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Airbreathing hypersonic aircraft and missiles are characterized by a high degree of interdependence between
airframe and engine. For nonaxisymmetric vehicles the propulsion system exerts a major in� uence on vehicle lift
and pitching moment; this in turn in� uences vehicle stability, control, and overall mission performance. Because
of strong interactions between the airframe and engine, conceptual design of this class of vehicle requires a
multidisciplinary design optimization (MDO) process that can simultaneously account for the impact of selected
geometric variables on all vehicle subsystems. This paper describes the development and implementation of an
MDO design system that combines propulsion and external aerodynamic forces, mass properties and internal
volumetric modeling, and performs geometric optimization of a hypersonic cruise missile to maximize overall
mission range. The result is a con� guration with range 46% greater than the initial baseline. Such a dramatic
performance increase is indicative not only of the power of optimization, but of the dif� culty in con� guring
hypersonic vehicles to synergize the interaction of all vehicle components without MDO methods.

Nomenclature
D = drag
g = gravitational acceleration
Isp = speci� c impulse
Iyy = pitch moment of inertia
K = centrifugal relief factor
L = lift
L p = propulsive lift
`chine = chine length
`cowl = nozzle cowl length
M® = pitching-moment derivative
Pq = pitch acceleration
R = range
rE = Earth’s radius
T = thrust in � ight direction
QT = thrust magnitude
T2 = time to double
V = velocity
W = weight
W 0 = weight modi� ed by centrifugal relief
QW = required cruise aerodynamic lift

w f = fuel � ow rate
xeng = engine axial location
® = angle of attack
µcant = engine cant angle
µnose = upper-body nose angle
µT = thrust vector angle

Introduction

I T is dif� cult in practice to achieve the performance potential
promised by hypersonicvehicles that employ scramjets and high

lift-to-drag aerodynamics; to do so requires a design process that
accounts for all vehicle component interactions and utilizes opti-
mization techniques. A good illustration of this design complexity
is provided by a propulsion integration example. For hypersonic
vehicles much of the vehicle forebody forms an external inlet com-
pression surface, and the aft boattail serves as a nozzle expansion
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surface. For asymmetric vehicles the resulting propulsive lift and
pitchingmoment profoundlyin� uence longitudinaltrim, which can
substantially degrade system performance below that promised by
the simple sum of individual components. In addition, component
interactions are complex (i.e., highly nonlinear), leading to design
solutions that are counterintuitive and almost impossible to arrive
at using intuitivedesign rules and classicalone-parameter-at-a-time
trade studies. However, by allowing adequate degrees of freedom
(design parameters) in a design, creatingmodels that de� ne the per-
formanceandphysicalattributesofmajor systemelementswith high
� delity, and applying optimization techniques that identify the best
combination of design parameters, delivered system performance
can approach ideal values.

In practice,optimizationof a vehiclecon� guration(here referring
to external geometry) requires considerationof the interrelationsof
several geometric variables simultaneously,and it must provide for
assessmentof all relevantimpacts on the vehicle.Often, two or more
geometricvariableswill act in synergyto producean effect opposite
what they would producealone.As will be shown,multidisciplinary
design optimization(MDO), by its considerationof these synergies,
can be more effective than single-variable trade studies.

This paper describes recent developments and results of work in
hypersonic vehicle MDO. It builds upon past work conducted by
the author during the National Aerospace Plane (NASP) program1

and reported in simpli� ed form.2 The author’s past work focused
on single-point performance optimization (i.e., at a single � ight
Mach and altitude) and included the effects of vehicle aerodynam-
ics, propulsion, and longitudinal trim. The current work optimizes
vehicle performance across an entire airbreathing trajectory (speci-
� ed by Mach vs altitude) that has both acceleration and cruise legs
and includes the effects of aerodynamics and propulsion; longitu-
dinal trim, stability and control; and mass properties and volume.
An analytic descriptionof vehicle geometry is employed to accom-
modate prediction of aerodynamic, propulsion, mass property, and
volumetric characteristics.Supersonicaerodynamicforces and mo-
ments are predicted using shock-expansion theories. Installed en-
gine performance parameters are generated using two-dimensional
computational � uid dynamics (CFD) to predict inlet and nozzle
performance, and a one-dimensional cycle code for the combus-
tor. Stability and control are handled using a combination of tail
and ballast sizing. Optimization is performed by varying vehicle
geometric variables using a numerical algorithm to maximize per-
formance (i.e., range) for a speci� ed vehicle gross weight, length,
width and height, and accounts for both airbreathing acceleration
and cruise phases of � ight along a speci� ed trajectory (i.e., Mach
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Fig. 1 Scramjet-powered hypersonic cruise missile concept.

vs altitude). A signi� cant body of related work has been performed
by other researchersand reported in the literature.3¡7

The design optimizationprocess described was applied to a base-
line Mach 6–7 cruise missile concept illustrated in Fig. 1. Maxi-
mum speed and other missile requirements were established by the
Defense Advanced Research Projects Agency (DARPA) Afford-
able Rapid Response Missile Demonstrator (ARRMD) program8

for which this missile conceptwas developed.Design constraintsof
maximum length,width, heightand weight were also establishedby
the ARRMD program.Operationally,the missile is boostedto Mach
4.5 using solid rocket motors, then acceleratedto cruise speed using
an endothermic hydrocarbon-fueledscramjet developed under the
U.S. Air Force HyTech program.9 The scramjet � owpath was sepa-
rately optimized for speci� c impulse over a Mach number range of
4–8 as part of the HyTech program, and then, for this work, was op-
timized in conjunction with the missile only in terms of placement
and orientationon the missile. The primary result of optimizing the
ARRMD missile con� guration was a 46% range increase over the
baseline con� guration.

What follows is a description of the overall MDO process de-
veloped, information on the associated component models, and
how they interact with each other. Trends in design parameters for
the optimized vehicle, quantitative examples that support the need
for hypersonic vehicle MDO, and some of the underlying physics
that drove the vehicle to its optimum con� guration will also be
discussed.

MDO Approach
The fundamental approach employed in this work included cre-

ation of a parametric con� guration geometry model; development
of physics models for aerodynamics, propulsion, stability, control,
and mass properties as functionsof geometric variables; then use of
trajectory analysis to assess vehicle performance (i.e., airbreathing
range), and a numerical optimization algorithm to search and � nd
the set of geometric variables that maximize performance.

For optimization � ve independent geometric variables were se-
lected for their ability to in� uence longitudinal trim. The � rst was
nose angle, which primarily in� uences vehicle volume and drag.
The second was engine axial location, which in� uences propulsive
thrust, lift, and pitchingmoment, as well as vehiclemass distribution
and volume. Also selected was engine cant, which also profoundly
in� uences propulsive forces and moments as well as vehicle vol-
ume, and � nally chine length, which in� uences vehicle lift. The
body chines are lifting surfacesoutboard of the main fuselage lying
in the so-called “forebody ground plane,” and nose angle and en-
gine cant are de� ned relative to the ground plane. These geometric
variables are illustrated schematically in Fig. 2.

Vehicle analysis to predict range is performed using models con-
structedfor each vehiclecomponentand functionaldiscipline.Mod-
els, described in detail next, were developed to calculate aerody-

Fig. 2 Independentand dependent con� gurationvariablesselected for
optimization.

Fig. 3 Analysis � ow between disciplines for hypersonic MDO process.

namic and propulsive forces and moments, plus vehicle mass prop-
erties, as functionsof the � ve geometric variables.The approachfor
each model was tailored to the physics being modeled and to the
need for adequate � delity and fast computational time required for
practical optimization. The analysis process, interactions between
analysismodels, and integrationwith the optimizationalgorithmare
illustrated in the � ow diagram of Fig. 3. The optimizationobjective
of this work was to maximize vehicle airbreathing range (the sum
of acceleration and cruise ranges) under the constraints of vehicle
trim (i.e., lift equal weight and moments sum to zero everywhere
along the trajectory, and thrust equal drag during cruise), longitudi-
nal stability suf� cient for automatic � ight control, adequate control
power for maneuver, a � xed gross weight, and � xed overall length,
width, and height.

Analysis Models
Geometry Model

The selected vehicle application is a cruise missile, as such it
is constrained in length, width, height, and launch weight in order
to conform to prede� ned carriage requirements. Engine width was
held constant, as was the internal � owpath from the cowl lip to the
combustor exit in order to maintain the applicabilityof the HyTech
propulsiontechnologydatabase.Using rules to operatewithin these
constraints, the geometry program determined the outer mold lines
as a function of the � ve independentvariables and decomposed the
geometry into panels for mass properties and aerodynamiccalcula-
tions. Because of the generally faceted nature of the con� guration
(illustrated in Fig. 1), it was readily amenable to geometric parame-
terization.To start, the con� gurationwas dividedinto 53 rectangular
and triangular panels, along natural topologicboundaries,suf� cient
to accurately capture geometric details. To minimize panels, rectan-
gles were used to model large planar areas, and triangles were used
to model areas with curvature.
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Fig. 4 Drag and pitching moment compare well between MDO aerodynamics model and HABP at all mach numbers.

From the discretized geometry model parametric variations of
the geometry were created numerically using a set of geometric
construction rules, subject to constraints. For example, when the
engine cant angle was changed the body upper surface was rotated
with it to maintain theheightconstraint(i.e., they remainedparallel).
The most complex rules were associated with the inlet geometry.
For example, the internal convergence angle and length of the inlet
were maintainedat a constantvalue to preserveHyTech-testedchar-
acteristics related to inlet starting and operability. In addition, the
engine cowl lip position was translated along a locus of points cor-
respondingto the bow shock line with which the inlet was originally
designed. This rule, although somewhat arbitrary, was intended to
preserve certain shock-on-lip characteristics that impact the me-
chanical design of the inlet; it has the residual effect of reducing the
capture height of the inlet as the engine is moved forward.

From the spatial distribution of panels (i.e., panel vertex spatial
coordinates), vehicle volume, surface wetted area, centroid of sur-
face area, and individualpanel normal vectorswere calculatedusing
straightforwardgeometricanalyses.Volume, area, and centroidsare
used in subsequentmass property analysis, whereas panel unit nor-
mal vectors are required for aerodynamic analysis to be described
next.

Aerodynamic Model

The surface pressure on each vehicle body panel de� ned by the
geometrymodel is predictedusing tangentwedge obliqueshockthe-
ory or Prandtl–Meyer theory,10 depending upon whether a panel is
angled toward the freestream� ow or subtendsit, respectively.These
methodsgenerallyyieldgoodagreementwith actualpressureswhen
freestream Mach number is greater than or equal to about four, and
the vehiclegeometry is more or less planar in its gross features.Both
of these requirementswere satis� ed in the current study. The angle
of each panel relative to the freestream� ow, required to execute the
pressure methods, was derived from the vector dot product between
each panel normal vector and the freestream velocity vector.

Viscous drag was predicted from computed vehicle wetted area
and a table of averageskin-frictioncoef� cientsvs Mach number and
altitude.A single coef� cient of friction was used for the entire vehi-
cle, derived from a detailed analysis of the baseline con� guration.
Analysis was based on all-turbulent boundary-layer � ow—a con-

servative assumption. This simple approach was deemed adequate
for this studybecausevehicleconstraints(vehicle length,width, and
height) limited both wetted area variationand the ability to take full
advantage of the tradeoff between viscous and pressure drag.

Vehicle base drag was not included in this study. Because opti-
mization was performed for scramjet-powered � ight only, nozzle
base areas were assumed to be pressurized at ambient levels as a
result of underexpanded engine plume interaction effects; a result
based on space-shuttleplume interaction data.

Tail force and moment contributions were evaluated external to
the aerodynamic model using the Hypersonic Arbitrary Body Pro-
gram (HABP),11 then added to the model as tabulateddata vs Mach,
angle of attack, and tail-de�ection angle. This approach is adequate
because tail geometry is maintained � xed in this study, with the ex-
ception of planform area, which is photographicallyscaled to meet
stability and control requirements.

To illustratethevalidityof this fairlysimpleaerodynamicmethod-
ology, a comparison was made between the predictions of this
method and a more detailed engineering analysis using HABP on
a CAD-lofted version of the optimized vehicle geometry. Compar-
isons of drag and pitching-moment coef� cients between the two
methods at Machs four and seven are presented in Fig. 4, where
it is seen that the predictions of both coef� cients vary by at most
8% at the largest angles of attack evaluated (which exceed those
required for trajectory analysis by about 5 deg). This positive result
was expected because the hypersonic pressure prediction methods
used here are essentially the same as a subset of those in HABP.
The comparison was performed principally to verify the function
of the pressure methods implemented in the aerodynamic model of
this study.

Propulsion Model

The propulsion system used on the missile concept is based on
hydrocarbonscramjet technologydevelopedby Pratt& Whitneyun-
der the Air Force Research Laboratory (AFRL) Hypersonic Scram-
jet Engine Technology(HySET) program (HySET is a hydrocarbon
scramjet technology development program funded by the U.S. Air
Force’s HyTech Of� ce). The baseline engine was designed to oper-
ate from Mach 4 to 8 and had been optimized for speci� c impulse
at a reference angle of attack over the � ight envelope. This earlier
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Fig. 5 Nose-to-tail CFD analysis of engine � owpath used to build
propulsion model.

optimization involved trade studies, which explored the impact of
inlet geometry and engine cowl length on thrust performance.Dur-
ing the current optimizationprocess, the internal lines of the engine
from the cowl lip to the end of the combustor were held constant to
preserve the operability and ef� ciency characteristicsof the engine.

Engine performance was determined by means of three sepa-
rate � uid dynamics codes. Inlet analysis was conducted using the
SCRAMP/SCRINT12 two-dimensional Parabolized Navier–Stokes
solver. Isolator and combustor analysis was performed using the
Pratt and Whitney one-dimensionalcycle code RASCAL and noz-
zle analysis by the two-dimensional method of characteristics � ow
solver TDK.13 As illustrated in Fig. 5, propulsive thrust, lift, and
pitching moment were derived from vehicle nose to tail across the
width of the � owpath using these codes. An analytic propulsion
model was then constructed from the detailed analysis results us-
ing response surface curve-� tting techniques. Aerodynamic analy-
sis was performed outside the propulsionboundaries, including the
engine cowl external surface.

Stability and Control Model

The stability and control model essentially sizes vehicle nose
ballast weight and tail planform area to achieve adequate longitudi-
nal stability (i.e., acceptable instability for automatic control) and
control power. Sizing of these components is accomplished in the
model by evaluating two quantities: � rst, the longitudinal stability
derivative M® , which is the partial derivative of pitching moment
with respect to angle of attack,and second,pitch accelerationrate Pq.
Forces and moments from the aerodynamic and propulsion models
are used to evaluate these terms.

The longitudinalstabilityderivativeM® is an importantparameter
for both statically stable and unstable � ying machines. For vehicles
designed to be statically unstable, the time it takes to double pitch
amplitude cannot fall below a certain critical value for a feedback
control system to maintain stable � ight. Because time-to-double T2

is proportional to
p

.IY Y =M®/, it is clear that M® must not exceed
a certain magnitude to keep T2 above its critical value. In the sta-
bility and control model T2 is evaluated at the critical trajectory
point where � ight dynamic pressure is a maximum, then nose bal-
last weight is sized to adjust vehicle center of gravity until the T2

requirement is satis� ed.
Next, tail size is evaluated at three critical � ight maneuver points

(and at several angles of attack at each point) in the trajectory, then
modi� ed, if needed, to meet a pitch acceleration rate requirement.
Pitch acceleration is a good measure of control power available for
maintaining dynamic stability and for maneuvering. If the tail size
is modi� ed, then stability is reevaluated,ballast resized,and tail size
reevaluated, etc. This analysis loop, illustrated in Fig. 6, is iterated
to convergence.Ballast and tail size then become inputs to the mass
properties model.

Mass Properties Model

The mass propertiesmodel utilizes incrementalengineeringanal-
ysis to evaluate vehicle weight, volume, center of gravity, and pitch
moment of inertia. This approach requires an initial detailed mass
properties analysis of the baseline vehicle being optimized, then
mass properties are incremented relative to the baseline values
as functions of the independent variables. More speci� cally, from
changes in vehicle internal volume wetted surface area and centroid

Fig. 6 Analysis � ow diagram and iteration loop for stability and con-
trol model.

of surface area evaluated by the geometry model; plus ballast and
tail size evaluated by the stability model; and � nally engine weight,
centerof gravity,and inertiaevaluatedby the propulsionmodel; total
vehicle weight, fuel load, center of gravity, and pitch inertia incre-
ments are calculatedusingelementaryengineeringrelationships.As
anexample,vehiclestructuralweightwas taken to be proportionalto
outer mold line wetted area. Though generally not an extremely ac-
curate assumption, the vehicle length, width, and height constraints
of this study limited area variationsenoughto make this weight pro-
portionalityassumption reasonablyvalid. Vehicle gross weight was
constrained to be less than or equal to a � xed value in this study;
therefore, fuel load was taken to be the smaller of the gross-weight-
limited fuel weight and the volume-limited fuel weight.

The masspropertiesmodelwas validatedby performinga detailed
mass properties analysis of the optimized vehicle.Comparison was
excellent, with both gross weight and center of gravity agreeing to
within 1% between methods.

Trajectory Analysis

Trajectory analysis was performed by � rst-order integration of
the equations of motion and fuel � ow rate between discrete Mach
number and altitudepoints along a prescribedtrajectory.First-order
integration was determined to be suf� ciently accurate because of
relatively low accelerations experienced by the vehicle. Trajectory
analysis was initiated at the end of rocket boost and included air-
breathing acceleration and cruise legs. The vehicle was trimmed in
lift and pitching moment at each point along the acceleration leg
and in lift, pitching moment, and thrust along the cruise leg. Angle
of attack, tail-de� ection angle, and throttle setting were iterated to
effect trim. Also, vehicle weight was adjusted for centrifugal relief
effects as a function of velocity and Earth’s radius. The trajectory
analysis routine was validated by comparing results with those pre-
dicted by optimal trajectoriesby implicit simulation (OTIS)14 along
an identical trajectory; they differed by only 2% in range.

Optimization
Numerical optimization was used to determine the combination

of � ve geometric variables that maximized airbreathing range. Ge-
ometric variables were constrained to be within physically reason-
able bounds or within the ranges for which they were evaluated
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to build models in the case of the three engine � owpath variables.
Overall vehicle length, width, height, and gross weight were also
constrained to remain at baseline values. The nonlinear simplex
method of Nelder and Mead15 was used for optimization.The value
of the simplex method is two-fold: only the objective function, not
function derivatives, require evaluation, and the method handles a
relativelylargenumberof independentvariablesef� ciently.Applied
in this case, the simplex method required 200–300 iteration cycles
for optimizer convergence, taking approximately � ve minutes of
CPU time on a silicon graphics octane work station.

Results and Discussion
The result of the optimization was a much different vehicle than

the baseline. Key changes include 1) engine moved forward by 6%
of vehicle length, 2) engine cant reduced by 2 deg, 3) engine cowl
length reducedby 5% of vehicle length,and 4) chine length reduced
by 82% of vehicle length.

Checks of the response surface propulsion model against nose-
to-tail analysis of the optimized con� guration indicated that the
model underpredicted propulsive lift and pitching moment in the
vicinity of the optimized design.However, the model provided suf-
� ciently accurate trending for the optimizer to identifydesired force
and moment characteristicsand the most favorable region of design
space. A brief parametric study showed that increasing the engine
cowl length by 22% of vehicle length would produce the optimum
propulsive lift and moment values.

The optimized vehicle, � ying the same Mach-dynamic pressure
pro� le as the baseline, achieved 46% greater airbreathing range.
In the acceleration portion of the mission, the optimized vehi-
cle showed up to a 9% improvement in effective speci� c impulse
[.T ¡ D/=w f ] over the baseline. Also, trim drag was reduced by
13% overall. The con� guration bene� ts resulting from geometry
changes were many. First, the more forward engine location re-
sulted in improved vehicle center of gravity, hence reduced ballast
requirementand greater fuselagevolume,both of which contributed
to increasingvehicle fuel load capacityby 17%. The virtualelimina-
tionof the chineresultedin lowervehiclelift, allowing theoptimized
vehicle to � y at higher angles of attack and reap the thrust bene� ts
of increased inlet air capture and higher lift-to-drag ratio (L=D). In
fact, L=D was improved for both high dynamic pressure (Q) accel-
eration and low-Q cruise, with the optimized vehicle � ying slightly
to the left of peak L=D during acceleration and slightly to the right
during cruise—an interesting balance achieved through optimiza-
tion. Optimized vehicle longitudinal balance was also improved;
therefore, tail de� ections and trim drag were reduced commensu-
rately.

As an interesting aside, subsequent trajectory optimization for
the optimized vehicle using the OTIS code yielded an additional
52% increase in range relative to that of the optimizedvehicle along
its � xed trajectory. This is an additional bene� t that can be de-
rived from high-performance con� gurations given the capability
of trajectory optimization codes such as OTIS to capitalize on the
many operationaldegrees of freedom available for improving � ight
performance.

It is instructivehere to point out an aerodynamiclesson learnedon
this project. Wind-tunnel testing and CFD analysis were performed
on the optimized vehicle, providing a valuable opportunity to com-
pareengineeringpredictionmethodswith high-� delity test and anal-
ysis results. In doing so, it was found that HABP-like engineering
methods substantiallyoverpredicted lower surface pressures on the
aft regions of the vehicle. By careful examination of this result, it
was concluded that the extremely low aspect ratio (approximately
0.1) of the missile con� guration led to dominant three-dimensional
� ow effects on the rear portions of the vehicle. However, the pri-
mary impact of aerodynamic differences was on vehicle stability,
not � ight performance.For example, vehicle range was reduced by
only 6% based on wind-tunnelaerodynamics,but vehicle instability
was increased by 120% in terms of negative static margin, decreas-
ing the maximum � ight dynamicpressureat which the missile could
operate by a factor of four. Subsequent chine lengthening and re-
shaping led to tripling the maximum operationaldynamic pressure,

Table 1 Range sensitivities to the � ve
vehicle design parameters

Parameter Derivative

@ R=@ jµnosej C64 nm/deg
@ R=@ jxengj C47 nm/ft
@ R=@ jµcant j ¡92 nm/deg
@ R=@ j`cowlj C113 nm/ft
@ R=@ j`chine j C25 nm/ft

achieving 75% of design requirement and essentially recovering
vehicle performance and operation to optimized levels.

The causes and effects of the optimization results were numer-
ous and highly interrelated, making them dif� cult or impossible to
arrive at using an uncoupled, single-variable-at-a-time trade study
approach. Some of the results were also quite counterintuitive. To
illustratethe dif� cultyof usinga traditionaltrade studyapproachfor
hypersonic vehicle design, sensitivities of vehicle range to each of
the independent design parameters were generated numerically for
the baseline vehicle. The resulting partial derivatives are presented
in Table 1. A positivesign indicatesthat the initial sensitivityderiva-
tive points in the direction of the optimized con� guration for that
parameter, and a negative sign indicates the opposite. As indicated
by the results,oneof themore powerfulsinglevariables,enginecant,
has a sensitivity trend at the baseline design point opposite the � nal
optimum. This result illustrates the synergy that can be achieved
through interaction among interdependentdesign parameters. This
is a hallmark of MDO—a variation that might be detrimental by
itself can be bene� cial when working in concertwith many coupled
variations.

To illustrate the claimed importance of scramjet propulsive lift
and pitching moment to vehicle trim, stability, and overall perfor-
mance, two examples will be given. The � rst is to simply compare
the lifts and pitching moments generated by the body and engine
� owpath (in nose-to-tailforce accounting) for the optimizedvehicle
to illustrate the relative contributionof each to total vehicle forces.
For example, at a Mach 4.5 trimmed � ight point propulsive lift is
40% of aerodynamic lift, and propulsive moment (about the center
of gravity) is 50% of the aerodynamic moment. On the other end
of the speed spectrum at Mach 6.5, propulsive lift is 13% of aero-
dynamic lift, and propulsive moment is 83% of the aerodynamic
moment. In the latter case the counteractingengine moment almost
balances the aerodynamic moment to trim the vehicle. Clearly, the
highly integrated engine is a signi� cant contributor to vehicle lift
and pitching moment and can therefore in� uence drag due to lift
and trim drag.

The second example illustrates the bene� t of propulsive lift by
analyzing the Breguet range equation.To start, the range equation is
modi� ed to account for a propulsion system that generates net lift.
The derivation is applicable to any aeropropulsionforce accounting
system (e.g., nose-to-tail or cowl-to-tail) as long as the division
between aerodynamic and propulsive forces is consistent.

The most basic form of the Breguet range equationcan be written

R D
Z

dx D
Z

V dt D V

Z
dW

PW
D ¡V

Z W f

Wi

dW

w f

(1)

Next, from the de� nitions of speci� c impulse,

Isp ´ T=w f (2)

and weight corrected for centrifugal relief,

W 0 ´
¡
1 ¡ V 2

¯
grE

¢
W ´ K W (3)

where the force relationships for equilibrium cruise � ight are

L D W 0 ¡ L p (4)

T D D (5)
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Fig. 7 De� nition of aerodynamic and propulsion forces.

the range equation becomes

R D ¡
V

K
Isp

³
L

D

´ Z QW f

QWi

d QW
QW

D
V

K
Isp

³
L

D

´ ³ QWi

QW f

´
(6)

Refer to Fig. 7 for a schematic description of vehicle forces.
To arrive at the modi� ed form of the range relationship given in

Eq. (6), L=D and Isp are assumed constant during cruise, and inte-
gration must be performed over the range of required aerodynamic
lift (as opposed to weight in the classicalderivation) between the be-
ginningand end of cruise, which is related to weight and propulsive
lift as given in Eq. (4), but now de� ned as QW , where

QW ´ L D W 0 ¡ L p D K W ¡ L p (7)

Though L=D and Isp are here assumed constant to illustrate the
bene� ts of propulsive lift, the assumptions are not too far from true
for the subject missile of this work. For example, during cruise
missile weight (i.e., lift requirement) changes by only 14% as a
result of fuel consumption, and L=D varies by no more than 6%.

A valuable prediction that can be derived from the modi� ed
Breguet range equation is the optimum split between lift gener-
ated aerodynamicallyand propulsively.Returning to Eqs. (1–5) and
Fig. 7, the differentialof range written in terms of fuel � ow rate can
be expressed as

±R D
¡V ±W

w f
D

¡V ±W

W 0 ¡ T sinµT

³
L

D

´
QIsp cosµT (8)

where

QIsp ´ QT =w f (9)

If it is assumed, ideally, that the thrustmagnitude QT can be rotated
to any thrustvectorangleµT withoutaffectingthrustmagnitude,then
Eq. (8) can be differentiated with respect to µT , and the result set
equal to zero to � nd the thrust vector angle that maximizes range for
� xed L=D and QIsp. Carrying out the math (subject to equilibrium-
cruise force equalities), the optimum thrust vector angle is found to
be related to cruise L=D by

.µT /opt D tan¡1[1=.L=D/] (10)

Though this analysis is simplistic—in reality QT will likely vary
with µT and QIsp with w f —it does indicatea vehicleperformanceben-
e� t from propulsivelift, and the optimum propulsivelift is inversely
proportional to L=D. From an intuitive perspective the lower drag
due to lift achieved by reducing the aerodynamic lift requirement
results in an effective L=D (W 0=D) that exceeds the actual L=D,
improving range performance.

This theory was tested out on the optimized vehicle of this study
by comparing the optimum thrust vector angle with the actual value
at cruise. Doing so, the actual cruise value of µT was about 7 deg
larger than the optimum value predicted by Eq. (10). In this case
effective L=D was 14% higher than actual L=D. The former indi-
cates that perhaps additional, less constrained optimization might
achieve even greater performance increases. Computational exper-
imentation provided additional evidence for this possibility.

As shown by these two examples, vehicle performance can be
in� uenced favorably by taking advantage of propulsive pitching

moment and lift to reduce trim drag and drag due to lift, respectively.
Vehicle optimization via MDO can then be used to capitalize on
these and many other synergistic system interactions.

Conclusions
A multidisciplinarydesign optimization process has been devel-

oped for hypersonic vehicles and successfully applied to a hyper-
sonic missile concept.The process accountsfor severalhighly inter-
dependent disciplines, namely aerodynamics, propulsion, stability
and control, mass properties, and � ight performance. Each of the
discipline models has been described in limited detail.

Employing the MDO process produced an optimized con� gura-
tion with a dramatic 46% range increase over an initial baseline
vehicle. Such a large improvement is caused, in part, by the rela-
tively low performanceof the baselinecon� guration; this highlights
the formidable challenge of hypersonic vehicle design, where high
levels of component integration and optimization are required to
achieve acceptable performance. Generally, the MDO process was
able to capturethe synergiesachievablebetweensystemcomponents
and exploitthe physicsinherentin highlyintegratedengine-airframe
designs employing bottom-mountedscramjet engines. Speci� cally,
the optimized vehicle realized range improvement through 1) in-
creased propellant mass fraction, 2) increased operational angle of
attack, which increased thrust and L=D, and 3) reduced residualve-
hicle pitching moment, hence trim drag. The latter two contributed
to increased vehicle effective Isp.

The inclusionof vehicle trim as a factor in assessingrangeperfor-
mance results in a different optimum con� guration than when the
propulsion system is optimized alone. Propulsive lift and pitching
moment have a profound in� uence on the actual angle of attack at
which the vehicle� ies and thuson theperformanceof the propulsion
system. A clear result of this study is that hypersonic propulsion
system optimization activities must include the impact of vehicle
trim. A few analytical examples were given to help support these
assertions.

For complex, highly coupled systems, such as hypersonic ve-
hicles, it is believed that an automated MDO process such as the
one described is essential for realizing the performance potential
of the individual technologiescomprising the system; intuition and
classical design techniquescan go only so far in achieving this end.

Continued work will focus on generating high-� delity propul-
sion models using design of experiments, response surfaces, and
CFD analysismethods together in more ef� cient and effectiveways;
employing more sophisticated analysis routines to the degree they
add value and are practical; and evolving the process to be more
generally applicable to a broad range of hypersonic vehicles and
con� guration classes.
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