package 
ANSYS ICEMCFD®. 
Grids, composed of quadrilateral elements, have been generated for half model using a 
multiblock approach, and have been stretched normally to wall surfaces in order to 
properly predict the different boundary layers developing around the geometric 
configuration. The topology of the grids has been created in order to accurately define 
all the geometric details of the winglet mounted over the holder and obtained by using a 
number of O-grids around the winglet itself (see Figure 9 for the block decomposition). 
Moreover, the bow shock wave surface has been properly fitted.  
The computational grid on the full test article configuration (grid a) is shown in Figure 
10 and grid characteristics are listed in Table 3, being � nmin the minimum spacing 
normal to the wall (at the stagnation point) and AR the correspondent aspect ratio. The 
clustering of mesh points around the winglet is clearly shown in Figure 11, where an 
enlargement of the winglet area is reported. 
Starting from the computational grid on the full test article configuration, a second grid 
(grid b) has been obtained by moving the outlet plane at the winglet base plane (see 
Table 4 and Figure 12).  
Computations on both configurations have been performed. In this way information 
about winglet heating has been available before the long convergence time needed for 
the solution on the grid a, mainly due to the wake developing downstream of the 
winglet base. 

 

Figure 9. Block decomposition 
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Table 3. Computational grid a characteristics (half model including winglet base) 

 

Figure 10. Computational grid a on the full test article configuration 

 

Figure 11. Computational grid a, enlargement of the winglet area 
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Table 4. Computational grid b characteristics (half model without winglet base) 

 

Figure 12. Computational grid b on half test article without the winglet base 

5.2 CFD main results and grid convergence 

In this section results achieved on the fine level of the grid b are fully described. 
Computations have been performed in the hypothesis of radiative equilibrium and fully 
catalytic wall. The effect of a more realistic assumption on the UHTC catalytic behavior 
has been also evaluated; results will be shown and conclusions drawn in section 5.3.  
The emissivity coefficient �  has been assumed constant and equal to 0.80 for the 
amorphous carbon holder and 0.66 for the winglet. The former value has been provided 
by the material supplier, the second one comes out from experimental campaigns 
carried out on the same UHTC material[8], and then extrapolating the emissivity 
coefficient at the average temperature foreseen for the winglet surface. 
The pressure field is described in Figure 13 (left) where the strong bow shock around 
the full model, the high pressure stagnation region on the holder nose, and the system of 
shocks and expansions induced by the presence of the winglet mounted on the holder 
are clearly shown. The maximum pressure predicted at the top of the winglet is about 
13000 Pa. As an additional information, the full range of surface pressure in the winglet 
leading edge region, where pressure taps will be located, varies from about 6000 Pa to 
13000 Pa. Moreover, also an evident finite span effect has been predicted, with a clear 
expansion moving toward the lateral edge of the holder. An enlargement of the flow 
around the winglet in the model centreplane is shown in Figure 13 (right) in terms of 
Mach number contour. Also the streamlines impacting the winglet are represented: a 
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large separated area in front of the winglet apex has been predicted in PWT condition, 
as a result of a typical blunt/fin interaction, while a smaller flow re-circulation has been 
predicted at the junction between the two parts of the winglet (double delta shape), as a 
result of a local shock wave/boundary layer interaction. 

    

Figure 13. Contour map of surface pressure (left) and of Mach number with streamlines (right) 

Predicted heat flux contour maps on the model surface are shown in Figure 14, where 
the very hot regions are clearly evidenced: the model holder leading edge (heat flux up 
to 1.9 MW/m2) and the winglet top part leading edge (heat flux up to 4.5 MW/m2).  
The effect of the interaction of the blunt/fin with the boundary layer developing on the 
holder surface is also shown in the figure, where a triangle shaped inner region of 
maximum 600 kW/m2 is predicted laterally to the winglet, and a larger region of lower 
heat flux indicates the primary separation line. 
The distribution of heat flux on the winglet surface and the skin-friction lines in the 
winglet area are reported in the right of Figure 14, which shows the peak heating at the 
top of the winglet leading edge in the centreplane and colder lateral winglet sides.  
The above described surface flow structure, typical of a blunt/fin interaction, is clearly 
visible.  
In particular, also looking at Figure 13 (right), a primary curved separation line is 
predicted on the holder surface all around the winglet (about 1 cm ahead of the winglet 
apex at the centerplane), a clear separation line on the winglet lateral side (developing 
on the top part of it), as a propagation of the separation predicted at the junction 
between the two parts of the winglet, and also a inner vortex just along the corner line 
between the holder surface and the winglet.  
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Figure 14. Top view of the heat flux distribution on the model surface (left) and winglet enlargement with 
skin friction lines (right)  

The temperature distribution on the winglet (in the hypothesis of radiative equilibrium) 
is shown in Figure 15, with the maximum temperature at the top of the winglet leading 
edge in the centreplane (up to 3280 K) and colder lateral winglet sides.  
Again, a triangle-shaped hot region is clearly visible laterally to the winglet on the 
holder surface, as well as a colder corner line between the holder surface and the 
winglet due to the presence of the inner vortex. 

 

Figure 15. Contour map of the winglet surface temperature with skin friction lines 
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To assess grid convergence of results (on the grid b), the computed solution on the 
coarse grid has been analyzed and compared with that on the fine one in terms of heat 
flux and pressure distributions in the symmetry plane (see, respectively, Figure 16 and 
Figure 17). The distributions on the winglet centreplane are typical of a double wedge 
configuration, in particular showing a significant shock-induced flow re-circulation at 
the winglet apex (see Figure 13 and Figure 16). As expected, a more accurate grid 
resolution yields a larger separation bubble in front of the winglet apex due to blunt/fin 
interaction effects, and this is to be ascribed to the decrease of the numerical dissipation. 
A strong expansion occurs at the winglet top due to the flow deviation and subsequent 
realignment, causing downstream almost constant values of heat flux (see Figure 16) 
and pressure (see Figure 17), these values being not affected by grid resolution. 
Differences of predicted pressure and heat flux in the other regions of the test model, 
both on the winglet itself and on the model holder, are not significant.  
As a conclusion, it can be said that differences between the two grid b levels are in order 
of few percents, and the solution can be then considered fully grid-converged for the 
purposes of the present analysis.  

 

Figure 16. Grid convergence of results: heat flux distribution in the symmetry plane 
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Figure 17. Grid convergence of results: pressure distribution in the symmetry plane 

5.3 Surface catalysis effects and overload factors 

The effect of different winglet surface catalysis modeling in terms of thermo-
mechanical loads, acting either on the winglet either on the region surrounding it, has 
been evaluated on the grid b coarse level. In particular, in addition to the condition of 
fully catalytic (FC) winglet surface (considered in section 5.2) the effect of a more 
realistic catalytic behavior of the winglet UHTC material has been analyzed, by 
imposing a partial catalytic recombination at the winglet surface (FRC). 
The hypothesis of fully catalytic wall has been kept for the model holder surface as well 
as the assumption of radiative equilibrium both for the winglet surface (� =0.66) and for 
the holder one (� =0.80). 
The oxygen recombination coefficient (gO) used for the massive ZrB2 UHTC material 
has been deduced by interpolating a set of experimental data available for the same 
material[8], which are reported in Figure 18. 
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Figure 18. Atomic oxygen recombination coefficient on sintered ZrB2-SiC versus reciprocal temperature 
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Because of the lack of experimental data on the atomic nitrogen recombination 
coefficient, this last has been assumed equal to one (all the nitrogen atoms recombine to 
the wall). 

The effect of winglet surface finite rate catalysis modeling is clear: as expected, 
predicted results show a generally colder winglet (Figure 19). The reduction is about 
300 K with respect to the fully catalytic surface assumption, in the temperature 
prediction along the entire winglet surface. Again, a triangle-shaped hot region is 
predicted laterally to the winglet on the holder surface. 

  

Figure 19. Temperature distribution on the winglet area (results on grid b coarse level); FC: Fully 
Catalytic (left), FRC: Finite Rate Catalysis (right) 

Table 5 reports the maximum values of heat flux (Qwle) and surface temperature (Twle) 
predicted with the two adopted catalysis models at the top of the winglet leading edge 
(at centreplane). The values are compared with that obtained during the simplified two-
dimensional analysis carried out during the test design phase (for both flight and plasma 
wind tunnel conditions), in this way providing information about the goodness of the 
test design methodology itself. Moreover results obtained on the fine grid level are 
reported in the table as a reference (see section 5.2, where the grid independence of 
results has been shown) and demonstrate further 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 5. Maximum heat flux and temperature at the winglet leading edge for different working hypothesis 

The effect of finite rate catalysis assumption for the winglet is a reduction, with respect 
to the FC assumption, of about 330 K for Twle, and roughly of 1.6 MW/m2 for Qwle. 
A deeper analysis of the winglet and the surrounding area has been made by extracting 
longitudinal distributions of surface pressure, heat flux and temperature along the 
sections indicated in Figure 20. 
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Figure 20. Sections used for the analysis of model surface distributions 

By analyzing these distributions a series of considerations can be done.  
As expected, no effect of winglet surface catalysis modeling on pressure ensues from 
distributions (Figure 21-left), while heat flux (Figure 22) and temperature (Figure 24) 
are strongly reduced, at the centreplane, with respect to the fully catalytic assumption, 
by assuming the massive UHTC partially catalytic model, respectively of about 35% 
and 10% (evaluation at centerplane). 
In the longitudinal sections around the winglet (Z=0.025, Z=0.030, Z=0.040, Z=0.050 
m) the flow is clearly affected by the interaction between the blunt winglet and the 
boundary layer developing on the holder surface, i.e. the triangle-shaped primary 
separated area (see Figure 21-right, Figure 23 and Figure 25). Useful information for a 
safe design of the flight payload can be derived from these distributions by calculating 
the over-pressure and over-heating factors due to the blunt/fin interaction with respect to 
the correspondent values of the undisturbed flow, reference values taken at X=0.08 m at 
the centreplane (pref �  2950 Pa, Qref �  400 kW/m2, Tref �  1720 K). 
The most critical section in terms of mechanical and thermal loads has been predicted to 
be Z=0.025 m, where the over-pressure factor is about 1.2 (that however means pressure 
values lower than 3500 Pa, see Figure 21-right), the over-heating factor is 1.5 (FRC) or 
1.37 (FC), see Figure 23, and the over-temperature factor is 1.10 (FRC) or 1.05 (FC), 
see Figure 25. 
A very important point which comes out from the previous analysis regards the holder 
sections closer to the winglet (Z=0.025 m and slightly also Z=0.030 m). In fact the 
assumption of a partially catalytic winglet surface induces, on that holder part, thermal 
loads higher than that predicted with the assumption of fully catalytic winglet surface 
(see Figure 23 and Figure 25). This is due to the presence of atomic species (O, N) 
around the winglet which do not recombine completely on the winglet surface itself, so 
being transferred inside the outer and inner vortices developing around the winglet, 
impacting on the holder surface and then forced to recombine with a consequent 
suddenly energy release, i.e. heat flux, to the wall. 
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Figure 21. Pressure distributions on the winglet sections (left) and on the holder sections (right) 

 

Figure 22. Heat flux distributions on the winglet sections 

 

Figure 23. Heat flux distributions on the holder sections 
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Figure 24. Temperature distributions on the winglet sections 

 

Figure 25. Temperature distributions on the holder sections 

5.4 Base flow effects 

An estimation of the base flow field and of the resulting effects on the holder surface 
has been done, adopting the coarse level of the grid a. It has to be remarked that, at the 
time of writing, all the results presented in this section are preliminary, and then the 
conclusions drawn should be confirmed. The pressure field in Figure 26 shows the basic 
structure of the flow field right behind the base in the centreplane, with the expansion 
fan that develops from the base top corner and the subsequent recompression due to the 
base vortex reattachment.  
The interaction between the base recirculating flow region and the vortex that turns 
laterally around the winglet results in a very complex flow pattern behind the winglet 
base. 
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Figure 26. Pressure field around the winglet with streamlines. 

The full test article configuration has been compared with the simplified one (without 
base) in terms of heat flux contour map (Figure 27) and heat flux longitudinal 
distributions (Figure 28). In the zone ahead the winglet the flow field is not affected by 
the presence of the base, except for a slight decrease of the separation bubble extension, 
due to the effect of the low pressure established on the base (Figure 27 and Figure 28-
left). However it can be preliminarily concluded that heat flux levels on the winglet 
leading edge are not affected by the presence of the base. In the symmetry plane, a peak 
in the heat flux distribution behind the winglet (at about x=0.19 m) indicates the base 
vortex flow reattachment point (compare Figure 26 and Figure 28-left). 
Heat flux distributions on the lateral side of the winglet (Z=0.025 m) are compared for 
the two configurations in Figure 28-right, showing a decreased heat flux in the triangle 
shaped inner region. This effect should be due to the low base pressure which 
propagates through the boundary layer subsonic part, so causing the heat flux 
decreasing. A confirmation of this last effect (that also reduces overheating factors) will 
be provided with the full solution convergence on the grid a. 

 

  
Figure 27. Heat flux distribution; enlargement of zone around the winglet. Comparison between the 

complete TA configuration (left) and the simplified one (right)  
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Figure 28. Heat flux distribution along longitudinal sections with and without base  

6. CONCLUSIONS 

This paper has described the Test Design Methodology followed in order to reproduce 
in the CIRA “Scirocco” Plasma Wind Tunnel the thermal loads foreseen on the 
EXPERT winglet during the re-entry. The procedure has allowed the definition of the 
facility set-up able to match the test requirements. A complex three dimensional CFD 
computation of the full test article in PWT condition has confirmed the test condition 
deduced by the simplified methodology and has supplied important information on the 
physical phenomena (blunt/fin interaction and winglet wake effects) which occur and on 
the consequent overpressures and overheatings. Moreover, during the CFD three 
dimensional analysis, the real catalytic behaviour of the winglet material has been 
considered, permitting the individuation of the most loaded holder section. It must be 
stressed that these flow features also occur in flight conditions, and they have to be 
considered for a safe design of the flight payload. 
The plasma experiment is scheduled in the 2008; the certified achievement of the test 
targets will finally assure the qualification of the re-entry vehicle component. 
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