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Abstract. This paper deals with design activities performed by CIRA in the frame of its flying test bed 
vehicle development, named FTB-X. The reentry scenario with the corresponding loading environment for 
the proposed vehicle, devoted to research activities in reentry technologies, is reported and analyzed. The 
hypersonic aerothermal characteristics of FTB-X are investigated on a trajectory-based design approach by 
means of several engineering and CFD analyses. Being a phase A design, the air is modelled only as a perfect 
gas and the analyses were based on laminar flow conditions, while only a preliminary analysis of real gas and 
turbulence effects has been performed in time. The results show that the aerodynamics derived from 
engineering design approach is sufficiently accurate for preliminary analysis purpose; moreover, surface heat 
loads were computed on the vehicle configuration for thermal shield design scopes. 

1. INTRODUCTION 

In the frame of the Italian Aerospace Research Program (PRORA), an experimental 
Unmanned Space Vehicle (USV) is being developed1. The vehicle is a winged 
eXperimental Flying Test Bed (FTB), named FTB-X, that 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. For example, 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 the flowfield features during reentry  in order to validate CIRA numerical (e.g. 
CFD) and experimental prediction capabilities.  

In fact FTB-X will provide aerodynamic and aerothermodynamic flight data for correlation 
with ground test (e.g. Scirocco) results, thus providing new insight into the understanding 
of complex aerothermodynamic phenomena occurring in flight and improving predicting 
methodologies and extrapolation to flight theory. 
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A first version of FTB’s family, namely FTB-1, designed to perform a number of flights in 
transonic and low supersonic regime, was successfully launched on February 2007, by 
means of a stratospheric balloon. This FTB-1 configuration, together with its evolution  
FTB-2 (that differ only for the ventral fins that were adopted in FTB-1), represents the basis 
for the current design activities on the FTB-X vehicle. 
This paper is aimed to provide a summary review of activities performed within the phase 
A design of FTB-X in the frame of preliminary aerodynamic and aerothermal environment 
characterization of vehicle. To this purpose the trajectory-based design philosophy was 
assumed, with two level analysis approach: engineering methods were used to generate the 
baseline databases, while a limited number of computational fluid dynamics (CFD) 
simulations have been performed in order to assess the accuracy of the simplified design 
estimates. In fact, since engineering methods are usually based on empirical correlations or 
other approximations, it is important that they are calibrated against the more accurate CFD 
results2. 

Particular attention has been paid to predict the longitudinal and lateral aerodynamic 
characteristics of the vehicle, as well as to assess its aerothermodynamic performance. 

 

Figure 1. USV-CIRA/FTB-X-392-FW50 concept 

A sensitivity analysis of results obtained for perfect gas flow model, with respect to 
relevant flight parameters, such as Mach number, Reynolds number, angles of attack 
(AoA), angle of sideslip (AoS), has been provided.  
The CFD analysis was carried out on selected points of reentry trajectory (the peak heating 
conditions) in order to provide the necessary input for the vehicle Thermal Protection 
System (TPS) design, which is a viscous dominated problem.  

2. PRELIMINARY VEHICLE DESIGN 

Different challenging performance, design and technology validation requirements shall be 
fulfilled by the CIRA reentry demonstrator with respect to other reentry vehicles. An 
overview of the definition and requirements of the FTB-X mission can be found in3. 
Among system requirements that directly impact on the aerothermal environment definition 
of vehicle there are the FTB-X capability to manage long duration reentries with well 
improved aerodynamics and maneuverability characteristics and the use of Italian launcher 
VEGA, who is a small expendable launch vehicle (ELV), being developed from ESA and 
ELV company. Moreover, the vehicle shall be characterized by a rather high aerodynamic 
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efficiency, and therefore will exhibit small nose and wing leading edge radii and will fly at 
moderate AoA. Therefore aerodynamic design and analysis of the proposed configuration is 
a challenge to the aerodynamicist.  

The requirement to be launched by VEGA has a strong impact on vehicle design. In fact at 
launch the vehicle will be stored in the fairing of VEGA (Fig.2), thus limiting the overall 
dimensions of the vehicle as wing span and fin height as well as the location of vehicle 
CoG.  

 

 
Figure 2. FTB-X/VEGA payload accommodation bay compatibility. 

Once in LEO orbit, after the VEGA’s fairing jettisoned, the vehicle will perform a 
separation manoeuvre, and with the assist of AVUM (Attitude and Vernier Upper Module) 
service module will start the re-entry phase, during which it will fly trimmed and will 
manoeuvre in a long endurance hypersonic flight, accordingly to the experimental 
requirements, up to supersonic, and transonic regimes, until parachute landing is deployed. 

2.1. USV-X trade-off analysis 

Several concepts were analysed for the FTB-X test bed. The last configuration proposed at 
the end of the trade-off design activities, namely FTB-X_392_FW50, is shown in Fig.1. 
The trade-off configurations analysis has been performed adopting a homogeneous set of 
independent parameters, evolving from the baseline configuration of FTB-1, which is the 
first flying test bed of the CIRA USV family (see Fig.3).  

The CAD outputs have been supplied to the involved design disciplines (e.g. 
aerothermodynamics, internal configuration, thermal protection, cold structures, power 
management, mission analysis) to work with an integrated approach on the same 
configurations database. 



G.PEZZELLA et al. /Hypersonic Aerothermal Environment of CIRA FTB-X Reentry Vehicle 

 

 4 

 
Figure 3. USV FTB-1 concept. 

In this paper, however, only the main analyzed configurations (see Fig. 4) are described, 
emphasizing the rationale for each proposed change, as reported in the following paragraph. 
Further details on USV-X overall trade off studies can be found in3,4. 

FTB-2 
 

FTB_X 1.1.2 
 

 
FTB_X 1.3.2 

 

 
FTB_X 3.9.2_FW50 

 

Figure 4. FTB_X main configurations: FTB-X-1.3.2 (left) and FTB-X-392-FW50. 

The FTB-X-112 configuration was generated by scaling FTB-2 by a factor of about 65% 
and shortening the forward part of the fuselage, with the aim to make it compatible with the 
fairing of VEGA launcher (Fig.2); since with such scaling the wings tips resulted out of the 
fairing, the span was reduced; however, the wing mean chord has been increased to 
compensate the area reduction in order to reduce the wing loading; the normalized wing 
profiles have not been modified to maintain similarity with FTB-2. From the FTB-X-112 to 
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the FTB-X-132 the nose has been moved downward, obtaining a flat bottomed 
configuration, typical of winged hypersonic vehicles, and only a single fin was considered. 
Moreover the lateral size of the fuselage was slightly increased in order to obtain adequate 
available vehicle volume for subsystems arrangement.  
Starting from the FTB-X-132 configuration, a sensitivity analysis was made with the goal 
to improve the longitudinal and lateral-directional stability, as well as the aerodynamic 
efficiency of the vehicle. To this aim either fuselage and wing were further modified. The 
forebody was tapered from CoG position to nose, while the wing has been changed, in 
terms of planform shape and position with respect to the vehicle nose. The strake has been 
removed and the sweep angle has been increased from 60° to 65° (deg). 
A summary review of the aerodynamics improvement achieved for the FTB-X-392_FW50, 
configuration starting from FTB-X-132 one, is provided in Fig.5 and Fig.6.  
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Figure 5. Aerodynamic efficiency (left) and CN�  (right) vs. configurations 
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Figure 6. Efficiency (left) and pitching moment coefficient (right) comparison between FTB-X-132 and FTB-

X-392-FW50, for M¥=8 and Re/m=2x106 (1/m). 

In Figure 5 (left) the evolution of the efficiency with the configurations is shown; it can be 
seen that, from the 1.1.2 to the 1.3.2 configuration, there was a decrease of the efficiency, 
mainly due to the minor slenderness of FTB-X-1.3.2. Going to the 3.9.2_FW50 
configuration, a positive trend was obtained and an efficiency closer to the fulfillment of 
the project requirements3 was accomplished. In Fig.5 (right) the Cn�  is shown for two 
angles of attack (15° and 30°) for different configurations at Mach 15; it can be clearly seen 
the improvement of the Cn�  up to the 1.9.2 configuration; however, a decrease of Cn�  
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occurred for the 3.9.2_FW50 configuration, due to the fact that the wing has been moved 
forward by 50 cm in order to obtain a positive Cmy that can be trimmed by means a positive 
deflection of the flaps (Fig.6). 

In Fig.6 the comparison of aerodynamic efficiency (Eff) and pitching moment coefficient 
(Cmy) are shown. 

2.2. FTB-X-392_FW50 configuration overview 

The 392_FW50 concept is a wing-body configuration equipped with a delta wing and one 
vertical tail. The three-view drawing of the vehicle is presented in Fig.7. The overall 
vehicle dimensions are summarized as follows: 

·  total length (tail included): 5.68 m; 
·  total height (tail included): 1.62 m; 
·  fuselage length: 5.31 m; 
·  maximum fuselage width: 0.90 m; 
·  maximum fuselage height: 0.90 m; 
·  wingspan: 2.14 m; 
·  wing area: 3.05 m2; 
·  nose radius (RN): 0.10 m; 
·  wing leading edge radius (RWN): 0.04 m. 

The fineness ratio of the fuselage is about 6 while the wing aspect ratio is 0.9.  
The aerodynamic configuration features a compact body with rounded edge delta-like 
fuselage cross section and delta planform wing as basic shape.  

  

%xCG
=58.6% 

 
Figure 7. Three view drawing of FTB-X-392-FW50 concept. All dimensions are in mm. 

The vehicle architecture shows sharp nose and leading edges for fuselage and wing with a 
blended wing body interface and a flat bottomed surface to increase its overall hypersonic 
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performance (high supersonic/hypersonic lift-to-drag). The fuselage was designed to be 
longitudinally tapered, in order to improve aerodynamics and lateral-directional stability, 
and with a cross section large enough to accommodate all the vehicle subsystems such as, 
for example, the propellant tanks of reaction control system (RCS) which has to support the 
requirement of long mission duration. The last system requirement has large impact on 
vehicle performance. In fact, from the aerodynamic point of view, the lift and the 
aerodynamic efficiency are mainly determined by the fuselage fineness and by the shape of 
vehicle cross section.  

The forebody is characterized by a simple cone-sphere geometry characterized by smooth 
streamlined surfaces on the upper and lower side of fuselage, and by the nose drop-down 
configuration, typical of winged hypersonic vehicles. The nose camber is low enough to 
reduce elevons size in order to provide desired trim range and to improve internal 
packaging.   

The wing size and location were defined on the basis of trade studies so to improve vehicle 
aerodynamics and to provide static stability and controllability during flight. Indeed the 
wing was located forward in order to keep the aerodynamic center of pressure (CoP) close 
to the centre of gravity (CoG), whose current position is 58.6% of fuselage length for an 
enhanced lateral directional stability5. Further, moving forward the wing increases the Cmy, 
thus allowing to pitch trim the vehicle with positive deflections of control surfaces, for an 
improved vehicle stability and controllability for major parts of the flight envelope. Of 
course, the final position of the wing will be however fixed after a further trade-off with the 
CoG position. 

Finally, the wing is swept to assure best performance with respect to supersonic drag and 
aerodynamic heating. The wing sweep angle is equal to 65°, that is the result of a trade-off 
analysis in which the sweep angle has been varied from 60° to 70°. Note that as preliminary 
reference configuration the wing was not characterized by a strake because no requirements 
on landing exist. A properly designed strake could be added in the future, depending on the 
confirmation of a specific landing requirement. A wing dihedral angle of  5° is also 
provided to enhance vehicle lateral-directional stability.   

The wing section shape, almost identical to the one of FTB-1, is maintained from root to 
wing tip; the leading edge is rather sharp in order to reduce wave drag and to take 
advantage of the boundary layer thickening, and a nearly flat bottomed surface to dissipate 
efficiently the aeroheating. The control surfaces on the wings are elevons which must serve 
as ailerons, elevators and flaps. The wing has a high length-to-width ratio to minimize drag.  

Also if the current results show that the vehicle can be trimmed only with the elevons,  also 
a body flap is foreseen in order to improve longitudinal stability during atmospheric 
descent.  

The vertical tail helps to provide vehicle sideslip stability. The vertical tail sweep angle is 
45°. Note that the requirement to fly at moderate AoA along the reentry implies that the tail 
is expected to be slightly more effective unlike a classical re-entry where, at high angle of 
attack, the vertical fin is shielded from the flow, thus providing no control. 
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3. DESIGN PROCEDURES AND METHODOLOGIES 

FTB-X has a number of extreme loading flight conditions for which analyses are required. 
It must return from orbit, fly trimmed throughout hypersonic and supersonic regimes until 
landing parachute is deployed, and withstand severe aeroheating. An accurate aerodynamic 
and aerothermodynamic analysis of all these flight conditions is very complex and time 
consuming, and is not compatible with a phase A study, in which fast predicting methods 
are typically required. Therefore the trade-off evaluation of the aerothermal environment of 
FTB-X-392_FW50 was mainly performed by means of engineering tools, while a limited 
number of more advanced CFD computations were performed in order to verify the 
attained accuracy and to focus on some critical design aspects not predictable with 
simplified tools.  
Engineering based analyses were therefore extensively performed for all the intermediate 
configurations by using a 3D Panel Methods code; in addition, engineering relations were 
used for a further verification of the heat loads in the most critical parts of the vehicle.  

In the following paragraphs the tools used for the design analyses are described. 

3.1. Engineering based Methods 

VECC (Viscous Effects on Complex Configuration) has provided design support for the 
preliminary assessment of the vehicle aerodynamics and aerothermodynamics6. It is an 
interactive computer program able to estimate, at engineering level, the aerodynamic and 
aerothermodynamic characteristics of a vehicle with a complex arbitrary three-dimensional 
shape. VECC generates tables of aerodynamic coefficients as a function of Mach number, 
Reynolds number, angle of attack, and side slip angle, as well as tables of surface heat flux 
for cold and radiative equilibrium wall boundary conditions.  

 
Figure 8. Example of surface mesh for engineering based analyses. 

The vehicle surface has been approximated by a system of panels made of several 
quadrilateral planar elements (see Fig.8). VECC evaluates the pressure and aeroheating 
distributions on each element by means of local surface inclination and approximate 
boundary-layer methods, respectively, which are typical of high supersonics and 
hypersonics. Several user-specified compression-expansion methods may be used in 
calculating the pressure in impact and shadow regions of vehicle. In the present analysis 
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Prandtl-Meyer expansion flow theory and tangent cone/wedge method are widely applied, 
as well as the modified Newtonian method. However no flow separation is accounted for 
(i.e. wing stall is not predicted). In the present analysis, the different vehicle parts (e.g. 
fuselage, wing and vertical tail) are analysed separately, and global vehicle coefficients are 
obtained by appropriate summation of component contributions (e.g. lumped coefficient). 
As far as the base drag is concerned, for all computations it was assumed that the vehicle 
base would experience total vacuum (i.e. the pressure is taken as the freestream one), so 
that the pressure coefficient locally reads:  

  
2baseP M

2
c

¥g
-=                                                            (1) 

 
However, to take into account viscosity and real gas effects in general only 70% of this 
contribution is considered6, that is: 
 

 
2baseP M

1
c

¥

-@                                                             (2) 

 
Each VECC run typically takes only few minutes, so that the aerothermal characteristics of 
a particular configuration may be estimated throughout the flight envelope in a matter of 
hours.  

The viscous analysis needs the evaluation of streamlines on vehicle’s surface. The 
calculation is performed along each streamline using a simple one-dimensional boundary 
layer method, and the results are then interpolated at each element centroid. To do this the 
generic vehicle component is modelled as either a flat plate or a leading edge by selecting 
the appropriate boundary layer model. The flat plate boundary layer model includes both 
Laminar and Turbulent methods as well as the cone correction that sets the Mangler factor. 
The two available laminar skin friction and aeroheating correlations in the Plate Laminar 
Method option are the Eckert and the r -m methods. Both are based on the classic Blasius 
flat plate boundary layer solution corrected with the reference enthalpy compressibility 
factors. If Plate Turbulent Method option is chosen, four turbulent methods are available: 
the Schultz-Grunow, the r -m, the Spalding-Chi and the White one.  

With the leading edge boundary layer model, the vehicle nose and leading edge may be 
modelled as either a sphere, cylinder or a swept cylinder. The methods used for spherical 
and unswept cylinder leading edges include the Lee’s method for laminar flow and the 
Detra-Hildalgo method for turbulent flow. The analysis uses Lee’s method with the 
addition of the sweep angle effect, which is calculated with either the Cato-Johnson or the 
Beckwith-Gallagher swept cylinder method.  

3.2. Computational Fluid Dynamics (CFD) Methods 

The numerical code used to carry out the aerothermal analysis of the FTB-X vehicle is the 
CIRA code H3NS. A detailed description of code capabilities can be found in7. H3NS 
solves the flowfield governing equations, including chemical and vibrational non-
equilibrium, with a finite volume approach; a flux difference splitting upwind scheme is 
used for the convective terms,  with a 2nd order ENO-like correction. The viscous fluxes are 
calculated by central differencing, i.e. computing the gradients of flow variables at cell 
interfaces by means of Gauss theorem. Time integration is performed by employing an 
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Euler Forward scheme coupled with a point implicit treatment of the species and vibration 
energies source terms. Also a parallel version of the code is currently available.  
Several boundary conditions are available for the viscous computations,  including different 
catalycity models and the possibility to assign at the wall a fixed temperature or a radiative 
equilibrium condition; in the latter case the wall temperature is computed by means of the 
relation 
 

radeqw TTwradconv Tqq
=

== 4se��                                                         (3) 

 
CFD computations have been carried out on multiblock structured grids, generated with the 
commercial tool ICEM-CFD; the grid used for Euler calculations, consisted of 62 blocks 
for an overall number of 829000 cells (half body). An example of the surface grid is shown 
in Fig.9. 

 
Figure 9. Computational surface grids.  

4. MISSION ENVIRONMENT DEFINITION 

In order to define the mission of a space vehicle, the aerothermal environment must be 
determined including various quantities as, for example, pressure, streamlines, heat flux 
and aerodynamic forces and moments, as function of the trajectory time parameter. Two 
design strategies are typically used in defining the aerothermal environment: the    
trajectory-based approach or the space-based approach. The first one, used for the 
aerothermodynamic database, consists in performing the aerothermal computations at a 
finite number of “critical” points on a given design trajectory; the second one, used for the 
aerodynamic database, consists in the generation of complete data set as function of a 
number of independent parameters (i.e. M¥ , Re¥ , � , b). In both cases, by using engineering 
prediction methods, one can rapidly develop a database of surface quantities as a function 
of the freestream parameters thus reconstructing the aerothermal environment along the 
entire reentry trajectory.  
The reentry design trajectory is bounded by several reentry constraints as, for example, load 
factor and dynamic pressure limits. These constraints determine a flight envelope, namely 
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reentry corridor, that ensures safe passage through Earth's atmosphere if the reentry 
trajectory lies within it8. 
From the aerothermal point of view the reentry vehicle has to satisfy the heat rate constraint 
that is the floor of reentry corridor at rather high Mach number. If this limit is exceeded, the 
safety of the vehicle may be strongly compromised, because the higher is the heat rate, the 
higher is the vehicle skin temperature. For the present work an heat flux limit of 1100 
kW/m2 was assumed, based on the characteristics of the selected TPS material and on the 
vehicle configuration (i.e. nose radius). If the thermal barrier is satisfied, the peak heating at 
vehicle nose will be below the acceptable limit of the TPS. Therefore, vehicle AoA profile 
has to guarantee aerodynamic lift to sustain the vehicle above this limit.  
In order to provide vehicle aerodynamic coefficients for the trajectory analysis and wall 
heat fluxes for the TPS sizing, the range of high Mach number was analysed, while the 
behaviour at lower Mach numbers will be more deeply studied in future analyses. 
The aerodynamic coefficients have been provided as a function of Mach number (M¥ ), 
AoA, AoS, deflection angle of the ailerons (da) and Reynolds number; instead the heat 
fluxes were computed at a number of selected points along the reentry trajectory. In the 
present analysis the continuum regime (supersonic and hypersonic speed ranges) is studied 
in more detail, while only a preliminary analysis was performed concerning the rarefaction 
and real gas effects.  
The lift (CL), drag (CD) and moment (CM) coefficients are calculated according to Eq.4 and 
Eq.5, respectively. 

D,Li
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ref
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                                                      (4) 
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The aerothermodynamic analysis is accomplished, instead, by means of heat flux profiles 
provided on several vehicle sections, as for example the fuselage centerline. 

4.1. Coordinate System and Reference Parameters 

In order to have forces and moments as non-dimensional coefficients, the following 
reference parameters, have been chosen:  

·  Lref =2.30 m    (wing mean chord – longitudinal reference length); 
·  cref = 2.06 m    (wing span – lateral-directional reference length); 
·  Sref =3.05 m2   (area of the exposed part of the wing);  
·  Pole coordinates are (3.113,0,0)  m (preliminary CoG location). 

Note that, as heritage of the FTB-1 vehicle aerodynamic data base, the area of the exposed 
part of the wing was chosen as reference area rather than the most suitable vehicle planform 
one.  

Figure 10 shows the used reference frames for the aerodynamic characterization of vehicle. 
The subscript “b” indicates the body reference frame, while “w” indicates the wind 
reference frame. The origin of both reference systems is in the vehicle centre of gravity 
(CoG), which is also the pole for the calculation of the aerodynamic moments.  
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Figure 10. Reference frames with respect to the vehicle configuration. 

The usually flight mechanics convention is adopted throughout aerodynamic analysis. 
Therefore the stability conditions for the vehicle are: 

·  Longitudinal stability: Cm�  < 0 

·  Lateral-directional stability: Cn�  > 0 ; Cl�  < 0 

4.2. Reentry flight scenario and loading conditions 

Figure 11 summarizes the FTB-X design trajectory3 in terms of the time histories of 
altitude, Mach number, AoA, while the unit Reynolds number (Re¥ /m) was reported as 
function of Mach number in order to characterize the aerodynamics and 
aerothermodynamics of vehicle.  

Based on this reentry flight scenario the engineering aerodynamic data set was generated 
for the flight envelope bounded by the following ranges: 

• 2            <      M¥      < 25      [2, 3, 4, 6, 8, 12, 16, 20, 25] 
• 2x104 m-1       <   Re¥ /m   < 2x106 m-1 [2x104, 105, 5x105, 2x106] 
• 0°            <      �      < 30°      [0, 2, 5, 7, 10, 12, 15, 17, 20, 22, 25, 27, 30] 
• 0°            <      �      < 8°      [0, 4, 8] 
• -30°            <      da     < 30°      [-30, -20, -10, 10, 20, 30]  

From Fig.11 it can be clearly seen how FTB-X guidance law significantly differs from that 
of Space Shuttle. In fact the Shuttle AoA is about 40° for most of the trajectory, while FTB-
X modulates its attitude, during critical phase, taking the AoA profile as close as possible to 
that corresponding to the maximum aerodynamic efficiency, compatibly with the maximum 
heat flux that the vehicle thermal shield could sustain. As a consequence, this reentry 
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scenario results in an aero-heating environment that must be accurately predicted for a 
reliable TPS design.  
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Figure11. Preliminary reference FTB-X reentry trajectory. 

In order to characterize the FTB-X aerothermal environment, firstly the most solicited point 
of the vehicle configuration was considered, that is the stagnation point of the fuselage 
nose. To build the heat flux profile for the fuselage stagnation point, the Detra-Kemp- 
Riddell8 relationship was employed: 

        
                                                        (6) 

 

where RN is the nose radius in m, r SL (sea level density) is expressed in  kg/m3 and vco is the 
circular orbit velocity in m/s. 
For what concerns, instead, the thermal loading on vehicle wing leading edge, the heat flux 

was evaluated, according to9, as:  
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where L eff  is the effective wing swept angle: 

aL=L cossinsin eff                                                              (8) 
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2

eff sin1cos L-=L                                                            (9) 

The time histories of heating load with respect to the fuselage nose and the wing leading 
edge are reported in Fig.12 and Fig.13, respectively. Note, as shown in Fig.12, that the 
constraint of the maximum heat flux (e.g. 1100 kW/m2) is generally respected. 
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In Fig.13 the heat fluxes along the trajectory are shown over the wing with respect to three 
meaningful sections as defined in the figure10. As one can see the aeroheating at wing 
leading edge results in a less severe environment with respect to stagnation point, mainly 
thanks to the effect of wing swept. 
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Figure 12. Preliminary reference FTB-X aerothermal flight scenario wrt stagnation point. 
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Figure13. Preliminary reference FTB-X aerothermal flight scenario wrt wing leading edge10. 

Note, however, that because of the long mission requirement, the above reentry aerothermal 
scenario resulted in a very high time integrated heat load Q, that reads: 

( ) tt= � dq)t(Q
t

t
spsp

E

�

                                                                    (10) 

It must be underlined that, while the peak of heat flux drives the selection of the nose 
geometry, given a TPS material type, the integrated heat load determines the thickness of 
the TPS. Therefore, the points to be selected on the trajectory for CFD analysis should be 
chosen also to replicate the area under the heat pulse, which markedly drives the vehicle 
thermal shield design.   

In order to capture the heating pulse of Fig.12 that the vehicle has to withstand, 6 points 
were selected along the trajectory on which a number of CFD analyses were provided. 
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These check points and the corresponding freestream conditions are summarized in the 
following Table 1. 

 
 
 
 
 
 
 
 

Table 1. CFD check points  

5. RELIABILITY OF ENGINEERING METHODS 

In the following two paragraphs some CFD results are compared with VECC estimations in 
order to assess the error margins of engineering based design analyses. 

5.1. Vehicle Aerodynamics 

In Fig.14 and Fig.15 the vehicle surface pressure contours and the Mach number contours 
field, obtained by means of an inviscid CFD simulation at M¥=20 and AoA=10°, are shown 
respectively. 

 

 

 

Check 
point 
No 

time to 
reentry 

(sec) 

Altitude 
(m) 

Mach 
No. 
(-) 

Heat 
Flux 

(kW/m2) 

AoA 
(deg) 

3 1220.20 80079.18 25.84 961.50 12.94 
4 1800.00 77146.22 24.24 1074.20 19.24 
5 2119.17 75208.34 22.79 1034.38 23.70 
6 2492.99 70241.79 19.85 1062.48 25.29 
7 2773.56 63981.31 16.51 1058.19 22.74 
8 2900.00 60427.10 14.71 846.08 20.18 

Pressure spike 
due to SSI 
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Figure 14. Pressure coefficient at M¥=20 and AoA=10°. Comparison between H3NS (up) and VECC (down) 

In Fig.14 also the surface pressure distribution obtained with VECC is reported; it can be 
seen that the distributions are very similar, except for the wing leading edge where VECC 
is not able to determine the pressure spike due to the bow shock impingement. Note that 
this pressure spike is a direct consequence of shock-shock interaction (SSI) that occurs 
between fuselage bow shock and wing shock; the high gradients in this zone of the wing 
cause a strong increase of local heat load. This problem has been analysed in more detail 
in10. 

 

Figure 15. Mach contours and streamlines fields at M¥=20 and AoA=10°. 

Comparisons of aerodynamic coefficients between engineering and inviscid CFD 
calculations at M¥=10 and M¥=20 for 0°<a �<30° �are shown in Fig.16. 
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Figure 16. Engineering and CFD (inviscid) comparison for M¥=10 , 20 and 0°<a �<30°. 

In Fig.17 also the pressure coefficient cp provided at vehicle centerline for TC-6 flow 
conditions is compared between engineering and CFD computations. 

 

        

Figure 17. Pressure coefficient comparison between CFD and VECC at TC#6, for fuselage centerline (left) 
and wing section at y=0.76 m. 
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From the previous Fig.16 and Fig.17 it can be seen that the engineering based results are in 
good agreement with CFD solutions. Overall available results confirm that the difference 
between CFD and VECC aerodynamic coefficients is smaller than 20% in these 
comparisons. Thus, it is confirmed that using an engineering approach (e.g. newtonian flow 
theory) to determine aerodynamic characteristics of the baseline configuration appears to be 
a reasonable preliminary design approach across the hypersonic portion of the reentry 
trajectory. 

5.2. Vehicle Aerothermodynamics 

As far as the aeroheating is concerned, several comparisons were performed between 
VECC and CFD results; hereinafter only a comparison over the fuselage is shown, while 
more details concerning the heat loads over the wing can be found in10, where attention is 
focused also on the interaction that occurs in the region of the wing leading edge on which 
impinges the vehicle bow shock. 
As an example, in Fig.18 the heat flux on the vehicle centerline is plotted as a function of 
the distance from  the nose for the TC-6 flowfield conditions. 

It can be seen that VECC solution compares well with respect to the CFD one. However, 
the comparison is not so good in the regions where 3D flowfield effects exist. This means 
that a proper margin should be adopted in this phase; therefore a 30% margin is conceived 
for the next TPS analysis, with respect to the VECC data. It must be also considered that all 
these analyses have been performed in the hypothesis of laminar flow; this hypothesis 
should be quite realistic in a large part of the trajectory, since it is characterized by low 
Reynolds numbers up to quite low Mach numbers, and in particular in the range where the 
maximum heat loads occur; however, the effect of possible premature transition induced by 
wall discontinuities should be taken into account in the future. 

 

 
Figure 18. Heat flux comparison between CFD and VECC at TC#6, for fuselage centerline. 
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Further details on aeroheating trade studies can be found in4,10. 

6. SYNTHESIS OF RESULTS 

In this section the main results obtained on the FTB-X-392_FW50 configuration are 
reported and discussed. 

6.1. Vehicle aerodynamic database 

The lift and drag coefficients for the clean configuration (e.g., zero control-surface 
deflections) are shown in Fig.19, together with the pitching moment used for the 
longitudinal stability analysis. Three Mach numbers (i.e. 3,6, and 25) were reported for 
Re/m=5x105 1/m. 

From the Cmy trend it can be seen that the vehicle is stable with the given CoG (3.113 m 
from the nose) for angles of attack higher than 15°, and being the Cmy positive at higher 
Mach numbers, it can be trimmed with wing and/or body flaps (i.e. positive deflections of 
control surfaces). 

In Fig. 20, instead, one can see the effect of Reynolds number on the aerodynamic 
efficiency (Eff) of the vehicle at M� =8. In the right side of the figure instead, the effect of 
Mach number at a fixed Reynolds (Re/m=2x106 1/m) on the efficiency is shown. These 
diagrams confirm the fulfilment of the high efficiency requirement necessary for a long 
endurance hypersonic flight. 
As far as the lateral-directional stability is concerned, in Fig.21 the profiles of Cl�  and Cn�  
as function of Mach number are reported. 
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Figure 19. Aerodynamic coefficients for Re/m=5x105 1/m. 
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Figure 20. Aerodynamic efficiency (Eff) for M� =8 for different Re/m (left side). On the right Eff for 
Re/m=2x106 1/m for different Mach numbers. 

This prediction shows that the FTB-X is statically stable (e.g. Clb>0) in roll direction for 
AoA greater than 15°; however, the yaw moment derivative with respect to �  indicates that 
the vehicle is statically unstable (e.g. Cnb<0) for all the AoA's and flight Mach numbers; 
therefore a Reaction Control System (RCS) is necessary for an active control of the vehicle 
flight, accordingly to the particular vehicle requirements (mission profile).  
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Figure 21. Cl�  and Cn�  vs Mach number.  

To highlight the effect of AoA on the clean configuration aerothermodynamics, in Fig.22 
the static pressure distribution over the wetted vehicle surface for three AoA (i.e. 13, 20, 
and 25°) is shown.  
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Figure 22. FTB-X 392-FW50. Pressure coefficient contours on vehicle surface. Comparison between TC-3, 
TC-8 and TC-6 flowfield conditions. 

Ranging AoA from 13° to 25°, the static pressure increases, thus leading to an enhanced 
aerodynamic performance. 

Control Surface contributions 

In order to provide data for the trim and stability analysis, a preliminary hypothesis was 
made for the aerodynamic control surfaces; in this phase only the wing ailerons have been 
taken into account. In Fig.23 the wing control surface (i.e. ailerons) that has been used for 
this first analysis is shown; the chord of the aileron is 1/3 of the chord at the wing tip. 

Note that, even if Fig.23 highlights vehicle body flap, at the moment, its effects will be 
taken into account only in the next iterations of the design loop; in fact, also if it was seen 
that the vehicle can be trimmed by means of the ailerons, the body flap can obviously offer 
advantages also on both longitudinal and lateral-directional stability by providing margins 
on CoG location. 

                       
Figure 23. FTBX-392-50FW aerodynamic control surfaces 

The predicted variations of aerodynamic coefficients as a function of ailerons deflection 
and AoA are shown in the next figure. For all cases, the magnitude of the increments 
increases with AoA, with a non-linear trend.  

ailerons 

Body flap 
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Figure 24. FTB-X_392-FW50. Effect of ailerons deflection on aerodynamic coefficients at Re/m=5x105 m-1. 

In Fig.24 the effect of the wing control surfaces is shown for two Mach numbers (6 and 25) 
and two AoA (15° and 25°). In particular, it can be seen that the aileron deflection to trim 
the vehicle (Cmy=0) is very low, smaller than 10° for both Mach 6 and 25. For these low 
deflections from Fig. 24 it can be also seen that the loss of aerodynamic efficiency is very 
small. 
However, it must be stressed that this result is a consequence of the Cmy  trend, that 
depends also on the final real position of the CoG. The current design is made to realize 
small positive values of Cmy in the flight conditions of interest, but the trim and stability 
analysis should also guarantee a sufficient margin in order to avoid negative values of Cmy, 
that could be critical since the control surfaces at high Mach numbers are effective if work 
with positive deflection angles. As sized for this study, the control surfaces allow to trim 
the vehicle in hypersonic regime, using moderate control surface deflection angles. 
Additional information on trim analysis can be found in3. 

6.2. Vehicle aerothermodynamic database 

VECC provided vehicle aerothermodynamic database in terms of surface heat flux 
distributions, as well as overall skin friction coefficients; some results are summarized 
hereinafter.  

Figure 25 shows the heat flux distributions at fuselage centerline for the flowfield 
conditions of TC-3, TC-8,and TC-6. As one can see the stagnation point heat flux is close 
to the trajectory aeroheating constraint and is quite insensitive to these changes in AoA of 
test case conditions. This is not unexpected as the surface radius of curvature is nearly 
constant in the vicinity of the nose tip. Along the fuselage, however, there is an AoA 
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influence on the surface heat flux both on windside (continuous line) and leeside (dashed 
line). 

 
Figure 25. Heat flux distribution on the fuselage centerline. Effect of AoA. 

When AoA is the smallest (TC-3), areas on the upper surface of the vehicle are more 
exposed to the flow environment than for the other TC conditions and typical RLV 
(AoA@40°), thus reaching higher heat flux distribution (green dashed line), at least in the 
forward part, due to the drop-down nose configuration. 
Finally ranging from TC-8 and TC-6 small differences are present, as expected, both on 
vehicle belly side and leeside.  

6.3. Additional design analyses  

In the next phases of FTB-X design, further analyses will be performed on specific topics in 
order to increase the reliability of the database and to reduce the design margins. In 
particular, the attention will focus on real gas and rarefaction effects, as well as shock-
shock interactions (see Fig.26) and laminar-to-turbulent transition.  

 
Figure 26. Example of shock impinging over the wing10. 
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The real gas effects can be important because, during atmospheric reentry, dissociation and 
ionization processes take place in the shock layer, which can have an influence on the 
aerodynamic coefficients. Real gas effects are expected to influence stability and control 
derivatives of vehicle, in particular its pitching moment, as highlighted by first US Space 
Shuttle reentry (STS-1) where an unexpected higher nose-up pitching moment required a 
body-flap deflection twice that predicted by the pre-flight analyses to trim the Orbiter. 
Moreover, real gas effects cause a shock that lies closer to the vehicle with respect to the 
position predicted by a perfect gas assumption. These effects obviously occur only at higher 
Mach numbers. 
Preliminary comparisons have shown that this effect seems quite small for the FTB-X 
vehicle, at least along the current baseline trajectory, but the problem must be studied in 
more detail. An intense activity is currently on going at CIRA devoted to study in particular 
the real gas effects on flap efficiency; dedicated experimental tests are foreseen in the 
CIRA Plasma Wind Tunnel Scirocco on a representative model, and also a specific 
experiment is foreseen on-board of the Expert capsule11. 
Also a good characterization of the wall catalycity is important in order to reduce the 
design margins, thus avoiding the need to apply the too conservative hypothesis of fully 
catalytic wall, currently used.  
Further, regarding to the aerodynamic coefficients, it is well known that at very high 
altitude, when the Reynolds number decreases and rarefaction effects are present, there is a 
strong increase of the drag coefficient and a consequent reduction of the maximum 
efficiency; this aspect was analyzed in detail in 12, but was not yet taken into account in the  
Phase A vehicle design. 
Another aspect that has to be considered is the interaction of the bow shock with the shock 
generated by the wing. It is an important phenomenon that has to be investigated because it 
can have a significant impact on the local pressure and heat flux distribution. Also for this 
topic a specific analysis was made in10, but it was not yet taken into account in the TPS 
design. 
As far as the laminar to turbulent transition is concerned, it is well known that it can cause 
strong over-heating on the skin; preliminary analyses show that it should occur at quite low 
Mach numbers, again due to peculiarity of the trajectory; however, the possibility of a 
premature transition due to 3D effects or to wall discontinuities cannot be excluded, and 
must be therefore taken into account; a dedicated activity is therefore on going at CIRA on 
this topic, including also an experimental test campaign that will be performed in 
conditions similar to the ones occurring in flight. 

7. CONCLUSIONS 

Preliminary definition of the hypersonic aerothermal environment of FTB-X concept, under 
development as reentry test bed within the national PRORA program carried out by CIRA, 
was summarized in this paper; FTB-X is a winged re-entry vehicle designed for performing 
a number of experiments in reentry technologies for correlation and validation of ground 
test and flight data. 
The preliminary aerodynamic and aerothermodynamic characterization of the vehicle have 
been performed by extensively using engineering tools, whose reliability was checked with 
advanced CFD computations; results were obtained in several points along a nominal 
reentry trajectory, in the hypersonic flight regime.  
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A comparison of baseline vehicle aerodynamics based on engineering and CFD flow 
solutions shows that the engineering based technique is sufficiently accurate to predict the 
aerodynamics of the vehicle for preliminary analysis scope.  
Finally, the open points still to be analyzed in detail in the next phases of the Program were 
briefly discussed. 
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