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Critical Design Issues for Airbreathing
Hypersonic Waverider Missiles

Ryan P. Starkey¤ and Mark J. Lewis†

University of Maryland, College Park, Maryland 20742

Tradeoffs involved in the design of a hydrocarbon-fueled, hypersonic waverider-based missile were explored.
The problem of providing acceptable vehicle performance in a volume-constrained package was addressed. The
speci� c case of a missile constrained to � t within a 0:61 £ £ 0:61 £ £ 4:27 m navalvertical launch tube was examined,
and a parametric study was performed to determine the probabilistic boundaries of designing a Mach 6 missile
to satisfy the desired mission goal of a 750-km cruising range. All missile designs were assumed to reach cruising
altitude and velocity through the use of an external rocket booster. The key design elements investigated are fuel
volume fraction, engine inlet pressure, the number of scramjet engines, and the effects of changing the engine
mixing and burning ef� ciencies. Missile designs were optimized for steady-state trim conditions at the beginning
of cruise using genetic algorithm software. The sensitivities of the modeling assumptionson the performance of the
� nal optimized designs are explained. The overall contribution of the optimized designs along with the predicted
change in performance expected with increased modeling accuracy allows upper performance and range limits to
be established. Double-engine designs are shown to be more promising than single-engine designs for achieving
the desired 750-km range, as well as allowing for increased payload.

Nomenclature
A; B; C; D = geometric variables
a = acceleration,m/s2

D = drag, N
f = fuel-to-air mixture ratio
g = gravity, m/s2

h = height, m
Isp = speci� c impulse, s
Iy = mass moment of inertia, kg-m2

L = lift, N; length, m
MCg = moment about the center of gravity, N-m
m = mass, kg
Pm = mass � ow rate, kg/s
p = pressure, Pa
R = range, km
rearth = radius of the Earth, m
S = area, m2

T = thrust, N
t = plate thickness, m
U = velocity, m/s
V = volume, m3

W = weight, N
w = width, m
x = streamwise direction
y = spanwise direction
Z = altitude, km
z = vertical direction
¯ = shock angle, deg
± = forebody leading-edge inclination angle, deg
´ = ef� ciency
µ = forebodycenterline angle,deg; nozzle angles,deg
· = fuel volume fraction
¼ = fuel mass fraction
½ = density, kg/m3

Á = equivalence ratio
! = angular acceleration, rad/s2
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Subscripts

a = air
box = box ef� ciency
Cg = center of gravity
cap = capture area
cen = centrifugal lift
eng = engine
f = fuel
frontal = frontal area
inlet = combustor inlet
m = fuel mixing and burning ef� ciency
max = maximum
p = pressure lift
s = structure
st = stoichiometric
Ss = based on surface area of a sphere
tung = tungsten
v = viscous drag
x = translational direction
w = wave drag, wetted surface area
z = vertical direction
1; 2 = pre- and postshock conditions
1 = freestream value

Superscripts

m; n = forebody power-law exponents

Introduction

T HIS paper exploresaspectsof thedesignofmissile-classhyper-
sonicwaveriders.Waveriders(� rst conceivedof byNonweiler1

in 1959) are types of vehicles that are designed to have a bow shock
attached everywhere to a sharp leading edge. The primary advan-
tages of using a waverider-basedvehicle design are 1) delivering a
known � ow� eld to an airbreathingengine, 2) high values of lift-to-
drag ratio L=D at high coef� cient of lift, and 3) simpli� ed analysis.
The high L=D magnitudes are possible because of the high lift
generated by containment of compressed air between the lower ve-
hicle surface and an attached leading-edge shock wave. The shock
attachment also increases capture ef� ciency by minimizing � ow
spillage and pressure leakage and thus allows smaller shock an-
gles for a given mass capture. These waverider attributes have been
predicted by theory2 and validated using both computational3 and
experimental4 investigations.
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For a waverider-basedmissile the box constraintsare twofold: the
missile must satisfy the internal structural, payload, and fuel con-
straints while guaranteeing that the external dimensions fall within
the highly constrictiveboundariesallowed by a vertical launch tube
or wing pylon. As already mentioned, the spatial constraint for the
naval vertical launch tube is a rectangular box measuring 0.61 £
0.61 £ 4.27 m. This external constraint creates an extremely dif-
� cult optimization problem in which solutions can only be found
througha high degree of accuracyin all aspectsof vehiclemodeling.

Waveriders have been explored for this missile application be-
cause they allow for low-drag vehicles with pressure containment.
This pressure containment necessitates fewer compression ramps
to produce the required high inlet pressure needed for combustion
of hydrocarbonfuel within a short combustor.The desired scramjet
inlet pressureand temperatureare provided to the engine(s) through
a series of three inlet ramps following a wedge-derived, power-law
shaped forebody.5 These ramps providethe � ow to one or more rect-
angular cross-section scramjet engines, which then exhaust to sim-
ple nozzles with contours derived from second-orderpolynomials.

Because of the highly constrained nature of this design and the
dif� cultly � nding feasible designs to initialize a gradient-basedop-
timization, a genetic algorithm approach has been utilized. The
optimizations were performed using the genetic algorithm pack-
age Implicit MultiobjectivePaRameter Optimization Via Evolution
(IMPROVE v2.4) developed by Anderson6 and Anderson et al.7

The missile geometries are optimized for maximum cruise range
while ensuring steady-state trim conditions: thrust equal to drag
(T=D D 1), lift equal to weight (L=W D 1), and zero pitching mo-
ment about the center of gravity ( MCg D 0). The cruise range
was evaluated using the simple Breguet range equation at a sin-
gle design point. Details on the genetic algorithmmethodologyand
missile performance evaluation are provided.

Design Requirements
Because of the � xed spatial constraints of naval vertical launch

tubes, the resulting design of this missile must fall within these ge-
ometric boundaries. All missiles presented here utilize the entire
length and width allotted with only the height varying between de-
signs. These box dimensions result in a maximum availablevolume
Vmax of 1.59 m3 . An implicit goal of this optimization was to � ll
the constraint box as much as possible to allow for maximum mass
(structural,payload,and fuel). Maximizingthe vehiclemass enables
the designer to take advantage of the high lift offered by waverider
geometries, while also maximizing the potential for increased mis-
sile range (caused by the increased fuel volume). An increase in
volume usually comes at the expense of increased drag (both wave
andviscous), whichplaceshigherdemandson thepropulsionsystem
and aerodynamic ef� ciency, causing increased fuel consumption.

By its nature a waverider-based forebody is assumed to have
an in� nitely sharp leading edge for shock attachment. In practice,
some leading-edgeblunting will be needed for both manufacturing
and leading-edge cooling requirements. Until recently, the materi-
als necessary for small radius leading edges (required to maintain
a waverider � ow� eld) were nonexistent. The reality of nonablat-
ing, extremely sharp leading edges (1-mm radius or smaller) have
been achieved in the Slender Hypervelocity Aerothermodynamic
Research Probes program at NASA Ames Research Center.8 The
small radius leading edges are made possible through the use of
ultra-high-temperature ceramics (UHTCs), such as zirconium di-
boride and hafnium diboride composites. Research by Ames shows
that sustained Mach 7 sea-level � ight is achievablewithout ablation
using a sharp UHTC leading edge. These maximum UHTC � ight
conditionsare more severe than thoseof this missile application.For
cases in which some leading-edgeblunting is required to reduce lo-
cal heating to an acceptable level for sustained � ight, it has been
shown experientially by Gillum and Lewis9 that minimal � ow� eld
degradation occurs at Mach 14 (<20% change in L=D at L=Dmax)
for a 6.3-mm-radius leading edge on a 0.99-m-long, 0.41-m-wide
waverider (i.e., relatively large leading-edgeblunting).

Tarpley and Lewis10 showed that optimizing a waverider-based
vehicle and then sizing the control surfaces required for trimmed
� ight could result in undesirable magnitudes of restoring control

forces and increased drag by as much as 100%. Considerable per-
formance improvements can be achieved by including the vehicle
trim (at zero angle of attack) as a constraintof the optimizationpro-
cess. As such, this methodology, originally developed for manned
cruise vehicles, has been successfully reproduced here.

All missiles were optimized for the steady-state trim conditions
L D W , T D D, and MCg D 0. Because a simple Breguet ap-
proximation was used to determine cruise range, trajectory con-
siderations were neglected. Also, because of complications associ-
ated with analyzing off-design conditions (i.e., for nonzero angles
of attack), only zero angle of attack has been investigated. This
was done to avoid problems associated with forebody and airframe
� ow spillage(highly three-dimensional� ow� elds) and shock/shock
and/or shock/expansion-fan interactions on the inlet and within the
combustor.This simpli� cation was deemed acceptablebased on the
range approximation used and the results desired. Because all mis-
siles were evaluated only at zero angle of attack, pitching moment
was trimmed solely through control surface de� ections.

Takashima and Lewis11 found that optimizing a vehicle for its
cruise conditions provided a nonoptimal design from an overall
mission perspective.Therefore, it is clear that the vehicles designed
in this study were not truly range optimized, rather, they were used
as a � rst-order investigation to determine the possible advantages
achievablebydifferentinletconditions,enginequantity,fuelvolume
fraction, and combustor mixing and burning ef� ciency.

Missile Model
Optimized missile con� gurations are shown in Figs. 1–7. These

� gurescanbe referredto for claritythroughoutthe modelingsection,
and further discussion of these missile geometries are included in
the Results section.

Fig. 1 Case 1: pinlet = 8 atm, · = 30%, ´m = 50%.

Fig. 2 Case 2: pinlet = 8 atm, · = 30%, ´m = 100%.
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Fig. 3 Case 3: pinlet = 8 atm, · = 50%, ´m = 100%.

Fig. 4 Case 4: pinlet = 4 atm, ·,= 50%, ´m = 100%.

Fig. 5 Case 5: pinlet = 8 atm, · = 30%, ´m = 100%.

Forebody
Exceptionally large inlet pressure was required for this missile

to combust a hydrocarbonfuel without additives (see Scramjet sec-
tion for details). A waverider-based forebody provided an ideal so-
lution. Waverider forebodies minimize pressure leakage between
upper and lower inlets (depending on the con� guration and num-
ber of engines), thereby maximizing the mass � ow captured by
the engine(s). In addition to the leading-edge shock attachment re-
quirement, the forebodywas further constrainedto provide a planar
section and associated planar shock for the width of the engine to

Fig. 6 Case 6: pinlet = 8 atm, · = 50%, ´m = 50%.

Fig. 7 Case 7: pinlet = 8 atm, · = 50%, ´m = 100%.

Fig. 8 Inlet geometry and shock system along the keel line for a single
engine missile.

ensure shock attachment with the cowl lip (on design condition) of
a rectangular engine. Under these conditions, the cowl shock was
subsequently canceled at a corner just downstream of the inlet to
the engine. An example of the forebody/inlet geometry and shock
arrangementalong the keel line for a single engine missile is shown
in Fig. 8.

By restricting the forebody and inlet system to produce a planar
� ow� eld, many of the problems associated with three-dimensional
nonplanar � ow� elds have been avoided. Not only is a three-
dimensional� ow� eld much moredif� cult to analyzeand more com-
putationally expensive, but boundary-layergrowth will be quicker,
and separationwill occur more readily. In addition,the � ow spillage
associated with three-dimensional� ow would lower the mass � ow
rate (and inlet pressure) into the combustor and alter the mixing
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Fig. 9 Example waverider forebody generated using the variable
wedge angle method.

effects and mixing pro� le. Clearly, these are complex issues and
� ow phenomena, which should be avoided if possible.

Waverider forebodies were generated using the analytical Vari-
able Wedge Angle (VWA) method,which was derivedand validated
in previousworks.5;12 The VWA methoduses threepower-lawequa-
tions [y D Ax n , y D Bzn , and y D C.z ¡ x tanµ /m] to geometrically
de� ne the forebodies, as shown in the example in Fig. 9. For the
purposesof this paper, the forebodyutilized a constantwedge angle
at each spanwise location to provide uniform � ow into the scram-
jet engine. Although the waverider surface is two-dimensional for
the width of the engine, this model generates con� gurations with
three-dimensionalshock structures.

Because of the large amounts of lift generated by the waverider
forebodies, resulting moments and net lift of single-enginedesigns
were often too large for the optimizerto � nd trimmed solutions.This
de� ciency was overcome by allowing the upper surface of single-
engine con� gurations to generate compression, thereby mitigating
undesirable lift and moment dif� culties. This compression surface
was represented by µupper in Fig. 8. Multiple-engine con� gurations
did not encounter these problems because they have counteracting
(generally nonsymmetric) forebody compression surfaces.

Inlet
The inlet for thismissileuses three successivecompressionramps

(for each engine) in additionto the forebodycompression.The incli-
nation angle of the three compressionramps following the forebody
was constrained to have at least the same shock jump pressure ratio
as the previous ramp (i.e., increasing local wedge inclination an-
gle). The inlet was designed so that the shocks from the forebody,
as well as the three compression ramps, all converge at the cowl lip
(as was shown in Fig. 8). Although this shock-on-lipcondition was
not optimal from a thermal standpoint, the condition provides the
maximum mass � ow to enter the engine.

The inlet ramps were set to be the same width as the engine. Inlet
length was set implicitly by shock-on-lip conditions for all inlet
shocks. Therefore, the inlet geometry directly de� nes the engine
dimensions, inlet properties, and mass � ow rates. Scramjet inlet
pressure and temperature requirements were used to determine the
three compression ramp angles and the cruising altitude once the
forebody compression angle has been selected. As can be seen in
the optimized missiles shown in Figs. 1–7, the inlet system utilized
thin sidewalls to aid in preventing� ow spillage, therebymaximizing
air� ow into the engines.

Conical inlets were not considered in this study for a number
of reasons. First, the high inlet pressures (8 atm) would require a
long, large-diameter, multiple-ramp conical inlet. Not only would
this geometry exceed the imposed box constraints (for maximum
mass � ow, shock-on-lip condition), but would also create an inlet
with nonuniform � ow properties entering the combustor. Second, a
purely conical missile would need to operate at angle of attack to
generatethe lift necessaryto offsetweight.This off-designcondition
would create more dif� culties analyzing � ow� eld nonuniformities

than desired for the straightforwardanalytical model generated for
this study. Third, handling side compression and shock effects cre-
ated by struts in a circularscramjet combustorwas outside the scope
of a simple analyticalmodel. Finally, utilizing a conical inlet would
necessitate the use of both an axisymmetric scramjet (to maximize
mass � ow) and a axisymmetric nozzle. Clearly, an axisymmetric
missile with a conical inlet system is a completely different prob-
lem, which was thought to result in a less ef� cient vehicle while
having a much more dif� cult � ow� eld to analyze. Therefore, only
missile con� gurations with planar inlets and rectangular scramjets
were analyzed in this study.

Scramjet
Hydrocarbon fuels offer many desirable properties for this vehi-

cle scale, such as high mass density and straightforward handling
requirements.However, the problem arises of how to get the hydro-
carbon fuel to mix and burn in a shorter combustor than is normally
associated with hydrogen burning scramjets. Possible solutions are
to use high inlet pressure and temperature and/or adding a piloting
agent (i.e., silane).

Inlet pressure was one of the critical design requirements in this
study. Preliminary investigations13 have shown that complete burn-
ing of JP-7 fuel with 10% silane (by mass � ow rate of oxygen) can
be achieved in about 1.2 m using an inlet pressure and temperature
of 8 atm and 1200K, respectively.The silaneneededfor combustion
at these inlet conditions introduces undesirable fuel-handlingcom-
plications and operational restrictions. Because the need for silane
was not desirable, all possible opportunities to eliminate its use are
being explored. For the purposes of this study, the combustor inlet
pressure was varied between 4 and 8 atm. This pressure variation
was performed to determine the possible bene� ts achievable by us-
ing a lower inlet pressure (with the de� nite need for a silane pilot),
as compared to the higher pressure inlet where the need for silane
could be eliminated by extending the minimum combustor length
to 1.8 m.

A hydrocarbon-fueledscramjet was assumed with normal injec-
tion, calculatedusing Shapiro’s in� uence coef� cients.14 Boundary-
layer effects in the engine were determinedusing momentum de� cit
accounting.Heat release caused by combustion was modeled using
an assumed exponential total temperature pro� le. The fuel mass
� ow rate Pm f was determined by the optimizer and therefore varies
for each vehicle con� guration and each engine. The temperature
within the engine was constrained from exceeding an imposed ma-
terial limit of 2500 K, but this limit was rarely encountered.

The combustor was designed to have a constant area for half of
the length and to have a diverging section for the remaining half.
The angle of the diverging section was held constant at 3 deg. This
diverging section allows the engine inlet height to be smaller by
allowingadditionalheat to be releasedin the divergingsectionwhile
allowing an area increase to avoid thermal choking.

Nozzle
The nozzle length and heightwere implicitlyconstrainedbecause

of the overall dimensional restrictions of the missile. Once the in-
let and combustordimensionshave been determined, the remaining
length and height were assigned to the nozzle. This results in a
nonideal nozzle geometry, which could develop a complex � ow-
� eld containing multiple expansion/compression waves inside the
nozzle. The nozzle expansion angle was constrained such that the
resulting nozzle wall geometry will always be concave (to avoid
� ow separation). The nozzle � ow� eld was calculatedusing the two-
dimensional method of characteristics.15 The nozzle was de� ned
such that there was an internal nozzle followed by an external half
plug nozzle, as shown in Fig. 10. A second-orderpolynomial curve
� t (z D Ax 2 C Bx C C ) was used to de� ne the nozzle wall.

A portion of the trailing edge of the nozzle was used as a con-
trol surface. This feature can be incorporated with little impact on
propulsion performance because the pressures at this point are rel-
atively low and contribute little to the thrust of the vehicle (i.e.,
primarily lifting forces). In addition, the nozzle portion was chosen
for the control surface because it was desired to have few moving
parts on the missile, thereby eliminating the option of deployable
control surfaces.
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Fig. 10 Nozzle design variables.

Airframe
All aerodynamic parameters for the airframe were calculatedus-

ing shock-expansion theory,16 using oblique shock relations and
Prandtl–Meyer expansion theory. The vehicle model used in this
study assumes that the � ow runs straight back along the vehicle sur-
face (i.e., no transverse� ow). This assumptionwill tend to overpre-
dict pressures for highly curved surfaces, as encountered near the
forebody/aftbody transition region, particularly in double-engine
con� gurations.The double-enginemissiledesignshad much blunter
forebodies (i.e., more compression) with more transverse curvature
than the single-enginedesigns. The added bluntness in the double-
engine missiles was required to meet the desired inlet conditions
within theconstraintsimposedby the verticallaunchtube.The larger
curvatureresults from the fact that the double-enginecon� gurations
generallyhave wider combustors to maximize capture area, thereby
leaving less room for the airframe. These bluntness and curvature
effects can been seen in the optimized missiles in Figs. 1–7. This
pressure overprediction was thought to be an acceptable modeling
de� ciency for the current designs because it places higher demands
on the propulsion system helping to balance any optimistic engine
assumptions.

The aftbody uses third-order polynomial curve � ts (z D Ay3 C
By2 C Cy C D) at each streamwise location by matching the slope
of the keel line to a leading edge, which was oriented parallel to
the freestream at zero angle of attack. The upper/lower-surface at-
tachment angle was allowed to vary in the streamwise direction to
keepa smoothpro� le alongtheaftbody.The maximumupper/lower-
surface attachmentanglewas also permitted to vary among designs.
The keel-line attachment point can vary through any position
along the combustor side wall. These variations allow for volume
(and force) manipulation where needed during the optimization
process.

Viscous Effects
Viscous drag for this model was calculated using the reference

temperaturemethod17 with Eckert’s empirical estimate for the aver-
age boundary-layertemperature.To keep this model simple,a single
estimate for the wall temperature (1200 K) was used over the entire
vehicle.This wall temperatureis a reasonableapproximationfor hy-
personic vehicles at cruise conditionsassuming active wall cooling.
The � ow was assumed to be entirely turbulent to overpredict any
viscous drag, thereby helping counteract any optimistic propulsion
assumptions. Dynamic viscosity at the reference temperature was
approximated by Sutherland’s law.17 No detailed heat-transfer or
thermal protection system analyses were performed.

Structure
Although a detailed mass distribution and composition have not

been performed for this analysis, some reasonable approximations
have been made. The missile was assumed to have some usable fuel
volumefraction· of the interiorvolume V , with a high-densitytung-
sten shell (½tung D 19,255 kg/m3 ) with a plate thickness of 6.35 mm.
This thick tungsten shell was used to approximate the mass of all
missilesubsystemsandstructuralcomponents(i.e., everythingother

than fuel). Using JP-7 fuel (½ f D 940 kg/m3) results in an approxi-
mate missile weight of

W D g[Sw ttung .½tung ¡ ·½ f / C ·V½ f ] (1)

The value of · was one of the critical design parameters under
investigationin this study. Cases were examined with values of · of
either30 or 50%. This parameterwas important because1) different
con� gurations have different usable volumes and 2) as volume is
increased the individual volumes of the payload, avionics, pumps,
etc. should remain relativelyconstant(therebyallowing more useful
volume for fuel).

Tungstenwas chosenbecauseof its largedensityto aid in negating
excessive lift generatedby the forebody in single-enginecon� gura-
tions and to provide kinetic energy at impact for enhanced missile
lethality. Large structural mass is actually bene� cial for the aero-
dynamic performance of single-enginecases but detrimental to the
double-engine designs that can effectively reduce lift by offsetting
engines (excess mass places undue lift requirements on the lower
section).

This simple model has practical limits. Assuming that all of the
mass is con� ned to a shell around a constant density core (fuel),
the moment of inertia becomes arti� cially high requiring large geo-
metric adjustments to negate the moment during optimization (i.e.,
providingtrim to counteractunrealisticmoments). In addition,with-
out a realistic structural model the effects of fuel loss, payload size
and density, usable volume, thermal requirements, and subsystem
size, density, and placement cannot be thoroughly assessed.

Figures of Merit
For purpose of analysis and comparison of different results, a

number of different � gures of merit were used. Although the per-
formance and design of a hypersonic vehicle of this scale is an
extremely complex problem, because of the highly coupled per-
formance relationships � gures of merit can be grouped into the
subsystems on which they have the most noticeable impact.

Engine Analysis
Speci� c impulse Isp is a measureof theamountof thrustgenerated

for a given weight � ow rate of fuel:

Isp D T= Pm f g (2)

The mass � ow rate of fuel added to the availablemass � ow rate of
air Pma is describedby the fuelmass fraction f . By relatingthis to the
amount of fuel needed to burn all of the oxygen (i.e., stoichiometric
combustion) fst, the equivalence ratio Á is de� ned by

Á D
f

fst
D

Pm f = Pma

. Pm f = Pma/st

(3)

This � gure of merit tells how fuel lean the combustors are running
(i.e., Á < 1). For the JP-7 fuel used in this study, fst ¼ 0:0671.

Mixing and burning ef� ciency ´m is related to the energy recov-
ery from the fuel added. It is an assumed ef� ciency parameter to
relate the unknown effects of the inlet pressure and temperature to
the fuel mixing and burning lengths, mixing ef� ciency, and the ef-
fects of expansion (both internal to the engine and the nozzle) on
equilibrium chemistry assumptions. Therefore, when determining
the total temperature rise that is possible for a given amount of fuel
addition, the ef� ciency parameter simply lets unburned fuel mass
pass through the combustor. To attempt to bracket the results that
can exist in a real engine of this type and also to account for the
already mentioned unknown parameters, values of both 50% and
100% were examined for ´m .

Geometric Analysis
For the purposesof determiningvolumetricef� ciency,a compari-

son was made to a sphereof equal volume (surfacearea comparison)
because a sphere is the most volumetricallyef� cient shape possible,
resulting in

´Ss D .36 £ 3:1415927/
1
3 V

2
3 Sw (4)
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As already mentioned, an important volumetric parameter for
this missile application was how well the design � lls the available
box size. Filling the design volume as much as possible should aid
in maximizing the missile range. This goal results in a volumetric
ef� ciency � gure of merit based on box size:

´box D V=Vbox D V=1:59 m3 (5)

For the vehicles studied the volume used was the structural and
internal volume. The volume internal to the scramjet engines was
assumed to be lost and was not included in these � gures.

The amount of air� ow processed by each engine was related
through a capture-area ef� ciency:

´cap D Scap=Sfrontal D Scap 0:372 m2 (6)

where Sfrontal is the total available frontal area of the box
[i.e., (0.61 m)2]. Obviously, increased capture ef� ciency allows for
a larger percentage of the available mass � ow to pass into the com-
bustors. Because this analysis was only concerned with zero angle-
of-attack � ight, the maximum capture area available is the frontal
projected area of the box.

Another geometric � gure of merit is the fuel mass fraction ¼ f :

¼ f D m f =.m f C ms/ (7)

For a vehicle of this scale, it was assumed that ¼ f would never
realistically exceed about 0.20. For a single design increasing the
fuel mass fraction would increase the vehicle range.

Aerodynamic Analysis
The most common aerodynamic� gure ofmerit is the L=D, which

was used to assess the aerodynamic ef� ciency of the vehicle:

L

D
D

L p C Lcen

Dw C Dv

(8)

The centrifugal component of lift Lcen is given by

L cen D m U 2 .rearth C Z / (9)

where the total missile mass m is m f C ms and the radius of the
Earth rearth is 6357 km.

Optimization
The design constraints placed on this missile create interesting

optimizationchallenges.As would be expected for waverider-based
hypersonicmissiles, the component forces were an order of magni-
tude larger than the net forces (i.e., total positive and negative lifting
forces can both be on the order of 10 times the vehicle weight). An-
otherchallengein obtainingan optimizeddesignis remainingwithin
the actual physical boundaries imposed by the box. Coupling these
complications together with a gradient-basedoptimizationpackage
resulted in several practical dif� culties; small changes in many of
the variables could change the design from an ideal missile con� g-
uration to one that was unrealistic or simply was not geometrically
feasible.These sensitivitiescreatedproblems with an optimizer that
must spenda largepart of its time in a viabledesignspace.A genetic
algorithm optimization methodology was used to overcome these
optimization obstacles.

A Pareto-based evolutionary optimization with exponential ap-
portioningwas performedusing the shareware code IMPROVE.6 In
the simplest sense a genetic algorithm (GA) is a random number
based trial-and-errorapproach to optimization.A GA does not need
an initial guess to begin the process, rather it startswith a population
of initialsolutionsand then selectsthe bestperformersto surviveand
then reproduce. Once an entire generation of solutions have been
evaluated,the GA looksat the statisticsfor the entire populationand
then determines the survivors through a tournament selection pro-
cess (i.e., randomly picking chromosomes where the ones with bet-
ter overall performance for the objective functions were selected).
After the tournament the survivors were allowed to crossover and
mutate to determinethe offspring.Multipleobjectivefunctionswere

solved for simultaneously,and the relativeperformanceof each was
determinedusing an exponentialdecrementweighting system. This
feature allows for the most critical design objective to be given the
highest priority when determining the � ttest chromosomes for re-
production. Details on genetic algorithms can be found in many
texts.18;19

Design Variables and Constraints
There were 15 design parametersused for the single-enginecases

and 19 used for the two-enginecases.The only nongeometricparam-
eters in the optimizations were the fuel equivalence ratios (one for
each engine). The desired parameter resolutions dictate a chromo-
some lengthof 72 genes for the single-enginedesigncase.The num-
ber of possibledesignsoutof this set of variableswas therefore272 or
approximately1021 combinations. In the two-engine con� gurations
the chromosome lengths increase to 95 (¼1028 combinations). The
shear magnitude of possible combinations makes for a challenging
programmingproblem to ensure the vehicle design code was robust
enough to consider many different and infeasible situations. The
optimized vehicles presented in this study required between 60,000
to 120,000 function calls to converge (i.e., each function call is one
vehicle design) and consumed between 12 and 24 CPU hours each
on a 433-MHz DEC Alpha computer.

To restrict the optimizer to acceptable missile con� gurations, a
number of objective functions have been minimized. These condi-
tions provide a restrictiveboundary on the region of feasible design
conditions:

1) Translational acceleration ax : Because no trajectory analysis
was included in this present work, thrust is set equal to drag at the
beginning of the cruise altitude (i.e., zero angle of attack):

ax D .T ¡ Dw ¡ Dv /=m (10)

2) Vertical acceleration az : The net lift at cruise altitude was
constrained to be equal to the initial cruising weight of the missile:

az D .L p C L cen ¡ W /=m (11)

3) Angular acceleration!: To achieve a steady-statecruisecondi-
tion, zero pitching moment about the center of gravity was desired:

! D
MCg

Iy

(12)

4) Cruise range R: The optimization objective was to maximize
the range of the missile at cruise altitude using the Breguet range
equation assuming that no fuel has been used in reaching cruise
altitude:

R D U1 Isp
L p C L cen

Dw C Dv

ms C m f

ms

(13)

The Breguet range equation assumes a constant value of the vehi-
cle lift-to-drag ratio, which was a reasonable assumption for these
very low L=D con� gurations.The relation provides a simple range
evaluation with minimal effort. The minimum desired cruise range
for this missile application was 750 km, which would result in an
approximate cruising � ight time of 7 min at Mach 6. Preliminary
studies have indicated that a rocket booster could accelerate these
missiles to cruising altitude and velocity in under one minute.

Parametric Study Cases
The parametric study presented varies the magnitudes of the de-

sign parameters for which reasonableapproximationsare unknown,
which should help to resolve the bounding box of the feasible de-
sign space. Some parameters give undue credit to certain designs,
whereas others are a detriment. Therefore, the results of this paper
shouldnotbe takenas absolutes.Rather, each case shouldbe studied
with both the optimistic and pessimistic assumptionswhich accom-
panied its design. The study consists of vehicles generated using
the combinations of parameters shown in Table 1. The inlet pres-
sure pinlet , fuel volume fraction · , and fuel mixing and burning
ef� ciency ´m were deemed the most critical design parameters for
this study. For cases 1 through7 converged solutions were achieved
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Table 1 Parametric study cases

Case No. of pinlet , Solution
number engines atm · ´m found

1 1 8 0.3 0.5 Yes
2 1 8 0.3 1.0 Yes
3 1 8 0.5 1.0 Yes
4 1 4 0.5 1.0 Yes
5 2 8 0.3 1.0 Yes
6 2 8 0.5 0.5 Yes
7 2 8 0.5 1.0 Yes
8 1 4 0.3 1.0 No
9 2 4 0.3 1.0 No
10 2 4 0.5 1.0 No

Fig. 11 Range comparison.

for trimmed, steady-state cruise, whereas for cases 8 through 10
converged solutions were not found. The nonconvergenceof cases
8 through 10 provides exceptionalinsight into the design space and
will be commented on in the Results section.

Results
The optimized designs for cases 1 through 7 (Table 1) are shown

in Figs. 1–7, respectively (� ow is from left to right). Some common
traitsamongthedifferentcasesare immediatelynoticeable:1)nearly
identical forebody lengths and planform contours (planar engine
� ow requirementdictates the spatulatenose shape), 2) single-engine
designs trimmed with very little control surface de� ection (negative
if any), and 3) double-enginedesigns with · D 50% (cases 6 and 7)
requiring substantial positive control-surface de� ections for trim
(zero angle of attack). Results of the important � gures of merit for
each of these cases are shown in Figs. 11–25.

With the ultimate objective of this study being to determine pos-
sible design improvements and re� nements that would increase the
cruising range of a Mach 6 missile, the range results of Fig. 11 are
of paramount importance. It is imperative not to interpret them as
stand-aloneresults, as the design conditionslend signi� cantly to the
credibility of each result. From this � gure it becomes clear that the
engine inlet pressure has the largest effect on the missile range, al-
though for this study it was only varied between 4 and 8 atm. Case 4
was the only converged case for pinlet D 4 atm and resulted in about
a 100% increase in range over case 3 (pinlet D 8 atm). As already
mentioned,operatingthe hydrocarbonengine at 4 atm inlet pressure
would de� nitely require the additionof silaneor some other piloting
scheme. This silane requirement, in addition to the fact that case 4
was run with unreasonablyhigh fuel volume fraction (· D 50%) and
burning ef� ciency (´m D 100%), indicates that this particular result
would be dif� cult to implement in actual practice. However, it does
effectively demonstrate the dominating in� uence of the inlet pres-
sure on increasing the range. The most realistic design conditions
are somewhere between cases 1 and 2 for the single-enginemissiles

Fig. 12 Speci� c impulse comparison.

Fig. 13 Capture-area ef� ciency comparison.

and anywhere between cases 5 through7 for the double-enginemis-
siles. From the overlap of range for these two regions (cases 1 and
2 and 5–7), no de� nite conclusion on the supremacy of the single-
or double-enginemissiles can be made other than the most realistic
design conditions favors the two-engine con� gurations. The case
for the double-engine con� gurations is further strengthened by the
fact that they would have larger payload capacity and more kinetic
energy than the single-enginedesigns.

In reviewing Figs. 11–25 it can also be seen that throughout a
large number of the � gures of merit the two-engine designs were
geometrically and aerodynamically limited because of the external
box constraint, whereas the single-engine missiles were not. The
single-engine designs were all approximately only half the height
of the box, with only case 4 (pinlet D 4 atm) exceedinghalf of the box
height. Because of the lower propulsive requirements, the width of
the engines for single-engine designs increased in size as needed,
whereas the two-engine designs had nearly constant engine widths
(Fig. 22). This box limitation was especially noticeable in Fig. 19
(box ef� ciency), which also translates to the nearly constant value
of total drag (Fig. 24) for the two-engine cases.

The variousengineparametersin the � guresofmerit show that the
vehicle designsperformas expected,in that as ´m decreases the val-
ues of Á, Pm f , Pma , and weng all increase (as shown in Figs. 14–16 and
22, respectively), and the speci� c impulse Isp (Fig. 12) decreasesas
a result of the decreasedef� ciency. From Fig. 12 it was also evident
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Fig. 14 Equivalence ratio comparison.

Fig. 15 Fuel mass � ow rate comparison.

Fig. 16 Air mass � ow rate comparison.

Fig. 17 Mass comparison.

Fig. 18 Fuel mass fraction comparison.

Fig. 19 Box ef� ciency comparison.



518 STARKEY AND LEWIS

Fig. 20 Volumetric ef� ciency comparison.

Fig. 21 Height comparison.

Fig. 22 Engine width comparison.

Fig. 23 Altitude comparison.

Fig. 24 Drag comparison.

Fig. 25 Lift-to-drag-ratio comparison.
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that the engine designs were all very optimistic for ´m D 100%.
Cases 1 and 6 demonstrate the more typical performance expected
of a hydrocarbon-fueled scramjet engine. This overestimation in
engine performance allows for a 119% increase in range for the
single-enginemissiles and a 24% increase for the two-engine case.

Lowering the inlet pressure from 8 atm to only 4 atm on cases 8
through 10 resulted in some surprising conclusions.Figure 23 plots
the altitude of each case, showing the large jump from Z ¼ 17 km
for the pinlet D 8 atm cases to Z ¼ 22 km for the pinlet D 4 atm cases.
This altitude jump not only lowered the drag on the airframe for
about the same amount of lift (shown in Figs. 17, 24, and 25 for
mass, drag, and L=D, respectively) but allowed for an increase in
the fuel mass fraction ¼ f (Fig. 18).

The increase in ¼ f for case 4 over case 3 resulted from the inlet
needing larger compressionramp angles to generate the required in-
let pressure (caused by lower atmospheric pressure at Z D 22 km),
giving more volume for fuel (Fig. 19) and a higher structural volu-
metric ef� ciency (Fig. 20). The height of the vehicle was increased
as a result of the larger capture area required to allow enough air
mass to enter the engine (shown in Figs. 13, 16, and 21). The com-
bination of larger compression ramp angles and increased cruising
altitude caused problems for optimization cases 8 through 10 (i.e.,
no solutions existed). The two-engine model was already height re-
stricted, and the larger angles caused the height to be too large for a
viable geometry to � t within the 0.61-m height constraint. In addi-
tion, the two-engine models had problems generating the required
lift and propulsive forces at the increased altitude caused by the
relative lack of additional capture area and large increase in mass
(shown in Figs. 13 and 17). The single-enginemodel with · D 30%
(case 8) experienced problems at pinlet D 4 atm because the loss of
mass created an unresolved pitching moment problem as a result
of the excess lift generated by the forebody and the counteracting
negative control-surfacede� ection.

The effects of the large structural mass estimation on the two-
engine designsbecomes apparentby looking at Figs. 5–7. Figure 5,
for case 5, shows that the forebody lift was augmented by the large
nozzle surface with negligible control-surfacede� ection in order to
achieve the trim, steady-state cruise optimization conditions. The
change from · D 30% for case 5 to · D 50% for cases 6 and 7 re-
sulted in considerablecontrol force to achievea trim condition.This
result indicates that the control surface was not just counteracting
moment, but generating large amounts of lift (and drag), thus cre-
ating false engine and mass capture requirements. Therefore, even
though the structural mass estimation was made to suit the single-
enginecases, the two-enginecaseswere substantiallypenalized.The
true bene� ts of the two-engine con� gurations will only be realized
through improved structural mass estimations.

Conclusions
A methodology and analysis has been presented for design of

single- or multiple-engine hypersonic missile designs, which were
constrained to � t within a � xed geometric box. Using the outlined
design tool, a parametric study has been performed to explore the
sensitivities of critical design parameters and to quantify possible
upper limits on cruising range achievable through increased mod-
eling accuracy. To this end, the parameters that currently contribute
the largest degree of error to this model and that should be resolved
are 1) the engine inlet pressure required to complete combustion of
a hydrocarbon fuel within the constrained combustor lengths with-
out silane, 2) the structural requirements to complete the current
mission, 3) the sizing and arrangement of internal components to
allow for the largest amount of fuel, and 4) increased aerodynamic
prediction capability.Without more detailed structural modeling, it
is still unknown if achieving the desired 750-km goal is possible,
but any approach to this limit will only be reached through the on-
going multidisciplinarydesign optimization studies for this missile
geometry.

The most probable design for this missile application will have
two engines (at least) but will fall short of the desired 750-km
goal unless signi� cant engine improvements are made (mixing and

ignition lengths) allowing for a decrease in the inlet pressure. The
two-engine designs have much lower sensitivity to the assumed en-
ergy recovery from the fuel and should have larger fuel mass frac-
tions when proper subsystems analyses are completed. Increased
structural accuracy will favor the two-engine design (requiring less
lift), where single-engine designs may have to use some sort of
ballast incorporatedin the forebody or control surface de� ection to
balancelift. Improvedaerodynamicmodelingshould lower pressure
forceson the aftbodyof double-enginedesigns,therebylowering the
propulsive requirements. These improvements in geometric, aero-
dynamic, and propulsivemodeling are currently being investigated.
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