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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 influence on vehicle lift
and pitching moment; this in turn influences 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 configuration 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 difficulty in configuring
hypersonic vehicles to synergize the interaction of all vehicle components without MDO methods.

Nomenclature
D = drag
g = gravitational acceleration
I, = specific impulse
I, = pitch moment of inertia
K = centrifugalrelief factor
L = lift
L, = propulsivelift
Lenne = chinelength
leowi = nozzle cowllength
M, = pitching-momentderivative
q = pitch acceleration
R = range
re = Earth’s radius
T = thrustin flight direction
T = thrust magnitude
T, = time to double
Vv = velocity
w = weight
W' = weightmodified by centrifugalrelief
w = required cruise aerodynamic lift
w; = fuel flow rate
Xeng = engine axiallocation
o = angle of attack
Ocane = engine cant angle
Onose = upper-body nose angle
Or = thrust vector angle

Introduction

T is difficult in practice to achieve the performance potential

promised by hypersonic vehiclesthat 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
pitching moment profoundly influence longitudinal trim, 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
atusing intuitive design rules and classical one-parameter-at-a-time
trade studies. However, by allowing adequate degrees of freedom
(design parameters) in a design, creating models that define the per-
formanceand physicalattributesof major systemelements with high
fidelity, and applying optimization techniques that identify the best
combination of design parameters, delivered system performance
can approach ideal values.

In practice, optimizationof a vehicleconfiguration (here referring
to external geometry) requires considerationof the interrelations of
several geometric variables simultaneously, and it must provide for
assessmentof all relevantimpacts on the vehicle. Often, two or more
geometric variableswill actin synergy to produce an effectopposite
what they would produce alone. 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) program!
and reported in simplified form.?> The author’s past work focused
on single-point performance optimization (i.e., at a single flight
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-
fied 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 description of vehicle geometry is employed to accom-
modate prediction of aerodynamic, propulsion, mass property, and
volumetric characteristics.Supersonic aerodynamic forces and mo-
ments are predicted using shock-expansion theories. Installed en-
gine performance parameters are generated using two-dimensional
computational fluid 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 specified vehicle gross weight, length,
width and height, and accounts for both airbreathing acceleration
and cruise phases of flight along a specified trajectory (i.e., Mach
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Fig. 1 Scramjet-powered hypersonic cruise missile concept.

vs altitude). A significant body of related work has been performed
by other researchers and reported in the literature 3~7

The design optimization process 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) program®
for which this missile concept was developed. Design constraints of
maximum length, width, heightand weight were also establishedby
the ARRMD program. Operationally, the missile is boosted to Mach
4.5 using solid rocket motors, then accelerated to cruise speed using
an endothermic hydrocarbon-fueled scramjet developed under the
U.S. Air Force HyTech program.” The scramjet flowpath was sepa-
rately optimized for specific 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 orientation on the missile. The primary result of optimizing the
ARRMD missile configuration was a 46% range increase over the
baseline configuration.

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 configuration will also be
discussed.

MDO Approach

The fundamental approach employed in this work included cre-
ation of a parametric configuration geometry model; development
of physics models for aerodynamics, propulsion, stability, control,
and mass properties as functions of geometric variables; then use of
trajectory analysis to assess vehicle performance (i.e., airbreathing
range), and a numerical optimization algorithm to search and find
the set of geometric variables that maximize performance.

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

Vehicle analysis to predictrange is performed using models con-
structed for each vehicle componentand functional discipline. Mod-
els, described in detail next, were developed to calculate aerody-
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Fig. 3 Analysis flow between disciplines for hypersonic MDO process.

namic and propulsive forces and moments, plus vehicle mass prop-
erties, as functionsof the five geometric variables. The approach for
each model was tailored to the physics being modeled and to the
need for adequate fidelity and fast computational time required for
practical optimization. The analysis process, interactions between
analysismodels, and integration with the optimizationalgorithmare
illustrated in the flow diagram of Fig. 3. The optimization objective
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 sufficient for automatic flight control, adequate control
power for maneuver, a fixed gross weight, and fixed 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 predefined carriage requirements. Engine width was
held constant, as was the internal flowpath from the cowl lip to the
combustor exit in order to maintain the applicability of the HyTech
propulsiontechnologydatabase. Using rules to operate within these
constraints, the geometry program determined the outer mold lines
as a function of the five independent variables and decomposed the
geometry into panels for mass properties and aerodynamic calcula-
tions. Because of the generally faceted nature of the configuration
(illustrated in Fig. 1), it was readily amenable to geometric parame-
terization. To start, the configuration was dividedinto 53 rectangular
and triangular panels, along natural topologic boundaries, sufficient
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 the height constraint(i.e., they remained parallel).
The most complex rules were associated with the inlet geometry.
For example, the internal convergence angle and length of the inlet
were maintained at a constant value to preserve Hy Tech-tested char-
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 individual panel normal vectors were calculated using
straightforwardgeometric analyses. 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 defined by the
geometry modelis predictedusing tangent wedge oblique shock the-
ory or Prandtl-Meyer theory,!® depending upon whether a panel is
angled toward the freestream flow or subtendsit, respectively. These
methods generally yield good agreementwith actual pressures when
freestream Mach number is greater than or equal to about four, and
the vehicle geometry is more or less planarin its gross features. Both
of these requirements were satisfied in the current study. The angle
of each panel relative to the freestream flow, required to execute the
pressure methods, was derived from the vector dot productbetween
each panel normal vector and the freestream velocity vector.

Viscous drag was predicted from computed vehicle wetted area
and a table of average skin-frictioncoefficients vs Mach number and
altitude. A single coefficient of friction was used for the entire vehi-
cle, derived from a detailed analysis of the baseline configuration.
Analysis was based on all-turbulent boundary-layer flow—a con-

servative assumption. This simple approach was deemed adequate
for this study because vehicle constraints (vehicle length, width, and
height) limited both wetted area variation and 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 flight 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-shuttle plume interaction data.

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

Toillustratethe validity of this fairly simple aerodynamicmethod-
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 coefficients between the two
methods at Machs four and seven are presented in Fig. 4, where
it is seen that the predictions of both coefficients 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
hydrocarbonscramjettechnologydevelopedby Pratt & Whitney un-
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 Office). The baseline engine was designed to oper-
ate from Mach 4 to 8 and had been optimized for specific impulse
at a reference angle of attack over the flight envelope. This earlier
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Fig. 5 Nose-to-tail CFD analysis of engine flowpath 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 optimization process, the internal lines of the engine
from the cowl lip to the end of the combustor were held constant to
preserve the operability and efficiency characteristics of the engine.

Engine performance was determined by means of three sepa-
rate fluid dynamics codes. Inlet analysis was conducted using the
SCRAMP/SCRINT!? 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 flow
solver TDK.!3 As illustrated in Fig. 5, propulsive thrust, lift, and
pitching moment were derived from vehicle nose to tail across the
width of the flowpath using these codes. An analytic propulsion
model was then constructed from the detailed analysis results us-
ing response surface curve-fitting techniques. Aerodynamic analy-
sis was performed outside the propulsion boundaries, 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: first, the longitudinal stability
derivative M, which is the partial derivative of pitching moment
with respectto angle of attack, and second, pitch accelerationrate g.
Forces and moments from the aerodynamic and propulsion models
are used to evaluate these terms.

The longitudinalstability derivative M,, is an importantparameter
for both statically stable and unstable flying 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 flight. Because time-to-double 7,
is proportional to /(Iyy/M,,), it is clear that M, must not exceed
a certain magnitude to keep 7, above its critical value. In the sta-
bility and control model 7, is evaluated at the critical trajectory
point where flight dynamic pressure is a maximum, then nose bal-
last weight is sized to adjust vehicle center of gravity until the 7,
requirement is satisfied.

Next, tail size is evaluated at three critical flight maneuver points
(and at several angles of attack at each point) in the trajectory, then
modified, if needed, to meet a pitch acceleration rate requirement.
Pitch accelerationis a good measure of control power available for
maintaining dynamic stability and for maneuvering. If the tail size
is modified, then stability is reevaluated,ballastresized, 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 incremental engineering anal-
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 specifically, from
changesin vehicle internal volume wetted surface area and centroid

Enter STABLE

Evaluate Stability at the Critical Stability
Point by Assessing Time-to-Double

Is
Ballast Required for
Stabilization?

Solve for
Ballast Weight

T

EXIT with Tail Size
and Ballast Weight

For Critical Control Power Flight Conditions:
Size Tail to Meet Qdot Regs

L]
Pick Largest Tail |

Is
Ballast Larger than
Maximum?

Solve for
Ballast Weight

EXIT with Tail Size
and Ballast Weight
EXIT with Tail Size
and Ballast Weight

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

Is
Tail Larger than
Maximum?

Has Tail Size
Increased?

of surface area evaluated by the geometry model; plus ballast and
tail size evaluated by the stability model; and finally engine weight,
centerof gravity,and inertiaevaluatedby the propulsionmodel; total
vehicle weight, fuel load, center of gravity, and pitch inertia incre-
ments are calculatedusing elementary engineeringrelationships. As
anexample, vehicle structural weight was 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-
portionality assumption reasonably valid. Vehicle gross weight was
constrained to be less than or equal to a fixed 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 mass propertiesmodel was 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 first-order integration of
the equations of motion and fuel flow rate between discrete Mach
number and altitude points along a prescribed trajectory. First-order
integration was determined to be sufficiently 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-deflection 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)' along
an identical trajectory; they differed by only 2% in range.

Optimization
Numerical optimization was used to determine the combination
of five 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 flowpath variables.
Overall vehicle length, width, height, and gross weight were also
constrained to remain at baseline values. The nonlinear simplex
method of Nelder and Mead" 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
relatively large numberof independentvariablesefficiently. Applied
in this case, the simplex method required 200-300 iteration cycles
for optimizer convergence, taking approximately five 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
lengthreduced by 5% of vehiclelength,and 4) chine lengthreduced
by 82% of vehicle length.

Checks of the response surface propulsion model against nose-
to-tail analysis of the optimized configuration indicated that the
model underpredicted propulsive lift and pitching moment in the
vicinity of the optimized design. However, the model provided suf-
ficiently accurate trending for the optimizer to identify desired force
and moment characteristicsand the most favorableregion 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, flying the same Mach-dynamic pressure
profile 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 specific impulse
[(T — D)/w/] over the baseline. Also, trim drag was reduced by
13% overall. The configuration benefits 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 fuselage volume, both of which contributed
toincreasingvehiclefuelload capacity by 17%. The virtual elimina-
tion of the chineresultedin lower vehiclelift, allowing the optimized
vehicle to fly at higher angles of attack and reap the thrust benefits
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 flying 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 deflections 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% increasein range relative to that of the optimized vehicle along
its fixed trajectory. This is an additional benefit that can be de-
rived from high-performance configurations given the capability
of trajectory optimization codes such as OTIS to capitalize on the
many operational degrees of freedom available for improving flight
performance.

Itisinstructivehere to point out an aerodynamiclessonlearnedon
this project. Wind-tunnel testing and CFD analysis were performed
on the optimized vehicle, providing a valuable opportunity to com-
pareengineeringpredictionmethods with high-fidelity testand anal-
ysis results. In doing so, it was found that HABP-like engineering
methods substantially overpredicted 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 configuration led to dominant three-dimensional
flow effects on the rear portions of the vehicle. However, the pri-
mary impact of aerodynamic differences was on vehicle stability,
not flight performance. For example, vehicle range was reduced by
only 6% based on wind-tunnel aerodynamics, but vehicle instability
was increased by 120% in terms of negative static margin, decreas-
ing the maximum flight dynamic pressure at which the missile could
operate by a factor of four. Subsequent chine lengthening and re-
shaping led to tripling the maximum operational dynamic pressure,

Table 1 Range sensitivities to the five
vehicle design parameters

Parameter Derivative
R /3|6hosel +64 nm/deg
R /3| Xeng| +47 nm/ft
AR /3|0cant| —92 nm/deg
AR /| Leowi| +113 nm/ft
R /3| Lchine | +25 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 difficult 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 difficulty of using a traditional trade study approach for
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 positive signindicates that the initial sensitivity deriva-
tive points in the direction of the optimized configuration for that
parameter, and a negative sign indicates the opposite. As indicated
by theresults,one of the more powerful single variables,engine cant,
has a sensitivity trend at the baseline design point opposite the final
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 beneficial when working in concert with 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 first is to simply compare
the lifts and pitching moments generated by the body and engine
flowpath (in nose-to-tail force accounting) for the optimized vehicle
to illustrate the relative contribution of each to total vehicle forces.
For example, at a Mach 4.5 trimmed flight 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 significant contributor to vehicle lift
and pitching moment and can therefore influence drag due to lift
and trim drag.

The second example illustrates the benefit of propulsive lift by
analyzing the Breguetrange equation. To start, the range equationis
modified to account for a propulsion system that generates net lift.
The derivationis 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 equation can be written

aw Wi aw
R=[dx=[|Vd=V | —=-V —_—
w w Wy

Next, from the definitions of specific impulse,
I, =T/w; )
and weight corrected for centrifugal relief,
W =(1-V/gre)W=KW 3)
where the force relationships for equilibrium cruise flight are
L=W-L, 4)

T=D 3)
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Fig. 7 Definition of aerodynamic and propulsion forces.

the range equation becomes

v (L\ ("aw v (L W,
R=——1I,(= =2 )n=) ©
K DJJ; W K D W,

Refer to Fig. 7 for a schematic description of vehicle forces.

To arrive at the modified form of the range relationship given in
Eq. (6), L/D and I, are assumed constant during cruise, and inte-
gration must be performed over the range of required aerodynamic
lift (as opposed to weight in the classical derivation) between the be-
ginning and end of cruise, which is related to weight and propulsive
lift as given in Eq. (4), but now defined as W, where

W=L=W—-L,=KW-1L, @)

Though L/D and I, are here assumed constant to illustrate the
benefits of propulsivelift, 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 modified
Breguet range equation is the optimum split between lift gener-
ated aerodynamically and propulsively.Returning to Egs. (1-5) and
Fig. 7, the differential of range written in terms of fuel flow rate can

be expressed as

—Vsw L F 0 @®)

— ), cos
wf W' —Tsing, \ D ) 77

—VéW
SR = =

where
iSP = 7~ﬂ/wf C))

Ifitis assumed, ideally, that the thrust magnitude T canberotated
toany thrustvectorangle 8 withoutaffectingthrustmagnitude,then
Eq. (8) can be differentiated with respect to 67, and the result set
equal to zero to find the thrust vector angle that maximizes range for
fixed L/D and I~Sp. 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

(Or)op = tan™'[1/(L/D)] (10

Though this analysis is simplistic—in reality T will likely vary
with 6, and I~Sp with w ;—itdoes indicatea vehicle performanceben-
efit from propulsivelift, and the optimum propulsiveliftis inversely
proportionalto 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’/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 67 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
influenced favorably by taking advantage of propulsive pitching

moment and liftto 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 multidisciplinary design optimization process has been devel-
oped for hypersonic vehicles and successfully applied to a hyper-
sonic missile concept. The process accounts for several highly inter-
dependent disciplines, namely aerodynamics, propulsion, stability
and control, mass properties, and flight performance. Each of the
discipline models has been described in limited detail.

Employing the MDO process produced an optimized configura-
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 performance of the baseline configuration; 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
ableto capturethe synergiesachievablebetween systemcomponents
and exploitthe physicsinherentin highlyintegratedengine-airframe
designs employing bottom-mounted scramjet engines. Specifically,
the optimized vehicle realized range improvement through 1) in-
creased propellant mass fraction, 2) increased operational angle of
attack, which increased thrustand L /D, and 3) reduced residual ve-
hicle pitching moment, hence trim drag. The latter two contributed
to increased vehicle effective /.

The inclusionof vehicletrim as a factorin assessing range perfor-
mance results in a different optimum configuration than when the
propulsion system is optimized alone. Propulsive lift and pitching
moment have a profound influence on the actual angle of attack at
whichthe vehicleflies and thus on the performance of 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 technologies comprising the system; intuition and
classical design techniques can go only so far in achieving this end.

Continued work will focus on generating high-fidelity propul-
sion models using design of experiments, response surfaces, and
CFD analysismethods togetherin more efficientand effective ways;
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
configuration classes.
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