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a b s t r a c t

This paper deals with the aerodynamic and aerothermodynamic trade-off analysis

aiming to design a small hypersonic flying test bed with a relatively simple vehicle

architecture. Such vehicle will have to be launched with a sounding rocket and shall

re-enter the Earth atmosphere allowing to perform several experiments on critical

re-entry technologies such as boundary-layer transition and shock–shock interaction

phenomena. The flight shall be conducted at hypersonic Mach number, in the range 6–8

at moderate angles of attack. In the paper some design analyses are shown as, for

example, the longitudinal and lateral-directional stability analysis. A preliminary

optimization of the configuration has been also done to improve the aerodynamic

performance and stability of the vehicle. Several design results, based both on

engineering approach and computational fluid dynamics, are reported and discussed

in the paper. The aerodynamic model of vehicle is also provided.

& 2011 Elsevier Ltd. All rights reserved.
1. Introduction

This paper deals with the aerodynamic and aerother-
modynamic trade-off analysis of a re-entry flight demon-
strator helpful to research activities for the design and
development of a possible winged Reusable Launch Vehi-
cle (RLV). Such experimental vehicles will have to be
launched with a sounding rocket and shall re-enter the
Earth atmosphere allowing to perform a number of
experiments on critical re-entry technologies.

The flight shall be conducted at hypersonic Mach num-
ber, in the range 6–8 at moderate angles of attack (AoA). The
flying test bed (FTB) configuration is designed to be allo-
cated in the fairing of a small launcher and to withstand
aerothermal loads of the re-entry flight. Therefore, a trade-
off study involving several configurations have been taken
into account and the preliminary aerodynamic and heating
databases have been produced, as input for both the flight
mechanics and thermo-mechanics design analysis. Such
ll rights reserved.
aerodynamic data have been used to generate a number
of possible re-entry trajectories, able to fulfill program
requirements.

For instance, the design and the development of next
generation RLVs demands extensive numerical computa-
tions, in particular for the aerothermal environment the
vehicle experiences, and large experimental test cam-
paigns as well since considerable technological progress,
validated by in flight operations, is mandatory. Up to now
considerable progress has been achieved in hypersonics
Computational Fluid Dynamics (CFD), and large wind tun-
nels exist (i.e., the CIRA Plasma Wind Tunnel ‘‘Scirocco’’), but
this is by far not sufficient for the design of an operational
space vehicle. Therefore, it is advisable to gain first a
practical RLV design knowledge by scaled low cost proto-
type vehicle flying partially similar RLV missions, to address
practical experience on the key technologies within a
realistic operational environment. In this framework the
present paper reports on several analysis tools integrated in
the conceptual design process of a small hypersonic FTB
especially for what concerns the vehicle aerothermal design.
Among others, we used computational analyses to simulate
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aerothermodynamic flowfield around the vehicle concept
and surface heat flux distributions to design the vehicle
Thermal Protection System (TPS). The vehicle detailed
design, however, is beyond the scope of this work and the
mission and system requirements will be defined only at
the concept feasibility level.

The demonstrator under study is a re-entry space
glider characterized by a relatively simple vehicle archi-
tecture able to validate hypersonic aerothermodynamic
design database and passenger experiments, including
thermal shield and hot structures, giving confidence that
a full-scale development can successfully proceed.

A summary review of the aerodynamic characteristics of
the FTB concepts, compliant with a phase-A design level, has
been provided as well, according to the Space-Based design
approach [1]. Accurate aerodynamic analyses, however, are
very complex and time consuming, and are not compatible
with a phase-A design study in which fast predicting
methods are mandatory. Therefore, the evaluation of the
vehicle AEDB was mainly performed by means of engineer-
ing tools, while a limited number of more reliable CFD
computations was performed in order to verify the attained
accuracy and to focus on some critical design aspects not
predictable with simplified tools.

The engineering-based aerodynamic analysis was
addressed using a 3D Supersonic–Hypersonic Panel Method
code (S-HPM) that computes the aerodynamic characteris-
tics, including control surface deflections and pitch dynamic
derivatives, of complex arbitrary three-dimensional shapes
using simplified engineering methods as Prandtl–Meyer
expansion flow theory and tangent cone/wedge methods,
together with the modified Newtonian one [2].

The code H3NS, developed at Aerospace Propulsion
and Reacting Flows Unit of CIRA, was used to carry out
the CFD analysis. It solves the thermal and chemical
non-equilibrium governing equations in a density-based
approach with an upwind Flux Difference Splitting (FSD)
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Fig. 1. FTB_4 preliminary design traject
numerical scheme for the convective terms. H3NS solves
the full Reynolds Averaged Navier–Stokes equations in a
finite volume approach, with a cell centered formulation
on a multi-zone block-structured grid [3].

For the numerical CFD simulations (continuum flow
regime only) was chosen the non viscous Euler approx-
imation which, even if it does not account for viscosity
effects, is sufficient for the prediction of surface pressure
distribution, position and intensity of shock–shock wave
interactions. Viscous effects on vehicle aerodynamics
have been assessed only at engineering level. Note that
CFD (Euler or Navier–Stokes) analysis is nevertheless indis-
pensable in preliminary design studies, keeping in mind the
limited capability of engineering-based approach to model
complex flow interaction phenomena and aerodynamic
interferences. Moreover, CFD numerical computations allow
to anchor the engineering analyses in order to verify the
attained accuracy of these simplified analyses and to focus
on some critical design aspects not predictable using
engineering tools such as, for example, shock–shock inter-
action (SSI) phenomena on leading edges of both wing and
tail, and real gas effects as well.
2. Flight scenario and vehicle description

The preliminary reference flight scenario foreseen for
the vehicle is reported, together with the iso-Mach
and iso-Reynolds curves, in the altitude–velocity space
in Fig. 1.

The FTB concept is a wing–body configuration equipped
with a delta wing and vertical tail embodying the critical
technologies and the features of an operational system. The
vehicle shall be characterized by a rather high aerodynamic
efficiency, and therefore shall exhibit rather sharp nose and
wing leading edges and shall fly at moderate AoA. It will
provide aerodynamic and aerothermodynamic flight data
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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 prediction methodologies and extrapolation to
flight theory.

Among system requirements that directly impact on
the aerothermal environment definition of vehicle, there
is the use of a small expendable launch vehicle (ELV). This
requirement has a strong impact on vehicle design as
launcher fairings limit the overall dimensions of the
vehicle which are: total length (tail included): 1.26 m;
total height (tail included): 0.25 m; fuselage length (Lfuse):
1.2 m; maximum fuselage width: 0.15/0.22 m; maximum
fuselage height: 0.14 m; nose radius (RN): 0.02 m; wing-
span: 0.53/0.60 m; wing leading edge radius (RWN):
0.0023/0.0052 m; wing sweep leading edge: 45/561; wing
sweep strake: 761; wing sweep trailing edge: 61.
Fig. 2. FTB trade-off

Fig. 3. FTB_4 configura
The FTB configuration is born from the competition
among different vehicle concepts, aimed to assess the best
vehicle configuration compliant with the system require-
ments. Five different vehicle configurations have been
investigated. They are reported in Fig. 2.

The winning configuration is the one showing, at the
same time, the best aerodynamic and aerothermody-
namic performances. The FTB configurations comparison
is shown in Fig. 3.

The aerodynamic configuration features a compact
body with rounded edge delta-like fuselage cross section
and delta planform wing as basic shape. The vehicle
architecture shows a fuselage and a wing with a blended
wing–body interface and a flat bottomed surface to
increase the concept hypersonic aerothermodynamic per-
formance (i.e., the lower surface of the body provides
a significant amount of lift at hypersonic velocities).
configurations.

tion comparison.
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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 accom-
modate all the vehicle subsystems such as, for example,
the propellant tanks of reaction control system (RCS).

The FTB forebody is characterized by a simple cone–
sphere geometry with smooth streamlined surfaces on
the upper and lower side of fuselage, and by both nose-up
and drop-down configurations, typical of winged hyper-
sonic vehicles. The forebody geometry rapidly changes
from a quasi-circular to a rounded-square shape. The
wing size and location were defined on the basis of
trade-off studies so to improve vehicle aerodynamics
and provide static stability and controllability during
flight. Further, the nose camber was determined in order
to keep the aerodynamic center of pressure (CoP) close to
the center of gravity (CoG). For instance, cambered-up the
nose increases the CM (e.g., CMo40), thus allowing to
pitch-trim the vehicle with positive deflections of aero-
dynamic control surfaces.

The wing is swept back to assure best performance
with respect to supersonic drag and aerodynamic heating.
The wing sweep angle is equal to 451 for the wing #1 and
561 for the one #2. Note that, as preliminary reference
configuration, the wing #2 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. The trailing edge (TE) has a sweep forward
angle of 61. A wing dihedral angle of 51 is also provided to
enhance vehicle lateral-directional stability. The wing
section shape features a nearly flat bottomed surface to
dissipate efficiently the aeroheating; while the leading
edge is rather sharp in order to reduce wave drag.

Control power for FTB re-entry is provided by two
wing-mounted elevon surfaces, (eventually a lower body
flap), and ruddervators. Used symmetrically the elevons
are the primary controls for the pitch axis. Roll control is
obtained through asymmetrical usage of these elevons.
The rudder helps to provide the directional control, i.e.,
sideslip stability. During entry, the rudder should be
augmented by RCS. The wing flap is full span and its size
has been chosen equal to about 30% of the wing tip chord.
Thus, the wing control surfaces are elevons that must
serve as ailerons and elevators. The wing has a high
length-to-width ratio to minimize drag. The vertical tail
sweep angle is 451. Note that the requirement to fly at
moderate AoA along the re-entry implies that the tail is
expected to be slightly more effective unlike a classical re-
entry, (e.g., US Orbiter like), where at high AoA the Shuttle
vertical fin is shielded from the flow, thus providing no
control.

Finally, the vehicle may be provided with a body flap
located at the trailing edge of the fuselage in order to
augment pitch control and stability. Trim capability to
relieve elevon loads is obtained by body-flap deflection.

3. Aerodynamic analysis

The aerodynamic analysis is shown in terms of lift (CL),
drag (CD), side (CY), rolling moment (CL), pitching moment
(CM) and yawing moment (CN) coefficients, which are
calculated according to the following equations:

Ci ¼
Fi

ð1=2Þr1v2
1Sref

i¼ L,D,Y , CL¼
Mx

ð1=2Þr1v2
1cref Sref

,

CM¼
My

ð1=2Þr1v2
1Lref Sref

, CN¼
Mz

ð1=2Þr1v2
1cref Sref

ð1Þ

where Lref¼0.210 m; cref¼0.710 m; Sref¼0.144 m2 (corre-
sponding to the exposed wing/strake area). The pole for
the calculation of the moment coefficients is assumed in
the preliminary CoG.

The following ranges have been analyzed to generate
the aerodynamic data sets: 2rMNr9; �10rar101;
2�104rRe/mr2�106 m�1; �8rbr81; �20rdr201.
3.1. Aerodynamic model

The independent variables that have been recognized
as influencing the FTB_4 aerodynamic state are:

fM,Re,a,b,de,da,dr ,q, _ag

where the couple (M, Re) identifies the aerodynamic
environment, both continuum and rarefied flow regime
as the Knudsen number is proportional to the Mach to
Reynolds ratio, while the remaining variables completely
describe the flowfield direction.[4] The FTB aerodynamic
model (AM) development relies on the following assump-
tions: no RCS effects are considered; only rigid body
aerodynamic coefficients are evaluated, i.e., no aero-elas-
tic deformations are accounted for; no Reynolds and
Knudsen numbers effects on aerodynamic control sur-
faces are assumed; no sideslip effects on aerodynamic
control surfaces are assumed, except for rudder efficiency;
no effects of protrusions, gaps and roughness are here
considered; no Knudsen numbers effects on side force and
aerodynamic moment coefficients are assumed (except
for pitching moment coefficient), no mutual aerodynamic
interference between various control surfaces is consid-
ered [5].

Then, each aerodynamic coefficient has been derived
by supposing that each contribution to the single global
coefficient is treated independently from the others [6].
This means that the coefficient can be described by a
linear summation over certain number of incremental
contributions (i.e., build-up approach).

For instance, assuming that the vehicle is operating
at a combined AoA and AoS, the total lift coefficient is
given by

CL,total ¼ CL,bða,M,KnÞþDCL,de
þDCL,da

þDCL,dbf
þDCL,dr

þDCL,b,bþDCL,dr ,bþDCL,bViscousþCL _a
_acref

2V1
þCLq

qcref

2V1
ð2Þ

where CL,total is the total coefficient of the vehicle for a
given flight condition as expressed by the flight Mach
number M, AoA a, sideslip b, elevon deflection de, ailerons
deflections da, body-flap deflections dbf and rudder deflec-
tion dr.
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The parameter CL,b(a,M,Kn) is baseline lift coefficient in
zero sideslip and zero control surface deflections (i.e., in
clean configuration). It takes into account also for rarefac-
tion effects through bridging relationship. The parameter
DCL,de

represents the incremental lift coefficient due to
symmetric elevon deflections above the baseline and is
given by

DCL,de
¼ CLða,M,deÞ�CL,bða,MÞ ð3Þ

The parameter DCL,da represents the incremental lift
coefficient due to aileron (asymmetric elevons) deflec-
tions above the baseline and it can be evaluated using the
data on symmetric elevons as follows:

DCL,da ¼
DCL,de ¼ de ,LþDCL,de ¼ de ,R

2

� �
�DCL,de

ð4Þ

The incremental lift coefficients DCL,dbf
and DCL,dr

due
to body-flap and rudder are defined as follows:

DCL,dbf
¼ CLða,M,dbf Þ�CL,bða,MÞ

DCL,dr
¼ CLða,M,drÞ�CL,bða,MÞffi0 ð5Þ

The incremental lift coefficients due to baseline and
rudder in sideslip are given by

DCL,b,b ¼ CLða,b,MÞ�CLða,MÞ

DCL,dr,b ¼ ½CLða,b,M,drÞ�CLða,b,MÞ��DCL,dr ð6Þ

Note that the first term in square brackets on the right
hand side of the last equation gives the combined incre-
mental coefficient due to rudder at an AoA and sideslip
over the baseline at the same values of AoA and AoS. To
get the incremental coefficient due only to sideslip b, we
have to subtract the incremental due to AoA as shown by
second term on the right hand side of equation. Those
contributions represent aerodynamic cross coupling
effects, and they have been found to be significant,
especially at higher values of AoA.

CL _a is the change in lift force coefficient with rate-of-
change of AoA, _a; whereas CLq accounts for change in lift
force coefficient with pitch rate, q. Both those contribu-
tions are assumed zero [5].

In a similar fashion, we assume that the drag and
pitching moment coefficients are given by

CD,total ¼ CD,bða,M,KnÞþDCD,de
þDCD,da

þDCD,dbf
þDCD,dr

þDCD,b,bþDCD,dr ,bþDCD,b Viscous ð7Þ

The change in drag force coefficient due to rudder
deflection and the dynamic effects is assumed to be
Fig. 4. Example of surface meshes used for en
negligible for drag coefficient [5].

CMtotal ¼ CMbða,M,KnÞþDCMde
þDCMda

þDCMdbf

þDCMdr
þDCMb,bþDCMdr ,bþDCMb Viscous

þCM _a
_acref

2V1
þCMq

qcref

2V1
ð8Þ

CM _a is the change in pitching moment coefficient
due to rate-of-change of AoA; whereas CMq accounts for
change in pitching moment coefficient due to pitch rate.
The change in pitching moment coefficient due to rudder
deflection, is assumed zero [5,6].

The side force coefficient is given by

CY ,total ¼ CY ,bða,MÞþDCY ,da
þDCY ,dr

þDCY ,b,bþDCY ,dr ,b

¼DCY ,da
þDCY ,dr

þDCY ,b,bþDCY ,dr ,bþDCY ,b Viscous

ð9Þ

since the vehicle configuration is symmetric, i.e., CY,b

(a,M)¼0. Further,

DCY ,b,b ¼ CY ,bða,b,MÞ�CY ,bða,MÞ ¼ CY ,bða,b,MÞ ð10Þ

Similarly,

DCY ,da
¼ CY ða,M,daÞ

DCY ,dr
¼ CY ða,M,drÞ ð11Þ

Then,

CY ,total ¼ CY ,bða,b,MÞþCY ða,M,daÞþCY ða,M,drÞ

þDCY ,dr ,bþDCY ,b Viscous ð12Þ

where the incremental side force coefficient due to rudder
deflection and sideslip reads

DCY ,dr ,b ¼ ½CY ða,b,M,drÞ�CY ,bða,b,MÞ��DCY ,dr ð13Þ

Proceeding in a similar way, the rolling and yawing
moment coefficients are

CLtotal ¼ CLbða,b,MÞþCLða,M,daÞþCLða,M,drÞ

þDCLdr ,bþDCLb Viscous

CNtotal ¼ CNbða,b,MÞþCNða,M,daÞþCNða,M,drÞ

þDCNdr ,bþDCNb Viscous ð14Þ

3.2. Synthesis of results for the FTB_4 aerodynamics

A summary review of FTB_4 aerodynamics both for
engineering-based and CFD-based approaches is herein
recognized.
gineering analysis of FTB aerodynamics.
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3.2.1. Engineering-based continuum aerodynamics

Concept aerodynamics have been extensively addressed
by means of Surface Impact Methods (SIM) typical of
hypersonics, such as Prandtl–Meyer expansion flow theory
M = 6
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tonian theory.

Fig. 4 shows typical FTB_4 surface panel meshes that
have been used for the engineering level computations [7,8].

In the following Figs. 5–8 some of the main results
obtained for clean configuration aerodynamic (e.g., no
aerodynamic surface deflected) are shown. For example,
Fig. 5 shows the aerodynamic polars of all the competing
FTB_4 configurations for MN¼6.

FTB pitching moment coefficients and lift-to-drag
ratio are provided for MN¼7 in Fig. 6. As shown, up to
a¼51 the nose-up configurations are the best lifted ones;
while the configurations FTB_4-222 and FTB_4-521 show
higher aerodynamic lift performance for all the con-
sidered AoA.

This is due to a combined effects of nose-up and new
wing (both the planform area and the sweep angle of the
wing number 2 are higher than those of wing #1). Both
FTB_4-322 and FTB_4-421 show the same lift coefficient
since their planform area is quite the same. Finally, for
aZ51 the FTB_4-211 configuration shows lower aerody-
namic lift force since its planform area is the lowest. As far
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as drag is concerned, all the configurations show the same
CD except of the FTB_4-211 one. Fig. 6 highlights that, for
aZ51 all the configurations show a quite similar aero-
dynamic efficiency except of the FTB_4-211 configuration
due to its lower aerodynamic drag (see Fig. 5). FTB_4-521
features a rather high lift-to-drag ratio compared to the
other concepts. Note that L/D is one of the most important
features of the vehicle aerodynamic performance. In fact,
it has a direct impact on cross-range capability of the re-
entry vehicle that has to reach its nominal landing site at
the end of the space mission by an unpowered flight.

Fig. 6 also shows that all the configurations are
statically stable (e.g., Mao0) for a higher than 21 except
of the FTB_4-421 one. In particular, the concepts 222, 211
and 521 are trimmed (e.g., CM¼0), respectively, at about
41, 61 and 101 in clean configuration. Finally, FTB_4-322
can be trimmed through flap negative deflection (e.g.,
upward) for positive AoA, whereas FTB_4-222 for a441.
So then, some problems arise for these configurations
since in high supersonic–hypersonic regime the govern-
ing phenomena are flow compressions. Then, FTB_4-521
is able to perform a re-entry flight at a rather low AoA,
thus flying like an airplane and not at a high AoA as the
classical re-entry flight of the US Space Shuttle.
FTB aerodynamic performance in terms of lift and drag,
evaluated along with Mach number ranging from 2 to 9,
are summarized in Fig. 7. Note that, the FTB_4-521
configuration shows the higher aerodynamic lift and drag
coefficients due to a combined effect of the cambered-up
nose, higher planform area configuration, V-tail and the
larger fuselage cross section (e.g., higher base drag).

As far as the lateral-directional stability is concerned,
Fig. 8 shows for a¼51 the effect of sideslip on rolling and
yawing moment coefficients along with Mach number.
Recall that the safe flight of an airplane depends on the
static directional stability (the weather vane effect) and
on the dihedral effect (roll due to yaw). For directional
stability, CNb40. For dihedral effect, CLbo0.

As shown, only the FTB_4-521 configuration is stati-
cally stable in lateral-directional flight. Note that, the
body flap can obviously offer advantages also on both
longitudinal and lateral-directional stability by providing
margins on CoG location. In fact, the body flap, located on
the rear lower portion of the aft fuselage, allows to pitch-
trim while elevons providing vehicle roll control. The
effect of the wing flaps on vehicle aerodynamic coeffi-
cients as a function of ailerons deflection and AoA is
shown in Fig. 9 for Mach number equal to 6, 7 and a¼51.
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For all the cases, the magnitude of the increments
increases with AoA, with a quite linear trend. In particu-
lar, from Fig. 9 it can be seen that, at MN¼7, for both the
FTB_4-211 and FTB_4-521 configurations the wing flap
deflection needed to trim the vehicle is equal to about 101,
whereas at MN¼6 the latter concept can be trimmed at a
lower flap deflection (say about 71).

For low deflections Fig. 9 also highlights that the
aerodynamic efficiency slightly increases. However, it
Table 1
Euler CFD test matrix.

M CFD test matrix

AoA, AoS¼01 AoS, AoA¼51

0 5 10 2 4 8

2 X X

3 X X X X

4 X X

5 X X

6 X X X X

7 X X X X

8 X X

Fig. 10. Multi-block CFD domain. Mesh on

Fig. 11. Pressure coefficient contours on vehicle surface (FTB_4-
must be stressed that this result is a consequence of the
CM trend that depends also on the final real position of
the CoG. The current design is made to realize small
positive values of CM 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 CM.

As one can see, the aerodynamic control surfaces are
large enough to provide stability without sacrificing too
much lift.

Finally, it is worth noting that the contribution of
control surfaces to vehicle aerodynamics has been com-
puted only with the inviscid hypothesis and with engi-
neering-based methods. For instance, the effect of the
flow separation due to the SWBLI, not predictable by HPM
code, causes a loss of surface efficiency [9]. So then, more
detailed CFD analysis is mandatory.
3.2.2. CFD-based aerodynamics of FTB_4 in clean

configuration

On the basis of the trajectory scenario of Fig. 1 a number
of flight conditions have been chosen to perform some CFD
computations. The CFD test matrix is summarized in Table 1
and it does not consider real gas effects (e.g., non-equilibrium
symmetry plane and vehicle surface.

211) at MN¼2 (left side) and MN¼7 (right side) at a¼51.
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CFD computations) as the freestream total enthalpy is low
enough to promote flowfield dissociation.

CFD-Euler computations have been carried out on a
multi-block structured grid similar to that shown in
Fig. 10. The grid is consisted of 147 blocks for an overall
number of about 1,058,059 cells (half body) and is
tailored for the freestream conditions of the trajectory
check points in Table 1. When the angle of sideslip has
been considered in the CFD-Euler computations the grid
has been mirrored with respect to the vehicle symmetry
plane, thus consisting of 294 blocks for an overall number
of about 2.1�106 cells.

In the following figures some of the main interesting
flowfield features obtained for the FTB concepts are
shown. In Fig. 11 is shown the pressure coefficient (Cp)
contours on the FTB_4-211 vehicle surface, flying at a¼51
at MN¼2 (left side) and MN¼7 (right side). Fig. 12 shows
the Mach number contours on three different cross planes
and those of the pressure coefficient on the FTB_4-322
surface for MN¼6 and a¼51.
Fig. 12. Mach number contours on three cross planes and pressure

coefficient on vehicle (FTB_4-322) surface at MN¼6 and a¼51.

Fig. 13. Mach number contours on two fuselage cross planes and pressure con
Note that the shape of contours traces helps reader to
take an idea of the three-dimensional shape of the bow
shock that envelopes the vehicle when it flies at MN¼6
and a¼51. As shown, even if the CFD computations are
carried out in the case of perfect gas flow the bow shock is
very close to the vehicle due to its streamlined configura-
tion and to the rather low AoA of the oncoming flow.

The effect of AoS can be appreciated in Fig. 13 where the
Mach number contours on fuselage cross planes and those
of the static pressure on the vehicle (FTB_4-421) surface at
different Mach numbers and sideslip angles are shown.

As far as reliability of engineering AEDB is concerned,
in the following several comparisons between numerical
(CFD) and engineering (HPM) results are provided. For
example, Fig. 14 reports result comparisons in the case of
MN¼6 and MN¼7 for FTB_4-211 and FTB_4-421, respec-
tively. They allow assessing the error margins of engi-
neering-based design analyses. In fact, since aerodynamic
analyses are based on empirical correlations and approx-
imate theories, it is important to calibrate them against
the more accurate CFD results.

As shown, HPM results are in good agreement with
CFD-Euler solutions. In particular, overall available results
confirm that the difference between CFD and S-HPM aero-
dynamic coefficients is smaller than 10%. Finally, a prelimin-
ary assessment of laminar-to-turbulent transition has been
also performed. For instance, boundary-layer transition is
usually based on local flow conditions such as local Mach and
Reynolds numbers. However, because the assessment of the
local flow condition demands accurate CFD computations
which are, of course, not compliant with a phase-A design
level, a transition method based on freestream Reynolds
(ReN) and Mach (MN) numbers has been adopted. For exam-
ple, Fig. 15 reports two transitional Reynolds limits evaluated
by means of the following transition criteria, respectively

LogRe14 ½LogReTþCmðM1Þ� turbulent flow

LogReT 46:421expð1:209� 10�4 M2:641
e Þ turbulent flow

ð15Þ

where ReT and Cm in the first relationship depend on the type
of flow, AoA, leading edge sweep angle, and leading edge
tours on vehicle (FTB_4-421) surface at MN¼3–6, a¼51 and AoS¼21–81.
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nose bluntness. As shown, both transition criteria highlight
that below 30 Km altitude turbulent flow conditions are
expected.

4. Aerothermodynamic analysis

The FTB flight scenario dictates the aeroheating envir-
onment that the vehicle has to withstand during flight
due to the dissipation, in the boundary layer, of its high
internal energy (potential and kinetic) by friction with the
atmosphere. Therefore, stagnation points on the vehicle
fuselage and on different wing sections have been mon-
itored as reference control points to characterize concept
aerothermal environment.

In Fig. 16 the main trajectory parameters are reported.
As shown, the total enthalpy reaches at least about
2.4 MJ/Kg. This very low energetic value allows neglecting
any real gas effect, as said before.

The total temperature, to be intended as the maximum
hypothetic temperature reachable on the vehicle surface,
is about 2300 K, while the stagnation pressure reaches
about 1.4 MPa at a very low altitude (about 7 km).
The time history of the stagnation point heat flux of
fuselage and WLE is reported in Fig. 17.

The wall temperature is assumed to be 300 K (i.e., cold
wall boundary condition) and the heat conduction inside
the vehicle wall is neglected. The time history of the total
pressure along the trajectory is also provided. As shown,
the nose peak heating is equal to about 4.7 MW/m2

whereas the WLE peak heating ranges between about 6
and 3 MW/m2 for the wing #1 and wing #2 leading edge,
respectively. Note that the peak heating foreseen for the
last wing is less challenging due to a combined effect of
both higher sweep angle and leading edge radius. Those
high values are due to the rather high stagnation pressure
occurring along the trajectory that compensates for the
small flow enthalpy. However, due to the low values of
the total enthalpy H0 the effect of wall temperature on
heat flux is strong. Therefore, if we consider a radiative
equilibrium assumption at the wall (e.g., _qrad ¼ seT4

w) the
heat flux dramatically drops. Note that, this value of heat
flux is quite conservative since the peak heating occurs for
a very limited time interval during the end phase of the
trajectory; so to obtain more realistic values also the heat
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transfer inside the nose (e.g., conductive heat flux) should
be taken into account.

In fact, the energy balance, per unit time, at vehicle
wall reads

_qc� _qcond� _qrad ¼ 0 ð16Þ

As far as radiative equilibrium assumption at the wall
is concerned, Fig. 18 shows the comparison between the
time histories of nose heat flux for cold wall and radiative
cooled wall (e¼0.8). As shown, the heat flux for radiation
cooled wall drops to about 600 KW/m2.
Moreover, the peak heating for radiation cooled wall
arises at H¼18.3 Km altitude when the Mach number is
equal to about 6.9; whereas for cold wall condition at
about MN¼6.3 and 11.3 km altitude. At these freestream
(conservative) conditions a number of both engineering-
based analyses (e.g., 1�D boundary-layer methods) and
CFD Navier–Stokes computations have been performed in
the case of turbulent flow conditions as a conservative
estimation of the aerothermal environment.

Aeroheating analysis of FTB_4-111 highlights, how-
ever, that for a nose radius of 0.01 m the stagnation point
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heat flux reaches values that are much too high. There-
fore, a nose radius at least of 0.02 m has been suggested
(e.g., fuselage #2).

The effect of forebody shape on both the pressure
coefficient and heat flux (for fully turbulent flow) dis-
tributions along with the FTB_4 centerline can be recognized
in Fig. 19 where the comparison between FTB_4-211 and
FTB_4-421 configuration is provided.

As shown, the configuration FTB_4-421 shows fore-
body loading conditions quite the same both for the
vehicle leeside and windside, which look less challenging
with respect to those found from the FTB_4-211 forebody.

The normalized heat flux distribution for a wing
section at y¼0.2 m is reported in Fig. 20 for fully turbu-
lent flow conditions.
Anyway, a conservative assessment of the wing lead-
ing edge aeroheating requires taking into account for the
shock–shock interaction phenomenon (SSI) due to the
interaction between the vehicle bow shock and the wing
shock. This interaction results in an overshoot of both
pressure and heat flux localized at the wing leading edge.
In particular the point of wing leading edge where this
interaction impinges depends on freestream conditions.

For example, the SSI that takes place on the FTB_4-211
at M¼7 and a¼51 can be seen in Fig. 21, where contour
plots of pressure coefficient on vehicle surface and of
Mach number on the FTB_4 symmetry plane are shown.
The right side of Fig. 21 clearly shows the pressure
overshoot where SSI impinges the wing leading edge.
Therefore, for a reliable wing aeroheating estimation
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Navier–Stokes computations are mandatory as FTB_4
design matures.

5. Concluding Remarks

A summary review of the aerodynamic characteristics
of a small hypersonic flying test bed, embodying the
critical technologies and the features of an operational
system, is provided. Such aerodynamic and aerothermo-
dynamic characteristics, aimed to carry out preliminary
databases compliant with a phase-A design level, are
addressed by means of both 3D supersonic–hypersonic
panel method and computational fluid dynamics analyses.

The configuration chosen for the flying test bed is the
result of a trade-off analysis involving several vehicle con-
figurations. The winning one is namely FTB_4-521 and is the
one showing, at the same time, the best aerodynamic and
aerothermodynamic performances. Design analyses have
shown that for low angle of attack, say about 51, the nose-
up configurations are the best lifted ones and are statically
stable for angle of attack higher than 21, in particular, the
FTB_4-521 configuration shows a natural trim point at about
a¼101. Therefore, it can be trimmed through flap positive
deflections. Moreover, when the vehicle is flying at a¼51 and
MN¼6 and 7 a flap deflection of 71 and 101 allows to pitch-
trim the flying test bed, respectively.

Finally, design analysis also shows that heat flux
distributions, provided for radiative cooling condition at
wall and thermal shield emissivity equal to 0.8, highlight
that the vehicle heatshield has to withstand to about
600 kW/m2 at nose leading edge. Such aeroheating value
refers to the trajectory peak heating that the vehicle
experiences at about MN¼6.9 at 18.3 km altitude.
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