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Abstract vehicles (RLV) for flexible and affordable access-
to-space, space tourism as well as military global
HICAD (Hypersonic Interactive Combat Aircraft  reach and rapid response vehicles. The focus for
Design) is a GUI-based design tool being de- the present study is on endoatmospheric long-
veloped to facilitate the design of hypersonic range cruise vehicles for military payload deliv-
cruise vehicle configurations. Analytical tech- ery. These vehicles will use airbreathing engines
niques and simple mathematical models are usedto maximize propulsive efficiency and be capa-
in conjunction with multi-variable optimization  ble of horizontal takeoff and landing from con-
to rapidly analyze vehicle concepts and their ventional runways.
propulsion system. In this context, a waverider The lack of baseline vehicles such as fly-
forms the baseline cruise vehicle with a Scramjet ing prototypes or any relevant practical design
and TurboRamijets integrated onto the lower part experience have challenged the development of
of the airframe. The TurboRamjet and Scram- such aircraft, together with uncertainties associ-
jet are designed using one-dimensional idealized ated with hypersonic aerothermodynamics, inno-
analysis while the waverider and its wing curve vative propulsion systems, optimized airframe /
shape is designed using a conical flowfield so- engine integration, high development costs, etc.
lution. It is shown that the entire undersurface The key enabling technology is widely consid-
forms the propulsion system with the forebody ered to be advanced airbreathing propulsion sys-
behaving as the precompression surface and thetems that offer high efficiencies and easy inte-
afterbody functioning as a nozzle extension. The gration with a suitable airframe. This requires
proper integration of the propulsion systems with a precise configuration definition. A recent suc-
the airframe, therefore, is crucial to the success of cessful application was demonstrated by NASA's
a hypersonic vehicle. Results are presented for Scramjet-integrated X-43A research vehicle that
the aerodynamic performance including the de- achieved sustained hypersonic cruise using hy-
sign of a two-dimensional nozzle, along with the drogen fuel [1].
optimization methodology used to generate lift- A rich parameter set and design options for
to-drag maximized vehicle configurations. hypersonic cruise vehicles range from high spe-
cific impulse propulsion selection (airbreathing
or rocket engine), reusability, takeoff /landing op-
tions, high temperature materials and fuel selec-

The speed and range offered by hypersonic cruise tion, safety and control technology. It is the task

vehicles are two fundamental advantages for both Of the designer to find the optimum combination
military and civilian operations. Potential ap- ©f these variables eventually leading to affordable

plications using hypersonic technology, include anq flexible design solutions for a given set of re-
horizontal takeoff and landing reusable launch duirements [2].

1 Overview and Introduction
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In order to be able to study and analyze a
wide range of hypersonic vehicle concepts, var-
ious preliminary design tools and mathematical

lected over rocket engines based on performance
benefits offered during endoatmospheric cruise
missions. In particular, the takeoff weight and

models have been developed and combined with hence speed are reduced as storage of an on-

existing selected processes to form a unified auto-

mated design methodology . This reduces the ini-
tial design cycle time compared to detailed com-
ponent CFD analysis, which is too slow and ex-
pensive at the preliminary design level.

The aim of this initial design methodology
IS to provide an aid for the expedited devel-
opment and analysis of hydrogen-fueled hyper-
sonic cruise airbreathing vehicles, having global
reach and horizontal takeoff and landing capa-
bilities. This is achieved through consolidation

board oxidizer is not required. Instead, air-
breathers will use atmospheric oxygen along the
vehicle’s mission trajectory and that will extend
the operational envelope. The mission of a hy-
personic vehicle can be divided into thew-
speedpart, which includes subsonic and hyper-
sonic flight and théhigh-speedart that encom-
passes the hypersonic cruise operation.

For the low-speed part of the mission, Turbo-
Ramjet’s (TRJ) were selected due to weight sav-
ing and performance benefits over separate turbo-

of many existing relevant research results into a jet and ramjet (RJ) units [6]. TRJ is an example

single design synthesis that integrates new ad-
vances in high-speed propulsion, materials, struc-

of an advanced Turbine-Based-Combined-Cycle
(TBCC) engine and other possible engines in-

tures, high temperature effects etc. This paper clude the RBCC engine [7]. A dual-mode RJ/ SJ

outlines the various elements of the new initial
design methodology. This aims to maximize the
product of the Lift-to-Drag ratiol(/D) and spe-
cific impulse (sp. The full methodology has not

combination was selected as the high-speed en-
gine due to its integration conformity with a wa-
verider and near-term development potential [8].
The hypersonic airbreathing propulsion system

yet been completed. The on-design case is fully extends over the entire undersurface of the hy-
documented here while the off-design issues are personic vehicle with the forebody acting as the

still undergoing development.
A number of vehicle concepts are available

precompression surface and the afterbody acting
as the nozzle; shown by the X-43A [1]. The SJ

to the designer. A possible candidate to address and TRJ units are integrated in an over / under

this challenge is a hypersonic waverider first pro-
posed by Nonweiler [3]. A waverider gener-

configuration, which will be described later.

ates a bow shock wave that is attached all along 2 Design Methodology

its leading edge thereby containing a high pres-

sure region on its lower surface and the vehicle

rides its own shock wave, hence the deserved ti-
tle. The attached shock wave permits the inde-

A target design study was carried out based on
the mission profile shown in Fig. 1. A description
of the various segments is given in Table 1. The

pendent design of the lower and upper surfaces vehicle will takeoff horizontally followed by an

and maximizes thelL(/D) by preventing high-
pressure flow spillage to the top surface. Wa-

accelerated climb through supersonic flight us-
ing an array of TRJ’s until the desired cruise al-

veriders can be generated either by a pure conical titude specified by the user is achieved at Mach

flowfield [4] or using the osculating cones tech-
nique [5]. Both have demonstrated their suitabil-
ity for Scramjet (SJ) integration producing good
values forL/D. The former method was selected
for this study due to its computational simplicity
and low processing power needed for optimiza-
tion.

In this study, airbreathing engines were se-

5. Prior to this point, the SJ will start and con-
tinue to operate in parallel with the TRJ’s until
the thrust between the two types of engines units
is matched. At this point, the airflow to the TRJ
will be shut off. The SJ will then throttle-up and
the aircraft will begin a constant-altitude acceler-
ation to a sustained hypersonic cruise at a speci-
fied Mach number (9/10 in this study). At the end
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of the cruise segment, the vehicle will decelerate combination from a given set of user require-
to supersonic speeds and gradually revert to TRJ ments and constraints. To do this at a CFD level
propulsion, descend to a specified loiter altitude would be too expensive and time consuming and
and release the payload. The vehicle will return the tradeoff between accuracy and rapid results is
from the target area by accelerating, gaining suf- the purpose of a preliminary design methodology.
ficient momentum to initiate an accelerated climb HICAD or Hypersonic Interactive Combat Air-
to cruise altitude, where propulsion unit transi- craft Design, is an interactive computer software
tion takes place, followed by further acceleration, with the aim to rapidly generate hypersonic con-
hypersonic cruise and deceleration in a fashion figurations from a small set of initial parameters.
similar to the that in the outbound leg. Then it This has been developed as part of this research
will descend, loiter for a short period and land. programme and is structured using an object ori-
ented programming approach written in Visual
C++ / MFC. This is an efficient way of devel-
12 11 10 9 oping algorithms and subroutines, combining the
flexibility of a graphical user interface (GUI) and
the power of a numerical language. The method-
ology also consolidates various preliminary de-
2 3 sign tools, mathematical models and analytical
techniques to define the design space and to facil-
13 itate the rapid generation of practical operational
6 7 8 aircraft. Results indicate that the design cycle is
1 reduced significantly.
0 Mission range An example HICAD page is illustrated in Fig.
2, which shows the user’s flexibility in adjusting
variables with the potential to output data in a

Altitude

Fig. 1 Design mission profile for cruise-type ve-

hicles graphical format in real time. Data can also be
written to files to output in different plotting pro-
grams. Currently plotting is enabled using a sim-
ple graphics class available in the public domain,
Segment Description which was appropriately modified for this study.
0-1 | Takeoff
1-2| Climb & Acc. i
2 —3 | Acc., hypersonic cruise (const. Alt.), Dec.
3-4-5]| Descent & loiter
5-6—7| Descent & payload release
7-8-9]| Acc. &climb
9-10-11| Acc. & hypersonic cruise
11-12| Dec.
12 - 13- 0| Descent, loiter & landing
Table 1 Definition of mission profile segments in U
Fig. 1. (Acc. = acceleration, Dec. = deceleration) | =~
“&w, 8 Qus | =8 s Tk irscer|[ A micaD - foesiant] | 2 wmeapacrsx Hx:;TMxL:
To capture the synergy between the several
aircraft components discussed above, a method Fig. 2 Example page from HICAD

needs to be in place to concurrently analyze mul-
tiple variables to determine the most optimum
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The key steps in the HICAD’s methodology Ao aobrevaons
are illustrated in Fig. 3 by means of a flowchart, Fask DU & SJ = Scramet

AL TRJ = TurboRamjet
Initial Sizing

L/D = Lift-to-Drag

which shows the highly integrated nature of the 7 Or Desn ___[LD =T oD
design process and provides further information EF@‘[ o™ [ _TRas09 A»Aécciiiffﬂn”tg N
Le ’_>‘ SJ/ Nozzle Analysis

of the computational steps required for a com- ah [ 59 et Design 2/ Nozz
plete design. T

Key elements of the methodology are: a) in- <—
put of basic user requirements such as cruise —
Mach number and altitude. The mission pro-
file defines the aircraft constraints and determines ] AfframelPropulsion Integratin |
the fuel requmf:d for the_specme_d range. b) [_)e-
sign of a baseline waverider vehicle and iterating 1 ,
until the desired length is achieved using spec- N
ified constraints, c) analysis and integration of
the SJ and TRJ inlets and flowpath using one- ‘ oS Fight ‘<_> Weight & Balance <_>‘ Low(-;se%enfg"p;igm‘
dimensional idealized cycle analysis, d) nozzle - ” "
design and analysis to determine thrust produced | CinaienJ—[siyacomaf—] AT |
by the SJ e) uninstalled thrust-matching of low <E>O
and high-speed engines for smooth transition and e Ferfommancs

Estimation

airframe / propulsion integration to satisfy perfor-
mance requirements f) The final waverider shape
is determined by optimizing the wing-curve until
L/D reaches a maximum value g) the weight, bal-
ance and stability is iterated and when the desired
stability levels are achieved, the aircraft flight the inlets and cycle analysis for the SJ and TRJ
performance is estimated and the initial design as well as for the design of the nozzle afterbody
is completed. This also determines takeoff and will now be presented. The models are suitable
landing requirements. These processes are dis-for the conceptual level of design ensuring fast
cussed in further detail in the following section.  computational time for practical optimization re-
This study focuses on an uninhabited vehicle, sults.
which is a likely development strategy consid-
ering the inherent complexities associated with 3 1 \vaverider
accommodating a human pilot, on board. Al-
though future versions of HICAD will be capa- By specifying a conical shock angle, the right-
ble of dealing with manned missions. The air- circular cone angle that generates this shock
frame / propulsion integration was discussed in can be calculated by solving the Taylor-Maccoll
Ref. [9] to highlight the potential applicability  equation [10]. This conical flowfield is used to
of such a methodology. Correct modeling of this rapidly generate a waverider shape using an in-
closely linked interaction will define the success verse design approach by specifying an elliptical
of a proposed concept and are developed from ex- curve in the inlet spanning the width of the SJ.
perimental data and fundamental principles. Streamfunction values determined at each point
along this curve determine the spatial position of
the upstream streamline. This streamline tracing
3 Component development continues until the conical shock is intersected
and repeated spanwise for the engine span. This
Brief descriptions of the methods used for the de- results in the definition of the lower surface with
sign of the waverider forebody, the analysis of a bow shock attached to its leading edge. Fig. 4

Fig. 3 Flowchart schematic illustrating the struc-
ture of the methodology.
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shows a schematic of the shape within a conical |
shock. The top surface is simply the leading edge
streamlines traced back towards the inlet plane |
parallel to the freestream flow.

Thf Eps I ‘

H_nozzle

/ L_nozzje

Shocks Cowl Lip Heol -\/

Fig. 5 Key geometric parameters in Waverider
design

1 Compression

The wing cross-section of the waverider is de-
Streamlines Inlet fined by a third order polynomial fit through a set
iAol of geometric points in the inlet plane, which es-
tablishes a wing-curve [11]. The wing-curve ex-
Fig. 4 Inverse design of the waverider forebody tends from the engine span to the shock radius
adapted from Ref. [4] as the upper limit. The choice of these points is
the subject of optimization for maximura/D.
A limitation of the conical waverider is that the
usable volume is less than it could be produced
by the osculating cones concept, although simi-
lar L/D values may be achievable.

This shape is computationally inexpensive to
generate and is dependent on mission require-
ments, engine capture area and minimized drag.
Inlet ramp angles are computed based on com-
bustor inlet conditions specified at the start of the

program. The fore_body algne cannot_provide the For hypersonic vehicles, there is a need to de-
g¢§|re? compri:ss[on,l WZhIIDChlnecessnatgs an Zd'velop high-performance propulsion systems to

'.t'ﬁnﬁ ramp. _jlp]g € h planar rath E use satisfy the required weight and sizing constraint,
with the same width as the engine, which trans- operating efficiently across the speed regime

forms the 3D conical flow into 2D thereby pro- from takeoff to hypersonic cruise. Propulsion

viding greater flow uniformity in the compustor. is a key enabling technology in defining such
The forebody thus behaves as an extensionto the, .. o5 Since a SJ operates only when a su-

pre(;\omp.r eslsllon sErIace. ider is 60 q personic stream flows through it's combustor, a
typical lengt or a waverider IS bYm an TBCC-type powerplant was selected to provide
_the length of the resulting forebody is acceptable thrust between brakes release and Mach 5, where
it the cgmbgst(_)rrhan_dl nozzle Iengtlh Cag g_e 4C* smooth transition to a SJ occurs followed by an
commo ated. The inlet ramp angle and dimen- .ce|eration to the desired cruise Mach number.
sions are calculated according to specified com- The lower aft fuselage was modified to accom-

_bustor Zntrar;%eoglcznditijonls. Withhan upper Iimilt modate four TRJ engine modules and the engine
Imposed at an atm, the ramp angle ., ;e \ith flow diverters in place to shut down

is varied iteratively until the desired conditions the air flow to the TRJ's during high-speed cruise
and freestream capture area are met. The latter above Mach 5

is also a function of the user-selected cruise al-
titude. This analysis is made for the on-design
case where a shock-on-lip condition is imposed.
The reflected shock off the cowl cancels on the A dual-mode SJ is designed using quasi-1D ide-
upper shoulder of the combustor. The geometric alized cycle analysis using Shapiro’s influence
parameters of the vehicle are illustrated in Fig. 5. coefficients [12]. This determines the axial

3.2 Propulsion System

3.2.1 Scramjet
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Mach number variation assuming constant pres-
sure combustion and an expansion ratio of 2:1
relative to the inlet height. Other assumptions
include equilibrium combustion, frictionless and

mass-averaged intake, frozen nozzle flow and re-

action kinetics and prescribed specific heat ratios
without mass addition. The SJ is a rectangular
modular engine highly integrated with the lower

surface and the heat release schedule is based org]

complete combustion.

The SJ operates during a supersonic stream

and during subsonic combustor flow, a constant
area section known as an isolator [13], contains
the precombustion shock structure to prevent un-
desirable inlet interactions such as inlet unstart.
Station 2 in Fig. 5 shows the inlet / combustor
junction, 2-3 represents the isolator and station 4
is the combustor exit / nozzle entrance.

Both thelsp and thrust ) are calculated us-
ing stream thrust analysis with knowledge of the
mass flow rate and capture are@a, Ag respec-
tively and an assumption for the fuel/air ratii,
Isp=F/my/[f % g], whereF /mg is the specific
thrust andg = 9.81; the gravitational accelera-
tion. F /mg is dependant on the Mach number and

3.2.2 TurboRamijet

The TRJ performance was calculated using 1D
idealized cycle analysis based on the formula-
tion by Heiser [13] that assumes no friction or
heat transfer to the walls and the flow is treated
as steady and compressible. The TRJ generates
static thrust at takeoff and subsonic speeds by
echanically compressing the air for stable com-
ustion of fuel. The prominent components mak-
ing up an axisymmetric TRJ are illustrated in the
schematic of Fig. 6.

Fuel

[Inlet (0) Turbine (3) ‘

Nozzle (10)

[

|
Hﬂ[} Burner

p

Primary Stream

L Fan (2) (p)

Fig. 6 Schematic of a TRJ propulsion System

A turbojet exists in the core of the TRJ pro-

pressure at the nozzle exit, or station 10. These ducing high temperature and pressure gases and

properties are obtained from the 2D nozzle anal-
ysis discussed below.

Isp is the amount of thrust you get for the
weight of fuel you burn, and has been introduced
to describe propulsive efficiency of engine units,
which generate thrust by expelling mass. It is an
order of magnitude greater for airbreathers than
rocket engines. Hydrogen is the preferred fuel
at hypersonic Mach numbers due to its high per-
formance yield, low molecular weight, producing
highlspdue to the higher heating value compared
to hydrocarbon fuels and rapid ignition, reaction
and combustion. HICAD could potentially in-
corporate different fuels by allowing the user to
change the heating value. Hydrogen will, how-
ever, require a larger volume for storage due to it
lower density. Combustor length is estimated us-
ing an analytical expression for the reaction time
[14] (reduced compared to subsonic flow) and
complete mixing must occur within this length.

the flow is referred to as the primary stream,
p; its operation being independent from the al-
titude. The turbines provide the power to the fan
inlet, which compresses the air and the flow is
treated as isentropic without losses. Complete
mixing of the outer airflow and primary stream
occurs at the turbine exit when additional unre-
acted fuel is injected as shown, before it reaches
the burner and flameholders. The injection of
fuel can be considered analogous to afterburn-
ing in Turbojets. The total temperature of the
flow increases and expands isentropically to the
freestream static pressure.

User inputs are required for the influence
of the fan on the airflow, defined by the to-
tal pressure ratioy= = pi3/pr2 and the total
pressure and temperature of the primary stream
Ptp/Po and Tip/To respectively, where O repre-
sents freestream flow. The upper TRJ operating
limit occurs when the bypass ratio (fan versus
primary flow) diminishes to zero, which occurs
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when the producti (pto/ Po) is equal topyp/ Po.

At this point, the flow is entirely due to the pri-
mary flow and the device is considered to behave
like a rocket. Hence, airbreathing performance
measures such &/mg no longer have a physical
meaning. To delay the bypass ratio reaching zero,
the military specification (MIL-E-5008B) for to-
tal pressure recovery is applied for supersonic
Mach numbers. In addition, the diminishing
pressure that accompanies flying at increasing al-
titudes, increases the value@f,/ po andTip/ To,
which has a favorable effect in achieving higher
Mach numbers under TRJ power. Throughout
HICAD, the 1976 Standard Atmosphere model
Is used and can be called at any point that takes
altitude as an input and outputs static flow prop-
erties.

For a given thrust generated by the SJ, an
equivalent thrust must be produced by the TRJ
to ensure a continuous transition when sizing
the TRJ. HICAD calculate§ /my between0 <
Mach< 5 at the hypersonic cruise altitude, which
determines a value for thiy required for smooth
transition at Mach 5. An inlet must be designed
that incorporates variable geometry producing
good total pressure recovery according to MIL-E-
5008B over the Mach range from brakes release
to Mach 5 transition point. The inlet should a)
provide the necessary airflow for the TRJ from
low subsonic to high supersonic flight conditions
at all altitudes considered, (b) deliver high to-
tal pressure ratio, (c) ensure off-design condi-
tions are fully met i.e shock-on-lip and (d) min-
imize losses. A four-ramp inlet system based
on constant pressure jumps, the first of which
Is the waverider forebody, has been used and
their angles can be determined using data
from Mattingly’s off-design cycle analysis code
[15]. OFFX requires a user-selected on-design
Mach number, altituderny and F/mp for the
TRJ, which determines the reference adge+
and thermy known above is sought through iter-
ation. OFFX can be operated from within HI-
CAD'’s GUI rapidly generating thrust plots at var-
ious altitudes.

Several parameters can be adjusted within
HICAD to achieve the desired result which

AIRCRAFT

demonstrates its flexibility. These include, num-
ber of TRJ engines, compressor pressure ratio,
inlet total temperature, specific heat ratios at var-
ious engine stages and various component effi-
ciencies. Any changes to these parameters sig-
nificantly influences the performance. The ref-
erence area is constrained to not exceed the wa-
verider forebody limits. Further details on the
inlet design, air flow requirement and thrust-
matching can be found in Ref. [9].

3.3 Nozzle

The nozzle flowfield is determined using the 2D
method of characteristics [10] for supersonic ir-
rotational flow assuming frozen chemistry. This
method calculates a flowfield defined by a mesh
composed of a characteristic line along which
flow properties are continuous and the derivatives
are indeterminate. An implementation of IMOC -
Interactive Method of Characteristics, developed
by Jacobs [16] has been integrated within HI-
CAD to provide similar functionality from the
program files. A thrust surface and lower surface
geometry is specified with inflow conditions and
the code calculates properties at various nodes
and connects them using C-plus and C-minus
characteristic lines downstream until the trailing
edge is reached. The mesh is created by a se-
ries of unit processes and an example 2D mesh
for a Mach 9 waverider using an implementation
of IMOC is illustrated in Fig. 7. The nozzle has
an entry Mach number of 2.77 and specific heat
value of 1.24. The nozzle length was 19.2m for
a 64m waverider and upper wall expansion angle
wasl9o.

The upper surface has constant total pressure
flow, which enables the static pressure to be cal-
culated.

The length and height of the nozzle, as shown
on Fig. 5, are determined from the remaining
length after the forebody and combustor lengths
have been accounted for. The nozzle upper sur-
face is defined by a third order polynomial and
an initial and exit angle define the overall shape.
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Fig. 7 Expansion net comprising nodes and char-
acteristic lines

The combustor exit flow is treated as steady and
irrotational and considered to be uniform across
the span of the engine; maintained by holding a
constant spanwise upper wall angle.

The initial upper wall angle is iterated until
expansion occurs such that the final characteristic
emanating from the lower cowl impinges on the
extreme point of the upper thrust surface. This
condition fixes the extension of the cowl, which
is aligned parallel to the combustor exit flow, into
the nozzle flowfield. Although the cowl exten-
sion could be increased producing greater thrust

but also increased drag, that has not been consid-

ered in this study. This is illustrated in Fig. 7. By
maximizing the expansion length and height, the
greatest thrust for that geometry is produced. In
addition, the angle at the exit of the nozzle can
be changed to vary the trailing edge parameters.
The performance of the propulsion system can be
determined in terms of thrust arg},

A second expansion fan can be produced if
the cowl is canted to the local flow direction. This

can increase the Mach number and pressure on

the upper wall. A typical cowl chamfer angle is

6 degrees although this has not yet been consid-

ered.

4 Liftand Drag

Lower surface lift and drag are calculated using
the conical flowfield solution computed earlier.
The flowfield on the top surface can be taken di-

rectly from the freestream static flow quantities.
Within the propulsion flowpath, flow ratios are
used to compute the static pressures as for exam-
ple at the combustor exit / nozzle entry boundary,
which have different specific heat values. Using
a control volume force accounting procedure, the
thrust, drag and lift can be calculated at the noz-
zle exit.

The lift produced by the forebody and ramp
are estimated to be equal to the negative lift pro-
duced by the cowl for the span of the SJ such that
they equate to zero [4]. Therefore, the lift gen-
erating surfaces include forebody outside of the
engine span, lower wing-curve surface from nose
to tail, nozzle and cowl exit. The latter of which
produces negative lift due to characteristics at sta-
tion 4.

All viscous drag forces are included in the
analysis apart from the base drag, which is ig-
nored with the condition that the base is at
freestream pressure. Assuming that the flow over
the waverider is turbulent, the viscous contribu-
tion to the force is determined by Eckerts Ref-
erence temperature method [17]. The forces on
each element on the surface of the vehicle are nu-
merically integrated by using average values for
the pressure and shear stress acting on the ver-
tices of that element. A vector product deter-
mines the area and orientation of each element.
The top surface merely produces skin friction
drag.

The nozzle expansion surface contributes to
thrust, lift and pitching moment of the vehicle.

5 Optimization

One of the most important aspects of a vehi-
cle design of this nature is to incorporate opti-
mization into the analysis. This can account for
the non-linear interaction between aircraft com-
ponents. Multidisciplinary optimization (MDO)
has been shown [2] to produce significant perfor-
mance benefits over non optimum concepts.

To find the optimum combination oN pa-
rameters, an objective function is required that
reflects the effects of variation of each param-
eter. A good figure of merit for cruise-type
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applications iS to maXimize the prOdUCt téfp Mach 9 L/D Optimized Waverider - Plan View
andL/D. A range of numerical optimization 80 ‘
methods are available but a robust and widely 90
accepted method for severely constrained wa-
verider optimization is the non-linear downhill
simplex method by Nelder and Mead [18]. This
method does not require calculation of gradients
although restarting the process using converged 130
values is recommended to ensure the solution is 140 ,”
not contained within a local minimum. I
Currently, nine parameters are used in op- B0 a0 20 10 o 10 20 30 40
timization. These include the generating coni- Y station
cal shock angle, the seven geometric wing-curve _ o
variables and the SJ and intake size in the inlet Fi9:- 8 Plan view ofl/D maximized Mach 9 wa-
plane. Optimization for this work follows a three-  Verider
step procedure 1) determinationlgf, 2) wing-
curve selection and 3)/D estimation. maximum of40°. The SJ produced a thrust of
In addition, the streamlines produced by each 9.2 x 10°N, which was matched by the TRJ's at
point on this curve should not exceed the length transition altitude antkp = 191%.
of the central streamline for the span of the en-
gine. Upper and lower limits on the selection
of 7 wing-curve variables include the shock an-
gle and corresponding cone surface respectively. 6 Concluding Remarks
The engine must be non-zero and less than the
width of the waverider in the inlet plane. The Part of a design methodology for the concep-
conical shock was constrained between a mini- tual and preliminary level of hypersonic vehicle
mum and maximum of(® and14° respectively. design has been outlined. A conically-derived
It was noted that a change in the ellipticity of the waverider was chosen over the osculating cones
inlet curve produced a more pointed nose as the concept primarily for the reduced computational
Mach number increased ftu/D maximized wa- resource required. Two types of engines have
veriders. A large penalty value is assigned to the been addressed; a SJ for the high-speed, (hyper-
objective function if any of the constraints are vi- sonic cruise segment of the mission) and TRJ’s
olated. for the low-speed, (brakes release to SJ transi-
Several variables remained fixed during op- tion at Mach 5). The flowpaths of these en-
timization. The total vehicle length was kept at gines can be effectively integrated onto the wa-
60m, the cowl was parallel to the streamlines verider airframe and smooth thrust transition can
crossing the conical shock to reduce drag, a zero be achieved for safe vehicle operation. A large
cowl chamfer was assumed that could potentially part of this study is concerned with multi-variable
increase thrust. No upper surface expansion is optimization used to capture the important syn-
required as the top surface is designed parallel to ergy between the various components of the ve-
the freestream. The A Mach transition point was hicle. The non-linear simplex method was used.

|
|

110 f ’
|

Z station

120 ’
|
|

fixed at Mach 5. This type of design is highly coupled and re-
For a Mach 9 baseline waverider cruising at quires efficient airframe-powerplant integration.
30km, optimization produced a maximumiD = The emphasis for this work has been on the rapid

4.0. The conical shock converged 1®.6° and generation of hypersonic vehicle concepts using
the SJ resulted in a span of 5.0m. The total widely accepted models and computational tech-
flow turning for the TRJ was constrained to a niques. A vehicle with maximunt/D = 4.0,
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Isp = 191% and an engine span of 5.0m has

been demonstrated as an example of the poten-

tial of HICAD. The run time was approximately
10 minutes on a 1.5 GHz processor. Optimization
was shown to produce aerodynamically superior
results by maximizing an objective function sub-
ject to severe tight constraints.

7 Further Work

HICAD will ultimately be extended to analyze
the full synergy between aerodynamics, weights,
propulsion, stability, control and packaging. A
weights sizing routine that is based on empiri-
cal correlations will be integrated with HICAD.
The effect of deflecting the cowl at the combus-
tor exit will be investigated using IMOC for max-
imizing thrust. As always, off-design analysis is
important to establish confidence in a design and
this will be an area of future investigation. The
osculating cones technique will be further inves-
tigated as an alternative option for possible in-
tegration with HICAD and its run time require-
ments and volumetric efficiency will be assessed
in comparison to the current method.
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