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Abstract

A waverider configuration named DLR-F8 has been
generated at MY = 12.0 with practicable distribu-
tions of camber and volume. The investigations on
this geometry comprise both experimental and numer-
ical studies in the whole flow regime from subsonic up
to hypersonic Mach numbers.

In hypersonic flow the performance characteristics
remained constant in a wide range of Mach numbers.

. If the shock detaches from the leading edge L/D in-

creases by expansion flow or by leading edge vortices
on the upper surface. The leading edge bluntness can
be minimized in order to avoid a significant increase
of wave drag and thermal loading can be handled by a
proper combination of material and structural design.

In the transonic flow regime the highest L/D is
achieved. The performance characteristics are domi-
nated by leading edge vortices on the upper surface,
and the movement of the terminating shock leads to
considerable changes in the centre of pressure posi-
tion.

In incompressible flow a complex vortex structure
exists on the upper surface which is distinctly different
from that on delta wings. In the vortex centre exists a
region of reduced velocity which is due to the leading
edge curvature in the front part of the waverider.

The Euler and Navier—Stokes codes used in the
present studies are powerful tools to predict the flow
around the configuration in the whole Mach number
range.

1. introdﬁcfion

The waverider principle for the design of hyper-
sonic vehicles is well-known since a long time [1], [2].
The exact solutions for the inviscid basic flow past
wedges and cones can be used to design simple flow-
fields around 3D bodies with shocks attached to the
leading edges, with the basic flow on the lower side
and with the free stream flow on the upper side. If
the methods for inviscid flow are combined with a
boundary layer analysis and an optimization routine,

so-called viscous optimized waveriders [3], [4] turn out
which yield high L/D values and in some cases also
reasonable volume and camber distributions.

In recent studies of the waverider principle the basic
flow on the lower side taken from a cone has been re-
placed by the 3D flow in the vicinity of a shock wave
with a given shock angle and an arbitrarily shaped
cross section [5], [6]. For small crossflow compo-
nents the 3D lower surface flowfield can be calculated
from locally conical flows related to osculating cones
with constant values of the cone angle and the shock
strength but with different cone lengths depending
on the local shock curvature in the cross section. On
this basis the possibilities to design waverider config-
urations and to meet constraints for practical appli-
cations have been enlarged greatly.

Further studies of the waverider principle have
been carried out in a close cooperation between DLR
Braunschweig (Institute of Design Aerodynamics) and
TU Braunschweig (Institute of Fluid Mechanics and
Institute of Aircraft Design and Structure Mechan-
ics) [7]. Using the interactive computer code WIPAR
[6], [8], [9] baseline configurations for realistic vehi-
cle shapes have been created, and volumetric require-
ments for the integration of structures, fuel, systems
and payload for various missions [10], [11] have been
taken into account. The Euler/Navier-Stokes code
CEVCATS [12], [13] as well as experimental data in
hypersonic flow {7] have been used to validate [14]
the design tool WIPAR and the surface inclination
method SOSE [15]. For practical applications the
free stream upper surface of the waveriders has been. - .-
replaced by an expansion contour in order to create
a wing body configuration with trailing edge flaps.
Comprehensive studies on the off-design behaviour of
waveriders have been carried out in supersonic [16],
[18] as well as in transonic and subsonic flow [17],
[18]. The effects of leading edge bluntness have also
been studied [18]. Recent optimizations of the perfor-
mance data in the subsonic and transonic flow regime
lead to planforms with a highly swept front part and
a rear part with moderate sweep [18], [19].
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In the course of these investigations the geometry of
a realistic waverider configuration DLR-F8 has been
designed [16] and a windtunnel model has been built.
This configuration has been studied quite intensively
by means of numerical simulations with various meth-
ods as well as by measurements in the 1 x 1 m? Tran-
sonic Windtunnel of DLR Gottingen and in the 1.3
m Low Speed Windtunnel of TU Braunschweig!. Ex-
periments in the Hypersonic Windtunnel of DLR Kéln
are still in progress. In the present paper results for
this waverider configuration will be presented for the
whole flight regime from hypersonic to incompressible

flow.

2. Notations

A=v*/S Aspect ratio

Cp=; f 5 Drag coefficient

Cpy= qi—fs Friction drag coefficient

Cp = quS Lift coeficient

Crmass = 3 :’IS i Pitching moment coefficient
based on N5, nose—up
positive

Cio= qfiL‘g Local cross sectional lift
coefficient

Cg =t Total pressure coefficient

Cp = k= Static pressure coeficient

D Drag

L Lift

My = g: Mach number

Moss Pitching moment based on
Nos

Nas Geometric neutral point

Ry = %f:i Reynolds number

S Planform area

Tw Wall temperature

Uso Free stream velocity

v Volume

Qoo Free stream speed of sound

b=2s Wing span

g' Local total pressure

l Root chord

Iy Reference chord
Local static pressure

q Local dynamic pressure

TN Nose radius :

TThe low-speed investigations have been supported
by Deutsche Forschungsgemeinschaft under grant DFG-Hu
254/15.

s=0b/2 Wing semispan

i Wing tip chord

T,Y,2 Body-fixed coordinates
according to Fig. 3

ifote. Centre of gravity position

N Aerodynamic centre position

TN Geometric neutral point
position

zp Centre of pressure position

Y1 Local semispan

o Angle of attack

o Zero angle of attack

n Volumetric efficiency

A=/t Taper ratio

Voo Kinematic viscosity

o Shock angle

Sub- and superscripts

00 Free stream

* Design

c Cruise
Friction

) Inviscid

v Viscid

3. Design and analysis methods

A brief description of the design and analysis meth-
ods used in the present work is given here.

3.1 Design method

The geometry of a waverider is generated for a cer-
tain Mach number MZ, . In a cross section through the
flowfield at the end of the configuration an arbitrar-
ily shaped shock with constant strength is prescribed.
For the flow in the vicinity of this shock small cross-
flow components are assumed and the local flowfield
in planes normal to the shock is replaced by the flow

past a circular cone. The length of this cone is given --

by the local curvature of the prescribed shock and
it varies therefore over the span. Thus a 3D shock
wave is generated by osculating cones with different
lengths and constant values of cone angle, shock an-
gle and shock strength. Design parameters are Mach
number M}, shock angle o and shock shape in the
cross section at the rear end of the configuration.
Once the shock shape is specified the leading edges
of the waverider can be prescribed on the shock sur-
face in order to meet a certain planform. In each plane
normal to the shock wave the streamline through
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the leading edge according to the well-known exact
Taylor-Maccoll solution marks the lower surface of
the waverider, and its shape and corresponding pres-
sure distribution turn out simultaneously. If the up-
per surface is chosen as a free stream surface starting
from the leading edge, the waverider geometry as well
as its aerodynamic characteristics in inviscid flow are
known.

The code WIPAR allows fully interactive input of all
geometric and flow parameters and the resulting ge-
ometries and aerodynamic performance data are dis-
played immediately. Viscous effects are taken into ac-
count by a boundary layer analysis, and for the design
of the upper surface of the waverider options exist to
apply flow expansion or compression [5], [6], [8], [9].

3.2 Euler/Navier-Stokes calculations

Numerical solutions of the Euler and the Navier-
Stokes equations for waverider configurations have
been obtained with the DLR codes CEVCATS [12],
[13] and FLOWER [20]. For subsonic and transonic
flows code versions with central differencing and arti-
ficial dissipative terms [12}, [20] have been used and
supersonic and hypersonic flows were computed with
upwind flux vector splitting for spatial differencing
[13]. In all versions the numerical solution is advanced
in time by explicit multistage time stepping schemes.
Convergence to the steady state is accelerated by local
time stepping, implicit residual smoothing, enthalpy
damping and a multigrid algorithm. The codes CEV-
CATS and FLOWER are developped for arbitrary
multiblock structured computational domains. The
compressibility effects are calculated by assuming ei-
ther calorically perfect gas or air in thermochemical
equilibrium. Concerning viscous effects the Navier-
Stokes versions of the codes are able to treat laminar
flows as well as turbulent flows using the Baldwin—
Lomax and the k—w turbulence models.

Euler solutions have been used to check the validity
of the assumptions in the design code WIPAR and
to analyse the off-design behaviour of waveriders on
the basis of calculations for inviscid flow. The Navier-
Stokes calculations have been carried out to get some
master solutions for viscous flows, which are compared
with experimental results and which indicate the va-
lidity of boundary layer assumptions.

4. Configurations

For the present investigations a waverider configu-
ration has been designed and a windtunnel model has
been built. Its geometric shape is described subse-
quently.

4.1 Basic configuration

Using the interactive code WIPAR a waverider con-
figuration has been generated at a Mach number
M, = 12.0. The prescribed shock angle was ¢ = 9.1°.

The shock shape in the cross section at the rear end
of the configuration may be taken from Fig. 1. The
planform consists of a rounded and highly swept front
part and a rear part with slightly reduced sweep. The
lower surface results from the Taylor-Maccoll solu-
tions for the various osculating cones and the up-
per surface has been chosen as a free stream contour
through the leading edges. This basic design is named
WRE 12.0-IFL.

Predesign studies [8] had shown that for a given
planform and increasing shock angle the thickness
of the resulting waverider increases whereas the ob-
tainable lift to drag ratio decreases. Therefore, the
present design is a compromise between the necessary
volume for a certain mission with a volumetric effi-
ciency n = V?/3/S = 0.152 and an obtainable lift to
drag ratio in inviscid flow (L/D); = 10.21. The plan-
form shape has been chosen in such a way that the
usable volume is concentrated near the centre line of
the configuration. In addition the position of the cen-
tre of pressure is located close to the centre of gravity
and hence the configuration can be trimmed. The
waverider WRE 12.0-IFL meets all constraints for a
hypersonic cruise mission at M. = 4.5. The large
difference between the cruise Mach number My, and
the Mach number M, at which the waverider geom-
etry has been generated is due to the fact that high
Mach numbers Mg, lead to small cross section cur-
vatures and this allows a proper integration of fuel,
tanks, systems and payload. Therefore, the cruise
of such waveriders takes place at “off~design” condi-
tions, but comprehensive predesign studies [18] have
shown that the obtainable lift to drag ratio is al-
most independent of Mach number in a wide range
M < M{,. The geometric parameters as well as the
aerodynamic performance data of the basic waverider
configuration WRE 12.0-IFL are given in Tab. 1. All
data related to this configuration result from the de-
sign code WIPAR.

4.2 Modified configuration

Due to the free stream upper surface a large base
area occurs at the rear end of the configuration which
produces additional drag throughout the whole flight
regime. The central part of this base area can be used
for the integration of the nozzles of the propulsion
system and in the outer part of the configuration the
free stream flow can be replaced by an expansion flow
in order to generate an upper surface which meets the
rear end of the configuration at a sharp trailing edge.
Using these ideas the waverider WRE 12.0-IFL has
been modified.

The necessary nozzle area on the base of the body
has been determined according to [11]. The wing tips
were cut in order to achieve a constant flap chord
which leads to a taper ratio of A = 0.05. Between the
nozzle area and the new wing tip a sharp trailing edge
was defined which consists of two straight parts for
the installation of ailerons and an elevator both with
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straight hinge line. The endpoints of trailing edge
segments were located on the original lower waverider
contour. On the lower side only relatively slight mod-
ifications of the original waverider contour were neces-
sary to meet this new trailing edge. On the upper side
an expansion surface was formed in the outer portions
by means of cubic splines with smooth transitions to
the original waverider contour. The mean inclination
of the new upper surface against the free stream is
1 : 7 which coincides with the lift to drag ratio in
viscous flow. In order to maintain a proper volume
distribution the original waverider contour remained
unchanged in the regions in front of the dashed line
indicated in Fig. 2. In the inner portion of the config-
uration a square—shaped fuselage is formed with some
boattailing in lateral and vertical direction to meet
the nozzle area at the base. Finally the edges of the
resulting body were rounded with variable radii. The
modified configuration is named DLR-F8, see Fig. 2,
and some geometric data may be taken from Fig. 3
and Tab. 1.

The modified waverider configuration was subject
to detailed numerical and experimental investigations.
Some details of these are described subsequently.

4.3 Numerical investigations

In the aerodynamic analysis the propulsion box and
the nozzle are not modeled. The propulsive jet is rep-
resented by a solid sting with constant cross section
which extends far downstream up to the edge of the
computational domain. For the numerical simulations
a structured C-O coordinate mesh has been generated
with the code IMESH [21], see Fig. 4.

In subsonic and transonic flow the grid covers a do-
main of 4 body lengths in all directions around the
configuration. For Euler calculations about 600,000
grid points and for Navier-Stokes calculations about
900,000 grid points were used. In both cases the cen-
tral differencing scheme with artificial dissipation was
applied and viscous turbulent calculations have been
carried out by means of the Baldwin-Lomax turbu-
lence model [22] with the Degani-Schiff modification
23] |

In supersonic flow the computational domain ended
at the bow shock and at the trailing edge of the body.
The number of grid points for Euler calculations was
about 400,000. In these calculations the upwind ﬁux
vector splitting scheme has been used.

Concerning post processing, the aerodynamic forces
and moments of the waverider configuration have been
calculated by integration over the surface of the fore-
body. The base area has not been taken into account.

4.4 Windtunnel model

For the modified waverider conﬁguramon DLR-F8
a windtunnel model has been biiilt. Tts dimensions
Il = 504.4mm

b = 330.0mm

allow investigations in the

04m Hypersonic Windtunnel of
DLR Koln

1x1m? Transonic Windtunnel of
DLR Gottingen

1.3 m Low Speed Windtunnel of

TU Braunschweig .

The model has sharp leading edges. In all wind-
tunnels the model is fixed by a rear sting with the
constant cross section of the nozzle area at the rear
end of the model. This is the same geometry as used
in the numerical simulations. In the experiments the
base pressure in the nozzle area is measured by 4 pres-
sure tabs. On this basis the contribution of the base
area to the drag has been estimated and subtracted
from the balance-measured drag in order to get the
forebody drag for comparison with numerical results.

In all windtunnels forces and moments are measured
by means of an internal strain gauge balance. In two
cross sections

zfl = 029 : 0<y/yn <1
z/l = 075 : 0<y/n1 <1
and one chordwise section at y/s = —0.5 the model

is equipped with pressure tabs and an internal tube
system which leaves the model through the nozzle area
at the base. The sections with pressure tabs are shown
in Fig. 3 and the distribution of some pressure taps
may be taken from Fig. 16. The measurements in the
0.4 m Hypersonic Windtunnel are still in progress.
In addition some flowfield studies have been carried
out by means of surface oilflow investigations and for
incompressible flow probe measurements have been
performed. The experimental programs carried out
in two windtunnels may be taken from Tab. 2.

5. Performance and flow characteristics in
supersonic and hypersonic flow

The off-design behaviour of the described waverid-
ers is given in Fig. 5 where L/D is plotted against
the Mach number for @ = 0°. For inviscid flow
around configuration WRE 12.0-IFL L/D is nearly
Mach number independent as long as My, > 6.0 be-
cause the leading edge is supersonic with an attached
shock wave. For My < 6.0 L/D increases until it
reaches a maximum at M, = 2.0. The reason for
this effect is that the shock wave detaches from the
leading edge, if the sweep angle is sufficiently large,
see Fig. 6. In regions with a detached shock wave an
expansion around the leading edge appears. This ex-
pansion induces an additional lift but due to the fact
that a free stream upper surface is considered no addi-
tional wave drag appears. At lower supersonic Mach
numbers most of the leading edge is subsonic and flow
separation from the leading edge occurs for o = 0°.
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The resulting leading edge vortex creates additional
suction and hence improves L/D again.

For inviscid flow around the configuration DLR~F8
the L/D values are lower compared to the waverider
WRE 12.0-IFL with free stream upper surface accord-
ing to Fig. 5. This is a result of the expansion flow
region introduced along the rear part of the upper
side which can be taken from Fig. 7. The lower sur-
face is nearly unchanged and at design flow conditions
(Moo = 12.0) the expansion on the upper surface in-
duces additional lift ( +7.7 % ) and an increase of
the wave drag ( +9.6 % ). This decreases (L/D);.
Since the influence of the upper surface on the aerody-
namic coefficients is stronger at lower Mach number,
this effect increases with decreasing Mach number. In
supersonic flow the additional lift resulting from the
expansion around the leading edge and the vortices
appear also for the waverider DLR~-F8. Again, the
additional vortex lift increases L/D. A description of
the phenomena which cause the increase in lift may
be taken from Fig. 7 and Fig. 8, where the surface
streamlines and the pressure distributions are plot-
ted. For My, = 6.0,a = 0° (Fig. 7) the entire leading
edges are supersonic and therefore, the streamlines
are aligned with the free stream. The pressure distri-
bution in the rear part of the body shows the influence
. of the expansion along the upper surface. In Fig. 8
similar plots are given for Mo, = 2.0, = 0°. Along
the leading edge the influence of a vortex is obvious
due to the appearance of an attachment line. Consid-
ering the pressure distributions a vortex-induced suc-
tion region is found along the upper surface. The dis-
tributions show also the expansion flow region which
is due to the modified upper surface. It is obvious
that the influence of the upper surface increases with
decreasing Mach number.

Another situation occurs if viscous effects are taken
into account. According to Fig. 5 the waverider
configuration WRE 12.0-IFL exhibits L/D values of
about 7 for My > 6.0. Adding additional lift and
drag at a ratio of about 7 : 1 does not degrade the
overall L/D as shown in Fig. 5 for DLR-F8. Hence, it
is demonstrated that the design . of realistic waverider
configurations with sharp trailing edges is possible
without compromising L/D at hypersonic flow con-
ditions, if skin friction is taken into account.

Concerning the design of realistic waverider shapes
the effect of a blunt leading edge on the aerodynamic,
performance has to be considered. In the design point
waverider shapes are always sharp—nosed, but leading
edges of realistic designs have to be properly blunted
in order to reduce the heat loads. On the other hand
the chosen nose radius should be as small as possible
for low wave drag. Results from Ref. [18] indicate
that a nose radius of rn /I = 0.0001 would be feasible
for a configuration with 1 = 70 m. Then the decrease
in L/D would be approximately 1.6 % and with re-
gard to the expected numerical accuracy this effect
is negligible. The application of such a small blunt-

ness requires technical solutions for the design of the
leading edge and is important with respect to the re-
alization of such an aircraft. The precise analysis of
the structural design and the selection of a suitable
material is expected to include the full thermal inter-
actions between the fluid flow and the structure to
get realistic results for the temperature distribution
inside the leading edge. For that reason a numerical
strategy for the coupling of a Navier-Stokes code for
the flow analysis with a thermal code for the struc-
tural analysis was developed [24] and applied to inves-
tigate the thermal behaviour of the leading edge struc-
ture [25]. For aerodynamically sharp leading edges
(rv < 10 mm) under hypersonic conditions the re-
sulting wall temperatures at the stagnation point are
significantly smaller (about 200 - 300 K) than the wall
temperatures calculated according to a local balance
of radiation and aerodynamic heat flow on the wall.
This reduction of the wall temperature is based on the
heat conduction of the structure. It is reached without
any additional active cooling. Therefore, the use of
conventional materials with operational temperatures
below 2000 K for the leading edge structure could be
sufficient for the technical realisation. Further reduc-
tion of the maximum temperature could be obtained
by an active cooling through small heat-pipes in the
leading edge structure or by the variation of the aero-
dynamic shape for instance. More details concerning
this subject are given in Ref. [24]. The numerical
results show, that the thermal design problems of wa-
veriders can be controlled.

6. Performance and flow characteristics in
subsonic and transonic flow

Along the entire flight trajectory of a hypersonic
waverider from incompressible flow at.take-off up to
hypersonic flow under cruise conditions the great-
est changes with respect to flow characteristics and
aerodynamic performance take place in the transonic
regime. Careful attention has to be drawn to this
flight regime since it may be dimensioning for the en-
gine layout. Predesign studies [25] show that almost
25 % of the fuel for a hypersonic orbit transport mis-
sion is consumed between take-off and My, = 1.5, the
Mach number range which is discussed in this chapter.

The performance data of DLR-F8 in the consid-
ered speed regime are shown in Fig. 9 for an angle
of attack of @ = —1.0° and a Reynolds number of
Rey, = 6.5 x 10°. Due to the definition of the an-
gle of attack according to Fig. 3 and an angle be-
tween wing and body ridge line of approximately 5°,
the zero-lift angle of attack of DLR-FS in this speed
regime is ag &~ —6.0°. Hence, o = —1.0° corresponds
to an effective angle of attack of about 5° , leading to
realistic lift coefficients of hypersonic flight vehicles
for transport missions in this Mach wumber range.

In supersonic flow the leading edge vortex expands
only slightly with decreasing Mach number as illus-
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trated in Fig. 10 by means of streamlines and pres-
sure distributions on the upper surface of DLR-F8 at
Mo = 1.5 and My = 1.025. At M = 1.5 the flow
separates at the leading edge at z/l ~ 0.06. In the
rear part, downstream of z/l ~ 0.9 a Prandtl-Meyer
expansion around the leading edge occurs due to the
lower leading edge sweep, shifting the separation line
from the leading edge onto the upper surface. How-
ever, at My, = 1.025 the onset of the leading edge
separation moves slightly upstream (z/! ~ 0.03) and
extends to the trailing edge in downstream direction.
Due to the compressibility effects in supersonic flow
the suction along the vortex axis increases with de-
creasing Mach number, and this produces higher suc-
tion forces on the contour and increases the lift. In
addition the compressibility effects increase with de-
creasing leading edge sweep. Therefore, the suction
peaks are observed in the rear part of the configura-
tion and this leads to a rearward shift of the centre of
pressure with decreasing Mach number.

The supersonic flowfield around the waverider con-
figuration shows two oblique shocks attached to the
sharp nose and the trailing edge. If the Mach number
is reduced to the transonic regime the front shock dis-
appears and the terminating shock starts moving in
upstream direction and weakens. In this flow regime
. the waverider aerodynamics at small and medium an-
gles of attack up to @ = 10° are determined by the
upstream shift of the terminating shock and by the
leading edge vortex. Both flow patterns are illustrated
in Fig. 11. Due to the disappearence of the front
shock, the weakening of the terminating shock and
the reduction of the supersonic region on the surface
with decreasing Mach number the wavedrag decreases
drastically. Although the drag decrease is accompa-
nied by a reduction of the lift coefficient, the aerody-
namic efficiency rises from L/D = 7 in supersonic flow
up to L/D = 9 in transonic and subsonic flow. The
lift decrease is another result of the behaviour of the
terminating shock: Suction regions, located formerly
upstream of the shock, are transformed into pressure
regions downstream of the shock and this reduces the
lift of the configuration. As a further consequence
the contribution of the rear part of the waverider to
the lift decreases and the centre of pressure moves
upstream.

In transonic flow from My, = 0.85 to My = 1.05

the Navier-Stokes results show good agreement with

the experimental data. The differences between the
lift coeflicients are below 3 %, the maximum drag de-
viation is approximately 10 drag counts at M., = 0.85
and the centre of pressure corresponds at a maximum
deviation of 1% of the body length with the mea-
surements. A comparison between the experiments
and the Euler results shows larger differences. Along
the entire Mach number range under consideration a
higher lift is predicted with a maximum difference of
ACp = 0.022 (~ 12%) at M, = 0.95. This is
due to the fact that viscous effects, in particular the

secondary separation, are not covered by the Euler
equations. The consequences of the limited numerical
model are illustrated in Fig. 12a, showing the contour
pressure distribution in spanwise direction. Based
on the missing displacement effect of the secondary
vortex the leading edge vortex is located closer to
both the upper surface and the leading edge. There-
fore, a higher pressure peak below the vortex occurs
closer to the leading edge, and this is responsible for
the larger lift in inviscid flow. In addition the Eu-
ler solution predicts a higher drag. In viscous flow
the shock-boundary layer interaction damps the in-
fluence of the shock on the contour pressure distri-
bution. Furthermore, the displacement effect of the
boundary layer decambers the contour of the body.
Both effects are missing in the inviscid solution: A
stronger shock is predicted slightly closer to the trail-
ing edge, see Fig. 12b, causing a higher wavedrag.
However, the viscous part of the drag, which was cal-
culated on the basis of the skin friction drag of a flat
plate in turbulent flow, corresponds very well with the
Navier-Stokes results, as indicated in Fig. 5. For the
angle of attack, Mach numbers and Reynolds num-
bers under consideration, the viscous drag has with
Cp,s =~ 0.0065 a share of approximately one third of
the total drag. Coupling lift and drag in the aerody-
namic efficiency, the flaws of the inviscid simulations
compensate each other and lead to a result compara-
ble to the Navier-Stokes solutions. Finally, in spite of
the missing simulation of the secondary vortex, the
Euler solution predicts the centre of pressure even
closer to the experiment than the Navier-Stokes re-
sults. This indicates, that the development of the
vortex flow in downstream direction is correctly pre-
dicted in inviscid flow.

A further reduction of the Mach number from
Mo = 0.8 down to My, = 0.3 is coupled with a slight
decrease of L/D based on a decreasing lift coefficient
at constant drag. The compressibility effects in sub-
sonic flow are quite moderate due to the high leading
edge sweep. However, in the rear part of DLR-FS,
where the local sweep angle increases, a significant
reduction of the suction especially below the leading
edge vortex occurs. A comparison of the surface pres-
sure distribution and streamlines between both Mach
numbers M, = 0.8 and Mo, = 0.3 is given in Fig. 13.
Fig. 14 shows the accompanying load distribution in
longitudinal direction. The reduced lift contribution
of the rear part at M, = 0.3 is clearly indicated and
is responsible for the noseward shift of the centre of
pressure with decreasing Mach number in subsonic
flow.

7. Performance and flow characteristics
in incompressible flow

The investigations of the modified waverider con-
figuration DLR-F8 in incompressible flow have been
performed experimentally and numerically. The mea-
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surements, see Tab. 2, have been carried out in the 1.3
m windtunnel of the Institute of Fluid Mechanics of
TU Braunschweig. The numerical investigations have
been performed with the DLR Euler/Navier-Stokes
code FLOWER [20]. The comparison between exper-
iments and numerical solution is shown subsequently
for an angle of attack o = 12.2°.

7.1 Aerodynamic forces and pitching moment

The results of the three-component measurements
are given in Fig. 15. The well-known nonlinear de-
pendence of the aerodynamic coefficients on the an-
gle of attack for slender configurations at small and
medium angles of attack turns out. For angles of at-
tack a > 18.0° vortex breakdown takes place over the
wing and lift, drag and nose-down pitching moment
are reduced as indicated in Fig. 15 by hatching.

The numerical investigation has been performed
with the Navier-Stokes code FLOWER for o = 12.2°
with turbulent boundary layer using the Baldwin—
Lomax turbulence model with the Degani-Schiff mod-
ification [22], [23]. The result is given in Fig. 15 by the
filled symbols. Compared with the experiments the
prediction of lift is reasonable whereas the drag coef-
ficient Cp and the pitching moment coefficient Cy,,,
, differ considerably from the experimental results. The
reasons for these discrepancies are discussed subse-
quently.

7.2 Surface pressure distribution

The surface pressure distribution in the two cross
sections at z/l = 0.29 and z/l = 0.75 are given in
Fig. 16 for the angle of attack a = 12.2°. The pres-
sure coefficient —C,, is plotted against the dimension-
less spanwise coordinate y/y; in the upper part and
the corresponding cross section areas are shown be-
low. In addition the pressure distribution in the cross
section at z/l = 0.75 is also given with respect to the
dimensionless coordinate z/y; on the lower right hand
side of Fig. 16. The measured pressure distributions
are marked by circles connected by a thin solid cubic
spline curve and the locations of the pressure tabs are
shown for each cross section by triangles. The Navier—
Stokes results are given by the thick solid lines.

In both sections the suction peak due to the leading

edge vortex is clearly indicated. In the front part at.

z/l = 0.29 the Navier—Stokes solution predicts higher
suction due to the primary vortex and lower suction
due to the secondary vortex. This means that the sec-
ondary vortex predicted by the numerical calculation
is too small and the corresponding primary vortex is
located closer to the wing surface as compared with
the experiments. In the rear part of the configuration,
however, the Navier~Stokes solution leads to a lower
suction peak below the primary vortex. A detailed
analysis shows differences in the size of the secondary
vortex as well as of the strength of the primary vortex.

In the cross section z/{ = 0.75 high suction occurs
at the upper edge of the fuselage and flow separation
takes place in its vicinity. Close to the sidewall of the
fuselage a vortex is formed which produces additional
suction indicated in Fig. 16 by hatching. This fuse-
lage vortex is predicted by the Navier-Stokes calcula-
tion, but certain differences are observed concerning
both the magnitude of the suction peak at the fuse-
lage edge and the pressure distribution on the sidewall
and on the wing.

The comparison between the Navier—Stokes solu-
tion and the experiments indicates that the turbu-
lence model used in the present calculation does not
predict all flow phenomena correctly. In addition the
numerical results for the section z/l = 0.75 may also
be effected to some extent by the grid resolution of
the flowfield. Both effects lead to some differences
between theory and experiment concerning size and
strength of the primary, the secondary and the fuse-
lage vortex, and this is assumed to be the reason for
the differences in the pressure distribution according
to Fig. 16b and in the aerodynamic coefficients ac-
cording to Fig. 15.

7.3 Flowfield investigations

Since conventional five-hole probe technique was
used the measurements had to be restricted to flow-
fields without vortex breakdown. As indicated in Fig.
15 vortex breakdown is present over the configuration
for o > 18.0°. In order to avoid artificial vortex break-
down caused by the probe the flowfield measurements
have been carried out at an angle of attack a = 12.2°
in three cross sections at

z/l = 0.29,0.75,1.01,

and for this case the Navier-Stokes solution with tur-
bulent boundary layer has been performed. The re-
sults are shown in Fig. 17 by means of lines of con-
stant total pressure coefficient C,. The results of the
Navier—Stokes calculation are also drawn for compar-
ison. Concerning all three cross sections the large
total pressure loss region in the cuter portion of the
wing is due to the leading edge vortex. This vor-
tex is accompanied by a secondary vortex which is
due to secondary flow separation below the leading
edge vortex. These characteristics of the flowfield
over the waverider configuration are well-known from
slender delta wings. They are well predicted by the
Navier—-Stokes solution. However, there are some dif-
ferences in shape, location and strength of both vor-
tices especially in the cross sections at z/l = 0.75 and
z/l = 1.01. In the plane z /I = 0.29 the strength of the
primary vortex is well predicted by the numerical cal-
culation, but the location of the secondary separation
point is different and the calculated secondary vortex
is too small. The same is true for the cross section
at z/l = 0.75, and at =/l = 1.01 a secondary separa-
tion is no longer prescribed by the numerical solution.
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This fact indicates that in the present calculation the
grid was too coarse in the rear part of the flowfield.
In the cross section at z/l = 1.01 the experiments
show a deformation of the vortex sheet which is due
to a tip vortex emanating from the kink between the
swept leading edge and the side edge at =/l = 0.95
[26]. In this region the Navier-Stokes solution shows
a rather wide vortex sheet, but a tip vortex cannot be
observed. Numerical viscosity in combination with
the coarse grid in the rear part of the flowfield may
be the reason for these differences between theory and
experiment.

In the cross sections at z/l = 0.75 and z/l = 1.01
the fuselage vortex is well documented in the experi-
mental results as well as in the numerical solution. In
more detail there are some differences in shape and
strength of this vortex which again may be due to the
grid resolution and the turbulence model. In conclu-
sion the interference effects of the secondary vortex
and the fuselage vortex on the primary vortex are
slightly different in theory and experiment and this
leads to the results for the pressure distribution dis-
cussed earlier.

Fig. 18 shows lines of constant local dynamic pres-
sure in the plane z/l = 0.29. Concerning the ex-
perimental result there is a region of low dynamic
., pressure in the centre of the primary vortex which
is surrounded by a region with high dynamic pres-
sure having local maxima below and above the vortex
axis. This distribution of dynamic pressure is simi-
lar to that found by Hummel [27] related to vortex
breakdown, but intensive studies by laser light sheet
technique have shown that in the present case no vor-
tex breakdown takes place. This phenomenon can be
explained as a planform effect in the front part of the
waverider: The flow separation at the sharp leading
edge starts in the symmetry plane similar to the 2D
separation on an inclined flat plate. A separated flow
region with a deadwater—type structure and low local
dynamic pressures is established there. With increas-
ing spanwise distance from the symmetry plane the
sweep of the leading edge increases rapidly. There-
fore a 3D flow separation takes place and the initial
region of low dynamic pressure is surrounded by a
vortical low with increasing velocity towards the vor-
tex centre. The axis of this vortex follows the leading
edge and with increasing distance from the symmetry
plane the velocity component parallel to the vortex
axis increases. The velocity distribution in the vicin-
ity of the vortex centre found in the section z/I = 0.29
of the waverider is an effect of the upstream leading
edge curvature. It is distinctly different from that
in the vortex over a delta wing which shows increas-
ing velocity towards the vortex axis everywhere. The
Navier~Stokes calculation predicts this distribution of
dynamic pressure very well. F1;1rther studies of this
phenomenon in various cross sections are in progress.

Fig. 19 shows the surface oilflow patterns for the an-
gle of attack o = 12.2° and the corresponding surface

streamlines from the solution of the Navier-Stokes
equations. In the plan view of the oilflow picture a
primary attachment line can be distinguished. In the
front part of the waverider the attachment line follows
the leading edge and more downstream it approaches
the waverider symmetry line. Close to the leading
edge a secondary separation line is observed which
moves outboard at approximately 79 % rootchord po-
sition. This does not necessarily mean that transi-
tion from laminar to turbulent boundary layer is the
reason for this, since there is a kink on the wing sur-
face which could also cause an outboard shift of the
secondary separation line. From this point of view
further studies of the boundary layer are necessary.
Towards the fuselage an attachment line can be dis-
tinguished on the wing surface which is related to the
fuselage vortex. Considering the side view of the sur-
face oilflow patterns the corresponding separation line
can be distinguished in the vicinity of the upper fuse-
lage corner. Towards the wing surface another separa-
tion line can be observed which is due to a secondary
fuselage vortex.

The mean characteristics of the flow around the wa-
verider are well predicted by the Navier-Stokes solu-
tion. However, the position of both the attachment
line due to the primary vortex and the secondary sep-
aration line differ from the experiment, and in the
rear part the secondary separation is not predicted
correctly. These differences are due to the influence
of the numerical viscosity and the coarse grid in the
rear part of the configuration. In addition the turbu-
lence model which is used in the present calculation
affects the numerical solution. Concerning the fuse-
lage vortex the separation and the attachment line
are well predicted as shown in the side view and plan
view of Fig. 19, but a secondary separation line on
the sidewall cannot be observed. This discrepancy in
comparison to the experiment is also due to the tur-
bulence model applied in the present study.

8. Conclusions

The waverider configuration DLR-F8 has been gen-
erated at MJ = 12.0 using the interactive code
WIPAR for the lower surface and an expansion sur-
face has been designed for the upper surface. This
geometry has been investigated in the whole Mach
number range both experimentally and numerically.
Numerical codes for the solutions of the Euler and
the Navier-Stokes equations turned out to be power-
ful tools for the description of the performance char-
acteristics and of the details of the flowfield.

The design of the configuration well above the cruise
Mach number led to practicable distributions of cam-
ber and volume. The performance characteristics re-
mained constant on a very high level for decreasing
Mach number. If the shock wave detaches from the
leading edge L/D increases considerably for both su-
personic and subsonic leading edges due to the ex-
pansion flow and the leading edge vortex formation
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on the upper surface. The leading edge bluntness can
be chosen very small to avoid a significant increase
of wave drag, and the corresponding thermal loading
can be overcome by a proper combination of material
and structural design.

The highest values for L/D are achieved in the tran-
sonic flow regime. The flow is still governed by leading
edge vortices, but considerable changes in the centre
of pressure position are due to movements of the ter-
minating shock location. The compressibility effects
are well predicted by the Euler solutions and the es-
timation of the viscous drag by means of flat plate
results has been validated by Navier-Stokes calcula-
tions.

The flow studies in the incompressible flow regime
showed the well-known primary and secondary vor-
tices over the wing and a fuselage vortex at the side-
wall of the configuration. The structure of the pri-
mary vortex is different from that on delta wings:
In the vortex centre a region of reduced velocity is
present which is due to the leading—edge curvature in
the front part of the waverider. These flow phenom-
ena are very well predicted by corresponding Navier—
Stokes calculations.
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Fig. 11: Vortex formation and surface pressure distribution on the DLR~F8 configuration according
to Euler calculations for a = 5.0° and M, = 0.9.
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Fig. 13: Upper surface streamlines and pressure
distributions on DLR~F8 in subsonic flow
according to Euler calculations for
a=0°.
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Fig. 17: Flowfield on the waverider configuration DLR-F8 at o = 12.2° and Re., = 1.0 x 10° in different
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Fig. 19: Upper surface streamlines on the waverider configuration DLR-FS8 at o = 12.2° and Rey, = 1.0 x 108.

Comparison between the results of Navier-Stokes calculation and experimental oilflow patterns.
(In the case of the Navier-Stokes calculation, the fuselage is enlarged about 80 % in the side view)
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a) Basic configuration | b) Modified configuration
WRE 12.0-IFL DLR-F8

Mach number Mg, 12.0 12.0
Shock angle o 9.1° 9.1°
Aspect ratio A 1.35 1.15
Volumetric efficiency n 0.152 0.126
Centre of gravity position zca/l 0.72 0.67
Geometric neutral point position | zp,,/l 0.44 0.44
Angle of attack o 0° 0°
Lift to Drag ratio

inviscid flow (L/D); 10.21 9.81

viscous flow (L/D), 6.97 6.96
Centre of pressure position zp/l 0.63 0.64
Aerodynamic centre position zn/l 0.63 0.61

Tab. 1: Geometric data and aerodynamic characteristics of the two waverider configurations
at M7, = 12.0 according to the design code WIPAR (a) and the Navier-Stokes

code CEVCATS (b).
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DLR Géttingen { TWG)

1.3 m
Low Speed Windtunnel
TU Braunschweig

Mach number range 0.6+20 0.1
Reynolds number 6.5 x 108 1.0 x 10°
Angle of attack range -7 =7 —14° + 40°
Angle of sideslip range 0° —20° + 25°

Scope of experimental

investigations

3-component

balance measurements

6-component

balance measurements

Pressure distributions
CI’

Pressure distributions
CP

Flowfield measurement

by probe

Flowfield investigations

by laser lightsheets

Surface oilflow
visualization

documented by video

Surface oilflow

visualization

documented by photo

Tab. 2: Investigations on the waverider configuration DLR-F8 in different

windtunnels.
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