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ABSTRACT

The objective of this paper is the evaluation of modern
hypersonic waveriders obtained from the osculating cone
method. Therefore, the design program system PrADO-
Hy (Preliminary Aircraft Design and Optimization - Hy-
personic), developed by the Institute for Aircraft Design
and Structural Mechanics (IFL), was used to simulate the
design process with the interactions between the different
aeronautical disciplines. The investigations are focussed
on the design of a TSTO vehicle, performing a cruise
flight from Europe to the equator with an orbiter trans-
ferring a payload of 3.3 t to low earth orbit (LEO). Com-
putational results show the convergence of the design
process and illustrate the sensitivies of the vehicle if
design parameters of the waverider (aspect ratio, design
Mach number, etc) are changed. A comparison of a
waverider with other nominal concepts for the lower
stage of a TSTO vehicle points out that the acrodynamic
superiority of the waverider overcomes weight and volu-
me penalities. The results indicate that it should be possi-
ble to design a TSTO vehicle using a waverider as a first
stage. This configuration would have four engines and a
take-off weight of about 300 t, i. e. it is 15.5% lighter
than the best conventional solution.

INTRODUCTION

Investigations on hypersonic vehicles, used either for
more economic space transportation systems with an air-
breathing part or for long-distance cruise flights with in-
ternal payload, point out the demand for configurations
having a high lift over drag ratio. Renaissance in hyper-
sonic waverider research during the last years led to new
shapes (see Fig. 1) offering high aerodynamic efficiency
as well as a suitable volume distribution for the integra-
tion of fuel tanks, cockpit, payload, etc. Furthermore, the
waverider design tools developed allow a flexible vehicle
design and provide reasonable accurate aerodynamic pre-
dictions even for the off-design behavior. Most of these
waverider studies are aimed at the maximization of aero-
dynamic performance of hypersonic waveriders, however
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nearly no attempts have been made to optimize other
vehicle characteristics at the same time in order to achie-
ve the best shape for a given mission.

To fill this gap, the Institute for Aircraft Design and
Structural Mechanics cooperates with the DLR, Institute
of Design Aerodynamics. The IFL investigates the mis-
sion performance including the determination of fuel
mass, engine size, thermal protection system, undercar-
riage weight, etc. using the integrated computer program
PrADO-Hy"?, while the DLR creates generic waverider
shapes (see Fig. la,b) and estimates the aerodynamic
data with their waverider program®. Parametric studies
are carried out by the IFL on groups of waverider shapes
having common basic design parameters (e.g. aspect
ratio, planform, shock angle, etc.) to evaluate the influen-
ce of the engine position, fuel volume, undercarriage
position, etc. on size and take-off weight of the wave-
riders. By using these results it is possible to improve
the waverider design optimizing the overall mission per-
formance instead of only optimizing the aerodynamic
efficiency. At present, the task concentrates on the de-
sign of a TSTO concept with a fixed flight path inclu-
ding a 2700 km cruise flight with an orbiter capable of
carrying a payload of 3.3 t into LEO (see Fig. 2).

WAVERIDER:
PRINCIPLE AND AERODYNAMIC DESIGN

This chapter provides only a short overview, sufficient
enough to serve as the basic knowledge for the design
engineer’s task.

The basic idea in the generation of hypersonic waveri-
ders is the inversion of the normal design process. In-
stead of having a certain configuration and estimating its
surrounding flowfield (as well as its aerodynamic data)
there is a given shock surface which is contained within
the limits of the lower planform of the body. This vehi-
cle, riding on the shock surface, hence called waverider,
efficiently uses the high post shock pressure to provide
the majority of the vehicle’s lift.

Therefore, the generation of a waverider for inviscid
flow can be subdivided into three steps:
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a) Choose a known shock surface given by one well
defined flowfield or a composition of flow fields

b) Define an upper (freestream) surface whose intersec-
tion with the shock surface forms the leading edge
of the vehicle

c¢) Follow the streamlines passing through the leading
edge to get a streamsurface that can be replaced by
a solid surface for inviscid flow. This solid surface
forms the underside of the waverider.

If an oblique shock is used, created by a wedge and a
"roof-type" upper surface, one will get the class of caret-
wings created by Nonweiler® (see Fig. 3). Unfortunately
they are not suitable for hypersonic cruise vehicles be-
cause the large wetted surface area creates too much
friction drag and the configuration provides too little
volume for the integration of. fuel tanks, engines, under-
carriages, etc. To overcome these insufficiences, Bowcut
et al. introduced the class of viscous optimized waveri-
ders® (see Fig. 3), generated by one conical flowfield
described by the Taylor-Maccol ordinary differential
equation. These waveriders show high lift over drag
although skin friction is included, an acceptable volume-
tric efficiency and less camber, so that the cross sections
are suitable for the integration of tanks.

To achieve a higher flexibility, Center and Sobieczky
developed the osculating cones concept”. Instead of
using only one conical shock, osculating cones waveri-
ders are generated by specifying a completely arbitrary
shock shape at the configuration’s exit plane and treating
each region along the span as one of a local conical
flow. If only one constant shock angle is used and the
curvature of all cones, which are lying on the shock
profile (which is the intersection between exit plane and
shocksurface) exactly match this profile at the point of
tangency, then the vertex of each osculating cone will be
known. After the upper surface is chosen the leading
edge and the underside of the waverider can be calcula-
ted. This method led to the WIPAR program for the
interactive design of waveriders”,

The Institute of Design Aerodynamics of the DLR ap-
plies this program to the generation of waverider shapes
which are further investigated by the IFL. While WIPAR
only predicts the acrodynamic data at the design point
other methods must be used to calculate the off-design
aerodynamics. Therefore, the program SOSE® based on
a modified shock expansion method is used as a fast and
reasonable accurate tool as well as the DLR Euler code
CEVCATS®™.

CONCEPT AND STRUCTURE OF THE
PROGRAM PrADO-Hy

Extensive computational capabilities have been develo-
ped to analyze hypersonic aircraft. The problem in the

design of such hypersonic configurations is that there are
- compared to normal aircraft - many more technological
unknowns, little statistical data for a first design estima-
tion and many high sophisticated non-linear problems
which are strongly coupled. Therefore, the necessity
exists of having a flexible computerized analysis and
synthesis tool to simulate the interactions between the
various disciplines involved in the design process {(e.g.
aerodynamics, flight mechanics, weight estimation, etc.).
Furthermore, it must have the capability of growing and
becoming more accurate with increasing knowledge.

The main objectives of such a program are:

o Proof of convergence
(checking the feasibility of different configurations)

o Sensitivity investigations to obtain the influence of
certain design parameters, new technologies, materi-
als, etc. on the complete system "aircraft”

o Evaluation of different concepts fulfilling fixed
requirements (e.g. mission, payload, etc.)

o Optimization of configurations under consideration
of a merit function (e.g. minimization of fuel con-
sumption, DOC, MTOW, etc.)

0 Definition of new technological goals in order to
reach the given design target

Derived from these tasks the following general require-

ments for a computerbased design tool result:

o Flexibility (program must be adaptable to new de-
sign tasks)

0 Modularity (implemention of new design modules)

0 Simple embedding of program modules developed
by other disciplines/institutions

o Necessity of well arranged interfaces

o Possibility of linking data bases (e.g. material data,
engine characteristics, etc.)

o Implementation of a data management system for an
open-ended system

Considering the requirements described and with the
background knowledge of the design of civil transport
aircrafts, the Institute for Aircraft Design and Structural
Mechanics started a research project to develop the com-
puter-augmented preliminary design program PrADO-Hy
for the evaluation of hypersonic aircraft configurations®
in 1990. Corresponding to the different tasks appearing
during the design of a hypersonic aircraft, the program
can be devided into four levels (see Fig. 4):

1.Level: Data Input/Output.

These routines are necessary for the data input of the
nser-specified baseline design (e.g. mission requirements
and constraints, evaluation of important design parame-
ters such as weight, etc.). They build up a complete data
base for the configuration. Missing values are completed
by estimations from a statistical data processor. Fixed
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external data bases including e.g. material properties,
engine performance characteristics, etc. are available.
The possibility of storing the complete internal data base
provides access to the results for later calculations like
off-design performance, graphical result evaluation or a
detailed FE-based structural analysis.

2. Level: Optimization Loop. Herein routines are inclu-
ded for the minimization of a given objective function
(e.g. take-off-weight, fuel consumption, costs, etc.) vary-
ing chosen design parameters (e.g. cruise speed and
altitude, etc.). For the optimization different methods are
available!”. Other programs within this level generate the
design-specific merit function, check the design con-
straints and save the new set of design parameters.

3. Level: Multdisciplinary Design Process. This level
simulates the sequential interdisciplinary design process.
For the exchange of input and output data between the
main modules a data management system is used which
stores all actual data during the iteration in the internal
data base. With this kind of data handling the order of
the modules in the design process can easily be rearran-
ged or they can work as "stand-alones" combined in a
user specified manner as a "design tool-kit".

4. Level: Design Program Libraries. The program libra-
ries include the different physical models used during the
design process. They form the kernel in which methods
developed by different disciplines can be integrated as
new modules to enhance performance and accuracy of
the design code.

Design Synthesis

The design synthesis placed in the 3. level of PrADO-Hy
simulates the sequential iterative process of aircraft de-
sign including the large number of interdependencies bet-
ween the various disciplines (e.g. acrodynamics, flight
mechanics, structure mechanics, etc.) involved. A con-
vergent design with a consistent internal data base results
from the process. This can be used for the calculation of
a merit function necessary for the optimization in the se-
cond level. After the optimization variables are changed,
the iterative phase will restart. This loop will be repeated
until an optimum of the merit function is reached.

The first step during the iteration (see Fig. 5) is the data
input. Therefore a complete but not necessarily consistent
data base must be submitted including design and mis-
sion requirements as well as a list of optimization varia-
bles.

The iteration starts with the geometric sizing of the vehi-
cle. The subsequent performance analysis estimates the
fuel mass and the engine thrust of the vehicle. Therefore,
aerodynamic data, engine performance and fuel con-

sumption have to be provided. After the engine sizing
module, calculating the take-off thrust and the number of
engines, two inner loops control the convergence of
thrust and fuel volume. If convergence is not achieved,
there will be a feedback with adapted values for fuel
mass and/or engine thrust. Otherwise, the iteration pro-
ceeds with the weight estimation of the vehicle.

For the first stage the weight for TPS, structure, engines,
tanks, etc. is calculated in seperate modules using a com-
bination of analytical methods and programs based on
statistics. The sizing of the upper stage is optional and
represents a small design program with only one inner
loop controlling the launch weight convergence. The next
convergence test concerns the take-off weight. If it does
not converge, the iteration will be repeated with a modi-
fied take-off weight.

The last step during the design synthesis represents the
tailplane design, where stability and control aspects are
considered and compared with assumed values. Non-tole-
rable differences require a change of the tailplane areas
and a complete new iteration with modified values.

Please refer to ref. 1,8 and 9 for a more detailed des-

cription of the physical models used within the multi-
disciplinary design process.

DESIGN STUDY OF A TSTO CONCEPT

Design requirements

For the investigation of the TSTO vehicle, one nominal
mission was selected. A hypersonic lower stage will
transport an orbiter from Europe to the staging point near
to the equator and then it will return. After separation the
orbiter will transport the payload into an elliptic orbit.

At the end of this article - in order to estimate the poten-
tial of the waverider - a comparison is made with other
nominal configurations. All of them are used as the lo-
wer stage of a TSTO vehicle and are designed to fulfill
the requirements of the following given mission:

orbiter payload: 3.3 t (incl. 3 astronauts)
orbit at the end of upper stage ascent:

inclination: 28°
apogee: 463 km
perigee: 70 km
staging conditions:

altitude: 32.4 km
Mach number: 6.3

upper stage flight
path angle at separation: 6°
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The flight path of the lower stage (see Fig. 2) is identical
for all configurations. Although the optimization of the
flight trajectory is necessary in order to use the full
capabilities of a certain configuration, a fixed flight path
reduces the number of design variables and simplifies the
comparison of the different concepts. The flight path
consists of five segments:

- An ascent with the changeover from turbine to ram-
jet engines at about Ma =3 .

- The cruise flight above the ozone layer at Ma = 4.5
and an altitude of 26 km.

- A second climb and acceleration phase.

- A pull-up maneuver to obtain the staging conditions
as initial conditions of the second stage.

- A cruise flight during the return of the first stage at
a higher altitude due to the lower weight after sta-
ging.

Basic configuration

As previously mentioned we startet with a given flight
path including a cruise flight at Mach 4.5. Unfortunately
the aerodynamic design of the waverider’s shape created
for this Mach-number (see Fig. 1a) has a great camber in
spanwise direction leading to difficulties for the inte-
gration of tanks, cockpit, landing gear, etc. One way to
reduce this camber is a higher aerodynamic design
Mach-number. This is only possible if there is a good
off-design performance. Aerodynamic investigations for
the hypersonic flow regime’” as well as requirements for
an acceptable sub- and transsonic performance and consi-
derations about the integration of components (e.g. tanks,
propulsion group, landing gear, etc.) led finally to a wa-
verider with a design Mach-number ‘of 12.0 and an
aspect ratio of 1.33 (see Fig. 1b). Although the refine-
ment of the physical models incorporated in the program
system PrADO-Hy reduced the performance of this
waverider it was kept as the basic configuration. Fig. 1c
illustrates the impact of the geometric requirements on
the shape of the waverider. Espcially the penetration of
the propulsion group into the body and the flattening out
at the rear of the body cause a loss of usable volume and
a higher structure weight due to the reduced thickness of
the body. The data and cutaway drawings in Fig. 6 illu-
strate the complete baseline design.

There are some remarks necessary which are valid for all
configurations discussed in this paper. The available data
concerning the engine performance are similar to the
engine model used within the German "Siinger" pro-
ject'”. A scaling of the engine is not possible. Because
of the fixed engine geometry only the number of engines
could be changed. For the careful integration of the engi-
nes into the configuration it is evident to incorporate an
aerodynamic bookkeeping method and to provide the
correct flow conditions at the inlet of this engine. This

results in an angle of 9.2° between the underside of the
forebody responsible for the precompression of the air-
flow and the reference axis of the engine. Requirements
for the load distribution between nose and main gear, the
retraction of the landing gear, the tire selection and the
take-off performance are considered for the position and
size of the landing gear .

The upper stage design depends on the staging condi-
tions, the orbit at the end of the ascent and the orbiter
payload. All these requirements are mission depending.
Due to the fixed mission for the accomplished investiga-
tions all configurations have a common upper stage. The
PrADO-Hy module for the upper stage sizing was used
to design the orbiter. The determined data for the orbiter
are a take-off weight of 108.4 t, a length of 31.2 m and
a wing span of 15.8 m. The relative position of the orbi-
ter on the lower stage is fixed by the requirement that at
the staging point the centers of gravity of the lower stage
and the orbiter have the same position in longitudinal
direction. This is necessary to avoid a sudden change in
the center of gravity of the first stage after the separation
of the orbiter.

The influence of the design Mach-number

In this chapter the influence of the design Mach-number
on the size and the performance of a TSTO vehicle de-
signed to fulfill the given mission (see Fig. 7) will be
discussed. As mentioned before this sensitivity study led
to the choice of the basic configuration.

From the aerodynamic design two characteristic results
are available:

- The (ideal) maximum L/D,y for the waverider

without upper stage during hypersonic flight

- The volumetric efficiency V**/S
Both are first indicators for the overall performance of a
certain configuration. Fig. 7 shows a decrease of the ma-
ximum L/D,,, for the first waverider (Ma,, = 4.5) com-
pared to those with a higher design Mach-number. This
is only possible because these waveriders demonstrate a
good off-design performance®. The volumetric efficien-
cy has a maximum for the basic configuration. Much
more interesting is the following chain of cause and
effect:

The great camber in spanwise direction (see Fig. la)
makes it difficult to integrate the tanks having an ellip-
tical cross section in the given shape of the waverider
with Ma,, = 4.5. The sizing of the aircraft leads to an in-
crease of the reference area S which is relatively higher
compared to the increase of the take-off weight
(MTOW). A large portion of this weight is the fixed
orbiter mass. The result is a lower wing-loading and
lower aerodynamic performance during the mission when
the L/Dgg,, depends on the required lift coefficient. All
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these couplings between geometry, weight, necessary
thrust, etc. occur during the design iteration and result in
an exponential increase of thrust (T;) and take-off
weight,

For the waverider with a design Mach-number of 20.0
these effects lead into the opposite direction but the
changes are smaller. Although the volumetric efficiency
declines, the smaller camber in spanwise direction sim-
plifies the volumetric integration of elliptical tanks lea-
ding to a higher wing loading. The L/Dg;,, during cruise
flight at Ma = 4.5 with the orbiter is even a little bit
higher compared to the basic design. Therefore, the
result of the integrated design process is a lighter aircraft
with high cruise performance. This effect was found re-
cently using the refined version of PrADO-Hy and was
not seen in previous studies®.

From the designers point of view this study can be
summarized in the following statements:

- The volumetric efficiency is not sufficient as the
sole indicator for the usable volume for the com-
ponent integration.

- The wing loading appears to be one of the important
design drivers for hypersonic waveriders.

The influence of the aspect ratio

In order to find out more about the influence of the as-
pect ratio on the design of hypersonic waveriders a sen-
sitivity study was carried out with aspect ratios from
0.81 to 1.83 (see Fig. 8).

The maximum possible L/D,, during hypersonic flight
is nearly the same for all configurations whereas the
volumetric efficiency becomes smaller with higher aspect
ratios. This is caused by the fact that all waveriders in
this study have the same ratio of thickness at the rear of
the body to body length™ | i.e. the relative thickness in
spanwise direction decreases. In combination with the
assumption to use tanks having an elliptical cross section
with a limited ratio of major to minor axis and the use of
low-density liquid hydrogen as fuel the usable volume
for higher aspect ratios decreases rapidly. A consequence
of this is an increasing size and reference area of such a
configuration. In contrast to this progressive behavior the
operational empty weight (OEW) grows moderately. A
detailed analysis of the obtained design data shows that
the waverider with an aspect ratio of 1.83 has structural
weight of 119.4 t (41.8% OEW) without vertical stabili-
zer whereas the waverider with the lowest aspect ratio of
(.81 has a structure weight of 44.0 t (31.8 % OEW). The
ratio of structure weight to reference area decreases from
33.2 kg/m’® 10 26.4 kg/m? indicating the influence of the
bending moments in spanwise direction on the stresses
in the structure. But this effect is overcompensated by
the higher utilization of the available volume due to the

better integration of the fuel tanks. The resulting higher
wing loading allows a cruise flight with the upper stage
at a higher lift coefficient which lies near to that required
for the optimum aerodynamic performance of the confi-
guration with the lowest aspect ratio. During the cruise
flight the waveriders with the higher aspect ratios need a
lower lift coefficient and do not reach their optimum

L/D.

The computational results point out the significant im-
pact of the wing loading on the performance of the wa-
verider. Referring to Fig. 8 the waverider with the lowest
aspect ratio would be the best solution if the take-off
weight was used as the merit function. But it should be
taken into account that the sub-/transsonic behavior of
waveriders with small aspect ratios still has to be investi-
gated and that the extrordinary length of the vehicle may
cause problems for the landing gear design and problems
during taxying.

The influence of the body angle o

One possibilty to overcome the penalties introduced by
the penetration of the propulsion group into the body and
the flattening out of the rear is to enlarge the thickness
in the midplane of the body. The body angle « is the
measure of the ratio of thickness to body length (see Fig.
6). The positive effect of a higher body angle o is an
increasing volumetric efficiency whereas the maximum
L/Dyax decreases (see Fig. 9). The L/Dyg,, which is
important for the sizing of the vehicles and depends on
the required lift coefficient during the mission remains
nearly constant within the chosen range of the body
angle o. Once again the increasing wing loading is re-
sponsible for this effect caused by a higher utilization of
the available volume due to the better integration of the
volumious elliptic tanks for liquid hydrogen.

A closer look at the decreasing operational empty weight
shows that beside the trivial effect that smaller aircrafts
have a lower weight the reduced engine number has an
important impact on this reduction. The contribition of
the structure weight without vertical stabilizer to the
operating empty weight decreases from 40.1 % for a
body angle of 4.63° to less than 32 % for a body angle
of 6.11°. There are two main reasons that lead to lower
stresses in the skin panels and thus to a reduced weight
of the structure. The first one is a greater total thickness
of the structure. The second one is the smaller area co-
vered by the propulsion group whose penetration into the
body has a weakening effect on the structure. The con-
tribution of the other components (landing gear, vertical
stabilizer, systems, etc.) to the operating empty weight
remains nearly constant for a changing body angle a.

All these effects listed above are included within the nu-
merical models of PrADO-Hy and result in a lighter
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TSTO vehicle. While the enlargement of the body angle
o from 4.63° to 5.5° offers a drastic improvement of the
design the further enlargement to a body angle o of
6.11° shows only a small additional weight reduction.
Therefore, the refinement of the shape was concentrated
on the waverider with a body angle of o = 5.5°. Another
reason is the higher drag during sub-/transsonic flight
due to the greater thickness of the body.

The variation of the body angle o represents a typical
preliminary design task: There exists one parameter dri-
ving two characteristic indicators for the suitability of a
design .into opposite directions. Using the integrated
program system PrADO-Hy it was possible to identify
the important sensitivities and to improve the design of
the waverider.

Concept evaluation

The concept evaluation gives an impression of the suita-
bility of the waverider concept in comparison with other
nominal concepts for the lower stage of a TSTO vehicle
and demonstrates the flexibilty of PrADO-Hy which was
also used for these studies.

In this evaluation four different configurations (see Fig.
10) were sized to fulfill the given mission. The first one
is the basic configuration (see Fig. 6) which is used as
the reference design. An improved waverider which has
a design Mach-number of 12.0, a body angle of 5.5° and
a "double-delta" wing planform to achieve a higher wing
loading is the second configuration. The lifting-body
configuration® which has an elliptic cross section and
whose aerodynamic data were taken from wind tunnel
measurements'’” represents the third concept in this
evaluation. For the blended-body a typical shape was
chosen and the aerodynamic data were obtained using a
handbook method™.

Fig. 11 shows the results of this evaluation, The bars
indicate the relative change of the design parameters
compared to the basic waverider configuration whereas
the table at the bottom of the figure lists the absolute
values of the parameters indicated above.

The comparison between the two waveriders shows the
improvement achieved from the higher body angle and
the double-delta wing. This leads to a take-off weight of
-300 t for the improved design which is 27.1% lower
compared with the basic configuration. Especially the
lighter structure weight and the smaller number of engi-
nes contributes to this reduction. These differences point
out the necessity for a careful choice and investigation of
the parameters governing the design.

The lifting body configuration has the highest take-off
weight of all configurations. The low aerodynamic per-

formance is the design-driver leading to the necessity of
six oversized engines and a fuel weight of 145.1 t. The
smaller wing area is a benefit of the superior utilization
of the available volume and is responsible for the relati-
ve small structure weight and operational empty weight.

The take-off weight of the blended-body configuration
lies between the two waverider configurations. A part of
the lower aerodynamic performance is compensated by
the higher utilization of the available volume. The ratio
of structure weight to reference area is nearly the same
as for the basic waverider configuration "A". The advan-
tages of the waverider "B" in comparison with the blen-
ded-body configuration result from a smaller ratio of
structure weight to reference area and a better L/D du-
ring cruise flight with the upper stage.

In this comparison the improved waverider "B" has the
lowest take-off weight which is an indicator for the over-
all performance of a TSTO vehicle. There is still a re-
markable advantage over the blended body configuration.
The basic configuration shows that the waverider is not
always the best choice for a hypersonic vehicle and that
the performance of waverider shapes has to be investiga-
ted carefully.

CONCLUSION

The program PrADO-Hy was used as a tool to find the
best solution for a given mission and standards of tech-
nology. This was demonstrated by sensitivity studies of
modern hypersonic waveriders. These studies indicate
that the wing loading has much higher influence on the
attainment of high aerodynamic efficiency compared to
more conventional designs. Taking into account the re-
sults from these parametric studies it is possible to find
a waverider configuration which can be used as the first
stage of a TSTO vehicle capable of bringing a payload
of 3.3 t into LEO and having a take-off weight of 300 t.
Compared to other hypersonic concepts for the first stage
the waverider offers a take-off weight which is 15%
lower than the best conventional concept. This points out
the great potential of hypersonic waveriders. Therefore,
further studies are to be recommended because there are
still some important questions to clarify e.g. the behavior
during low velocity flight, the leading edge design, etc..
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WAVERIDER BASIC CONFIGURATION

3

p DESIGN MACH-NUMBER (Ma)) 12

« ASPECT RATIO (A) 133
BODY ANGLE (o) 46 DEGREES
WING AREA (S) 2619.3

VOLUMETRIC EFFICIENCY (VZ%/8) 0.102

VERTICAL TAILPLANE

SYSTEM COMPARMENT

{FUEL SYSTEM,
HYDRAULIC&PNEUMATIC GROUP,

COCKPIT

57.9m

PROPULSION
GROUP

LH2-TANKS

(TL/RAMJET)
DESIGN PARAMTER
MAX. WING LOADING MTOW/S  161.7 kgim?
LIFT-TO-DRAG - CRUISE/MAX. LD 7.90
- CRUISE/WITH UPPER STAGE 515
OPERATIONAL EMPTY WEIGHT OEW 20221t
FUEL WEIGHT FW 96.81
N MAX. TAKE-OFF WEIGHT MTOW 407.41
ENGINE THRUST - TL /AT TAKE-OFF Ty 6x510 kN
- RAMJET / DESIGN POINT  Tpy 6x196 kN

Fig. 6 Basic configuration

ASPECT RATIO 1.33 THRUST (TL-ENGINE, AT TAKE-OFF) Tr_
DESIGN LIFT COEFFICIENT 0.03 FUEL WEIGHT (FW)
BODY ANGLE 4.60 DEGREES

OPERATIONAL EMPTY WEIGHT (OEW)

MAX. TAKE-OFF WEIGHT (MTOW)

MAX. LIFT-TO-DRAG / CRUISE

LIFT-TO-DRAG / CRUISE, WITH UPPER STAGE
VOLUMETRIC EFFICIENCY (V¥3/3)

om0 o0Ph>

*) L. BODY LENGTH
B WING SPAN
S: REFERENGE AREA

150

'0\7 140
t 130
s 120
i
B 110
M 100
v
oc
o 90
| .
E 80 - ) = 929m L = 838m L = 818m L = 781m
1 |8 = 659m B = 59.2m B = 579m B = 553m
< 704 |s - 3260m2 s - 2620m2 | s = 2519m2 s - 2320m2
E 1 | MTOWS= 144.7 kgim? MTOW/S = 153.7 kg/m MTOW/S = 161.7 kg/m MTOW/S = 166.0 kg/m
o 60 - !
- |
50 1 T T i ' 1 1 ] T I ] l T ] I 1 ] ¥ L ,
0.00 5.00 10.00 15.00 20.00

DESIGN MACH-NUMBER Map  [-]

Fig. 7 Influence of the design Mach-Number
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")

L

B
S
M

955m L = B828m L = B18m L = 806m L = B812m
3689 m B = 452m B = 579m B = 688m B = 810m
- 1669 m2 s = 1922m?2 s = 2519m2 s = 2095m2 s = 3581m2
TOWIS = 190.1 kg/m? MTOW/S = 178.7 kg/m©| | MTOW/S = 161.7 kg/m MTOW/S = 151.4 kg/m MTOW/S = 146.0 kg/m

PARAMETER SENSITIVITY [%]

100 ") L | BODY LENGTH

. B : WING SPAN
90 S: REFERENCE AREA
80 ] |Basic conFiguRATION] & THRUST (TL-ENGINE, AT TAKE-OFF) T

' @ FUEL WEIGHT (FW)

7 ! © OPERATIONAL EMPTY WEIGHT (OEW)
70 | ® MAX. TAKE-OFF WEIGHT (MTOW)

-4 | @ MAX. LIFT-TO-DRAG / CRUISE

DESIGN MACH-NUMBER 12 i = L|FT-TO-DRAG / CRUISE, WITH UPPER STAGE

60 gES‘\?N L'FTECOEFF‘C’ENT 0.03 nees | ¢ VOLUMETRIC EFFICIENCY (V¥%/S)

- BODY ANGL 460 DEG '
50 T T T T T ! T T T Y T T 1

0.80 1.00 1.20 1.40 1.60 1.80 2.00

ASPECT RATIO A [-]

Fig. 8 Influence of the aspect ratio

THRUST (TL-ENGINE, AT TAKE-OFF) T,

FUEL WEIGHT (FW)

OPERATIONAL EMPTY WEIGHT (OEW)

MAX. TAKE-OFF WEIGHT (MTOW)

MAX. LIFT-TO-DRAG / CRUISE

LIFT-TO-DRAG / CRUISE, WITH UPPER STAGE
VOLUMETRIC EFFICIENCY (v2%/8)

om®OEH >

PARAMETER SENSITIVITY [%]
)
o
|

L
B
s 2
MTOW/S = 161.7 kg/m

|BASIC CONFIGURATION]

|
70 |
7 | DESIGNMACH-NUMBER 12 ") L:BODY LENGTH
60 - | ASPECT RATIO 133 B : WING SPAN
4 | DESIGN LIFT COEFFICIENT 0.03 S: REFERENCE AREA
50 1 I 1 ¥ ) | 1 ] ¥ ¥ ‘ T 1 1 1 ‘ 1 1 1 ¥ ' ¥ ¥ ) 1 I
450 5.00 5.50 6.00 6.50 7.00

BODY ANGLE o [DEGREES]

Fig. 9 Influence of the body angle
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WAVERIDER
WITH

DOUBLE-DELTA WING PLANFORM

ASPECT RATIO
WING AREA
EGINE THRUST - TL (TAKE-OFF)

1.35

1506 m2
4x508 kKN

- RAMJET (DESIGN POINT) 4x234 kN
12
5,6 DEGREES

DESIGN MACH-NUMBER
BODY ANGLE

LIFTING-BODY-CONFIGURATION

ASPECT RATIO 0.72
WING AREA 1427 m2
EGINE THRUST - TL (TAKE-OFF) EX612 kN

- RAMJET (DESIGN POINT) 6x284 kN

K \
SRt tes, W
“‘\‘\:‘\\\\\\\\\\\\
R

Fig. 10 Nominal configurations for the first stage of a TSTO vehicle

100

LIFTING-BODY

80 83.3%
60 [
40—
20 =
WING AREA

FUEL
WEIGHT
49.8%
o, INSTALLED
33.9% THRUST 2)
21.6% 20.0%
LIFT/DRAG
RATIO 1) +12.9% WEIGHT

BLENDED-BODY-CONFIGURATION

ASPECT RATIO
WING AREA

EGINE THRUST - TL (TAKE-OFF}
- RAMJET (DESIGN POINT) 5x209 kN

1145
1623 m2
5x448 kN

WAVERIDER B BLENDED-BODY WAVERIDER A
WITH BASIC CONFIGURATION
DOUBLE-DELTA-WING REFERENCE CONCEPT

REL. CHANGE OF PARAMETER [%]

OPERATIONAL

STRUCTURE EMPTY

WEIGHT

|
|
|
]
i
|
|
]
|

MAX.TAKE-OFF
WEIGHT

4.0% !

WING LOADING
~7.5%)
B -31.2%
5'6% -29.1% -26.7%
«44.3%
m? kg/m? - kN t t t t
WAVERIDER A | 2519 162 7.9 6x510 96.8 86.1 | 202.2 407.4
WAVERIDERB | 1506 197 7.3 4x508 66.6 40.8 | 121.9 296.9
BLENDED-BODY| 1623 217 56 5x448 84.3 58.2 | 152.1 351.5
LIFTING-BODY | 1427 297 4.4 6x612 | 145.1 51.3 | 1703 | 4238

1) CRUISE: 26 km, Ma 4.5; WITHOUT UPPER STAGE

Fig. 11 Concept evaluation

2) TL-ENGINE; THRUST AT TAKE-OFF
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