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Air-to-air intercept flight requires vehicles to maintain superior maneuverability and
agility to capture their target at supersonic speeds. Aggressive maneuvers create complex
flows around the vehicle that lead to very high loads and interaction between the aerody-
namics, structural dynamics and flight dynamics. These interactions become significant for
flexible vehicles with larger deformations such as the very slender structures that may be
used for air-to-air missions. A representative vehicle model has been developed based on
reduced order and fundamental tools to enable the study of the aeroelastic response of a
maneuvering vehicle. This paper presents the development of the vehicle model and the
computational framework to analyze the aeroelastic response of the maneuvering vehicle
in free flight. The vehicle response to control inputs for various values of vehicle bend-
ing stiffness and distribution is presented to investigate the variation of performance with
vehicle flexibility. The results show that the vehicle loading, maneuverability, and agility
are all dependent on the vehicle structural configuration. Therefore, accurate analyses of
future designs are dependent on vehicle modeling as flexible structures. Understanding
the aeroelastic response of a flexible munition could lead to vehicle stiffness becoming an
additional design parameter to improve maneuverability and agility.

Nomenclature

C Damping matrix of the aeroelastic system
FDACS Force applied by the DACS
I DACS Impulse
K Reduced stiffness matrix of the structural system
Lref Reference length, the vehicle length
M Mass matrix of the aeroelastic system
Q Generalized forces of the aeroelastic system
a Speed of sound
f DACS frequency
i Free-free vibration mode index (i = 1 . . . n)
n Total number of free-free vibration modes
p Pressure
t Time
td DACS time duration
u Displacement vector
w Surface velocity perpendicular to the flow

∆() Change in quantity
Φ Free-free vibration mode
β Rigid body translational velocity vector
γ̈ Flight path angle acceleration
γ̇ Flight path angle velocity
η Free-free vibration mode amplitude
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γ Flight path angle
γ Ratio of specific heats
ρ Density
σ Configuration parameter, ratio of configuration 1 to 2
ζ Rigid body rotational velocity vector

I. Introduction

There is a premium placed on vehicle maneuverability and agility to capture evading targets. Current
air-to-air vehicles are designed to maneuver immediately after launch and separation from the aircraft

in the high subsonic and low supersonic regimes.1 The vehicle then begins to accelerate and close in while
performing minor maneuvers to track the target. The vehicle is traveling at high supersonic speeds during the
final phase of the trajectory, which prohibits large final adjustments to its flight path. This is a weakness that
can be exploited by the target, which limits the effectiveness of the air-to-air vehicle. Significant changes to
the trajectory of a supersonic vehicle require very high angles of attack (AoA) leading to very high pressures
on the slender structure. Therefore, design and analysis of next generation intercept vehicles requires a better
understanding of the coupled interactions between the flexible structure, aerodynamics, control system and
flight dynamics.

Air vehicle designs attempt to minimize common parameters such as weight and drag while maximiz-
ing performance. One approach to minimizing the weight is to use less structural material or a different
lightweight material for the vehicle structure. Modifying the structural configuration to reduce weight may
lead to larger structural deformations and stronger coupling between the aerodynamics and structure. There
is a significant amount of research on maneuvering projectiles at supersonic speeds that stems from the Army
research community, but this work focuses on rigid projectiles or structures with only one discrete degree
of freedom. Costello and Argarwalla showed how introducing a hinge near the nose could lead to a passive
control mechanism that improved stability, but did not address any other hinge locations or multiple hinges
similar to a continuous structure.2 Including structural degrees of freedom requires a coupled aeroelastic so-
lution to accurately measure the effects of increasing flexibility. Recent work by Yao, Wu, and Yang looked at
maneuvering flexible vehicles and the effects of varying vehicle flexibility that suggested vehicle performance
is significantly affected by structural stiffness, but used constant linear coefficients for the aerodynamic forces
and only particular mode shape was used for the calculations.3 Additional study is needed to understand
the effect of flexibility and structural configuration on the aeroelastic response of maneuvering high speed
vehicles.

Modification to the vehicle control system can also affect the performance of slender high speed vehicles.
A divert and attitude control system (DACS) consisting of reaction jets can improve the steady state drag
and control effectiveness of the vehicle over conventional fin surfaces. Jets in a supersonic crossflow introduce
complex flows around the vehicle that can amplify or reduce the effective force and moment on the vehicle.
Roger presented a thorough review of the experimental work focused on jet interaction and showed how the
forces applied to the structure can be significantly amplified by the jet interaction with the flow and body.4

However, there is a lack of information on jet interaction with a flexible structure. Vehicle deformation could
be seen as a change in local angle of attack and is suspected to have an effect on the amplification factors.
Therefore it is important to develop a method of modeling flexible vehicles with a jet control system in order
to understand the effect on the overall response.

Multiple physical phenomena associated with a supersonic maneuvering vehicle must be modeled to fully
understand the flight dynamics, trajectory, and ultimately the performance of the vehicle. Aggressive ma-
neuvers for vehicles are difficult to conduct experimentally, which leads to emphasis placed on numerical
analysis. High fidelity multidisciplinary analysis tools, such as Kestrel, are available to analyze maneuvering
flexible vehicles.5 However, these tools have a high computational cost, complexity and possible robustness
issues. Reduced order and fundamental models are an effective way to capture the relevant physical phe-
nomena and couplings of the full problem while significantly reducing computational cost and complexity
and increasing computational robustness. Reduced order aerodynamic models have been shown to achieve
a high level of accuracy with a low computational cost.6–8 In addition, reduced order modeling frameworks
that couple the aerodynamic and structural reduced order models for unsteady aeroelastic problems have
been used for vehicle design,9,10 but these frameworks are not configured to analyze a flexible supersonic
vehicle performing high-g maneuvers. A reduced order modeling framework presented by Klock and Cesnik
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couples the reduced order models of various disciplines to simulate the flexible vehicle flight response and is
modified for this study to include a jet interaction capability for the DACS.11

A flexible supersonic vehicle model is developed and used within a coupled aeroelastic framework to
study the effects of adding flexibility, modifying the structural configuration, and using a DACS system to
perform high-g maneuvers. The vehicle properties have been chosen to be representative of the air intercept
vehicle class such as the Sidewinder and Advanced Medium Range Air to Air Missile (AMRAAM). However,
the vehicle is unconventional in some aspects in anticipation of future air-to-air vehicle technology studies.
Specifically, the vehicle is an axisymmetric body without any control surfaces or wings resembling a slender
cone-cylinder-flare geometry. For control authority, a set of reaction jets are assumed to be located near the
nose of the vehicle. Uniform structural properties have been used to demonstrate the effect of deformation on
vehicle performance. In addition, representative structural properties were used to demonstrate their effect
on the vehicle free-free vibration characteristics and vehicle response. The vehicle response to a prescribed
control force was recorded for varying values of vehicle flexibility and varying structural properties. The
response of the system and the effects of increased flexibility are highlighted by comparing the structural
and flight dynamic response for each stiffness value and structural model. Analyzing the response of the
vehicle for various levels of flexibility, different structural configurations, and different control inputs can
show trends that might affect a preliminary design phase for a new vehicle.

II. Methods

Reduced order and fundamental models are used for the aeroelastic simulation of the slender high speed
maneuvering vehicle. The structural dynamics, aerodynamics, and DACS models are included in a previously
established partitioned simulation framework presented by Klock and Cesnik.11 This simulation framework
calculates the aeroelastic equations of motion coupled with the flight dynamics equations of motion and
marches the solution forward in time. The reduced order modeling approach facilitates experimentation in
many areas of the design space which is used to gain an understanding of the vehicle response.

Reduced order models have been used throughout previous work regarding unsteady aeroelastic problems.
Crowell and McNamara showed how reduced order models for unsteady aerodynamics had large decreases
in computation time compared to a CFD solver while maintaining relatively high accuracy.8 McNamara
et al. showed that using local piston theory was able to calculate the flutter Mach number with low error
relative to a Navier-Stokes CFD solution for a two-dimensional test case.7 Klock and Cesnik showed how a
collection of reduced order models for the aerodynamics, thermodynamics and structural dynamics could be
coupled to the flight dynamics equations for a vehicle in free flight.11 This partitioned approach is the basis
for the present work and applied to the high speed slender vehicle. The computational cost is reduced by
eliminating the large number of degrees of freedom used for very detailed finite element or computational
fluid dynamics analysis. Reducing the computational cost reduces the time required for each time-domain
simulation and allows for an increased number of experiments.

The structural equations are reduced using the normal mode method with the free-free vibration mode
shapes.12 The displacement of the structure is represented as a linear combination of the mode shapes, i.e.,

u(x, y, z, t) =

n∑
i=1

Φi(x, y, z)ηi(t) (1)

where u is the displacement vector, Φi is the mode shape of mode i, and ηi is the amplitude of mode i.
The free-free vibration mode shapes are eigenvectors and therefore form an orthogonal set of basis vectors
to represent the displacement. The method reduces the structural equations to the number of degrees of
freedom equal to the number of free-free vibration modes included (n).

The aerodynamic loads are calculated using the vehicle outer mold line that is represented by a coarse
mesh along the vehicle surface. The loads are calculated at each panel on the mesh using shock-expansion
theory with the piston theory correction to account for unsteady flow,13,14
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where ∆p is the increment in pressure due to unsteady flow, γ the ratio of specific heats, ρ the local density,
a speed of sound, and w surface velocity perpendicular to the flow. This method eliminates the need to
use CFD for the unsteady aerodynamics of the deforming and oscillating vehicle. However, piston theory
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assumes the uniform flow Mach number is sufficiently large and the deflection or the amplitude of surface
oscillation is low.

The DACS system consists of multiple jets around the circumference of the vehicle nose that exhausts
from the body surface perpendicular to the oncoming supersonic flow. Jets in supersonic crossflow have been
studied experimentally and numerically and the results show that the jet introduces a very complex flow
field around the vehicle.15,16 The effective force on the vehicle is a combination of the aerodynamic force
without the jet, the force applied from the pressure and momentum transfer at the jet nozzle, as well as
the jet interaction that causes regions of higher pressure fore and lower pressure aft of the nozzle. In the
current study, only the first two effects are accounted for and the effective force from the DACS is modeled
as additional pressure at the nozzle exit only. However, this approach neglects how the jet interaction flow
structure might interact with the structural deformation.

The aeroelastic equations of motion are written as

[
M

]
β̇

ζ̇

η̈

 +
[
C
]

β

ζ

η̇

 +
[
K
]{

η
}

=


Qβ

Qζ

Qη

 (3)

for a flexible structure as presented by Frendreis and Cesnik.17 The vehicle dynamics are expressed in
the body frame using the column vectors β, ζ, and η. The quantity β is a three-element column vector
containing the x, y, and z body frame translational velocities. The quantity ζ is a three-element column
vector containing the body frame rotational velocities about the x, y, and z axes. The column vector η
contains the amplitudes of each structural mode and its length corresponds to the number of modes chosen
to represent the structure. At each time step in the simulation the external forces are calculated and used
with the current state of the vehicle to integrate the equations of motion according to a fourth-order Runge-
Kutta scheme.

III. Numerical Modeling

A new vehicle was created for this study and designed to be representative of slender high speed maneu-
verable vehicles. The basic dimensions and flight conditions for the vehicle are shown in Table 1 and are
inspired by existing vehicles, such as the Sidewinder and AMRAAM. The baseline configuration in the study
has a uniform mass and stiffness distribution, therefore the free-free vibration mode shapes are similar to a
uniform free-free beam. The outer mold line of the model, shown in Figure 1, was chosen to move the center
of pressure aft of the center of gravity based on the lack of fin surfaces that are conventionally located at
the tail end of the vehicle. Markers for the center of pressure (C.P.) and center of gravity (C.G.) have been
added to the figure based on the results of the baseline vehicle. Conventional fin surfaces are not included
in this model due to their loss of effectiveness at high angles of attack. Instead, a DACS is located at 25%
of the vehicle length. This system is assumed to be composed of reaction jets that provide additional forces
normal to the body surface to control the vehicle orientation.

Table 1. Basic properties and flight conditions for the vehicle

Property Value Unit

Total mass (uniform distribution) 85 kg

Length 3 m

Diameter at mid-length 0.13 m

Mach 3–4

Altitude 40,000–60,000 ft

The structural configuration of the baseline vehicle was modified to study the impact of flexibility on
vehicle response. As mentioned previously, the free-free vibration mode shapes were used to reduce the
structural equations of motion. A finite element model was created to calculate the free-free vibration modes
of the model given a mass and stiffness distribution. Only the first bending modes in the longitudinal plane
under 200 Hz were used to reduce the system of equations. This set of modes should show the fundamental
vehicle response to applied loads.
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Figure 1. Side view of the undeformed axisymmetric vehicle

The first aspect of structural configuration that was analyzed is the overall vehicle stiffness. This was
studied using a vehicle with a uniform mass distribution and free-free vibration mode shapes similar to
the analytical solution of a uniform free-free beam. The stiffness of these mode shapes was then scaled to
study the effect of flexibility on vehicle response. The range of free-free vibration frequencies used for the
first bending mode is 25-40 Hz. The stiff vehicle (40 Hz) is near the free-free vibration frequency of the
Sidewinder vehicle and the flexible vehicle (25 Hz) represents the vehicle material stiffness value roughly cut
in half.18

The second aspect of structural configuration was the distribution of stiffness along the length of the
vehicle. The internal structure of the vehicle is nonuniform in general and this study investigates how different
distributions of structural material or stiffness could lead to different responses. The internal structure of
a high speed vehicle may have less support material surrounding the solid rocket fuel and more material
surrounding the payload and control system. This variation in bending stiffness can been seen as either a
change in thickness or material along the length of the vehicle. The bending stiffness distribution that was
used to model the representative vehicle is shown in Figure 2. This distribution leads to a first bending mode
shape with the inflection point aft of mid-length. A linear combination of the uniform and representative
stiffness distribution shapes was used to derive several vehicle models. Each new set of vibration modes
was mass normalized, the mass and inertia properties of the vehicle were kept constant at 85 kg uniformly
distributed, and the lowest bending frequency associated with each was held constant to the lowest value of
25 Hz. Figure 3 shows the free-free vibration mode shapes of the uniform distribution vehicle configuration
1, and Figure 4 shows the free-free vibration mode shapes of configuration 2. These two configurations were
used as the bounds for generating new free-free vibration mode shapes.
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Figure 2. Normalized stiffness distributions of the uniform and representative vehicles
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Figure 3. Free-free vibration mode shapes of
the vehicle with uniform mass and stiffness
(configuration 1)

Figure 4. Free-free vibration mode shape of
the vehicle with uniform mass and represen-
tative stiffness distribution (configuration 2)

IV. Results

Slender high speed vehicle response and performance during aggressive high speed maneuvers were mea-
sured using the reduced order vehicle and simulation framework. First, a steady aerodynamic analysis shows
the variation of the aerodynamic loads for varying levels of vehicle deformation. Second, an open loop sim-
ulation with the DACS as the control input shows how the vehicle response is affected by varying the total
stiffness from 40 Hz to 25 Hz and varying the stiffness distribution from configuration 1 to 2. New mode
shapes for the different stiffness distributions are calculated as

Φi = Φ1i + σ(Φ2i − Φ1i) for i = 1 . . . n (4)

where Φi is the i− th new shape, Φ1i is the i− th configuration 1 shape, and Φ2i is the i− th configuration
2 shape. The total number of mode shapes, n, used for the analysis is equal to 3 and corresponds to the
first 3 free-free bending modes in the longitudinal plane. The configuration parameter σ ranges from 0 to 1
to create new models that are linear combinations of configurations 1 and 2.

A. Static aerodynamic results

The aerodynamic characteristics of the model were evaluated about a set of steady conditions to measure
the loads on the vehicle for the selected flight conditions. The loading on the vehicle was measured over a
range of angles of attack from 0 to 60 degrees at Mach 3 and 40,000 ft for varying levels of deformation and
different deformation shapes. All of the forces have been normalized by the free stream dynamic pressure,
a reference length of 3 m, and a reference area equal to 1 m2. The static margin was also calculated as
the center of pressure changes for each aerodynamic flow condition and deformation. The static margin is
calculated as:

Static Margin =
(C.P.− C.G.)

Lref
(5)

where Lref is the reference length.

1. Varying deformation

The change in static aerodynamic properties of the vehicle with varying degrees of deformation is studied
first. The results shown in Figure 5 were obtained using configuration 1 (Figure 3).

Figure 5 shows that vehicles with larger deformation have lower lift, higher drag, and higher moments
about the center of gravity until about 30 to 35 degrees. This angle of attack is near the deflection angle for
which an oblique shock will separate at Mach 3 in a two dimensional flow. Beyond 35 degrees the trend for
drag flips so that the vehicles with larger deformation have lower drag. At zero angle of attack the vehicle
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Figure 5. Flexible vehicle response with varying levels of deformation under static aerodynamic loading
(configuration 1)

with higher deformation has a higher static margin. However, as the angle of attack and deformation are
increased the static margin for the deformed vehicle is significantly decreased. This effect leads to deformed
vehicles being more maneuverable at higher angles of attack.

2. Varying stiffness distribution

In reality the vehicle internal configuration can vary along the length and change the free-free vibration
characteristics. The effects of the aerodynamic loading on the vehicle were studied as the stiffness distribution
transitions to configuration 2. The effects on lift, drag and moment about the center of gravity are shown
in Figure 6 for varying stiffness distribution. Only the first bending mode was included here and each mode
shape is mass normalized thus a constant energy value was used as opposed to a constant tip deflection.

The results in Figure 6 show that configuration 2 has lower lift, higher drag, and higher moment at low
angles of attack compared to configuration 1. At angles of attack larger than 40 degrees the trend for drag
flips and configuration 2 has lower drag. The static margin plot shows the variation in mode shape for
vehicles with 1%, 3%, and 5% tip deflections. At lower angles of attack configuration 2 has a higher static
margin. As the angle of attack is increased configuration 2 has a lower static margin than configuration 1,
which further increases the maneuverability of the vehicle.

B. Vehicle response to DACS input

The ability to quickly change the flight path to intercept a target is critical to success of the air-to-air vehicle
and is measured in terms of maneuverability and agility. Maneuverability is defined here as the vehicle turn
rate based on the flight path angle of the vehicle and the acceleration of the vehicle normal to the flight
path. Agility has been measured using the time rate of change of turn rate. These parameters were chosen
based on a previous study that compared the maneuverability and agility metrics across the industry.19

Two maneuvers were performed using the same DACS impulse over a short and long time duration. The
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Figure 6. Flexible vehicle response under static aerodynamic loading with stiffness distribution varying from
configuration 1 to 2

maneuvers used the DACS characteristics shown in Table 2 and applied according to

FDACS =

 I
td
sin(2πft) 0 < t < td

0 t > td
(6)

Table 2. Properties of the DACS force applied to the vehicle

Location 25% length

Impulse, I 2500 N·s
Frequency, f 1 Hz

Application duration, td 0.5 s (short) 1.5 s (long)

1. Performance variation with stiffness

High speed vehicles are often treated as rigid structures, but large aerodynamic loading implies the structural
properties will have a significant impact on the simulation results. Choosing a range of stiffness values with
the stiffness distribution of configuration 1 allowed us to investigate the impact of vehicle structural properties
on the overall performance. A series of vehicles with varying flexibility have been modeled and the responses
to the short jet impulse are shown in Figures 7 and 8. The stiff vehicle has an overall stiffness such that the
first bending frequency is equal to 40 Hz while the flexible vehicle has a reduced stiffness such that the first
bending frequency is 25 Hz. Figures 9 and 10 show the vehicle response to the long duration impulse with
varying levels of stiffness. This study is used to simulate a more complex maneuver to see if the trends for
the short duration impulse still hold.
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The results show that flexibility has an effect on the vehicle response to a jet impulse used to turn the
vehicle. The performance metrics follow trends shown in the steady aerodynamics results section. The
vehicles with higher deformation have higher maneuverability and agility, but have lower velocities at the
end of the maneuver. The improvements in the vehicle maneuverability and agility are summarized in Table
3 for the short and long duration impulses.

Table 3. Summary of performance percent increases by reducing the vehicle stiffness from 40 Hz to 25 Hz

Impulse duration Normal acceleration γ̇ γ̈

Short 13.08% 11.92% 7.10%

Long 23.09% 21.48% 13.13%
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Figure 7. Performance results of the vehicle with varying stiffness in response to the short DACS impulse

2. Performance variation with stiffness distribution

The vehicle stiffness distribution was studied to measure its effect on vehicle performance. All of the vehicles
have the same inertia properties and stiffness values, which isolates the difference in the results to the free-
free vibration mode shapes. The lowest free-free vibration frequency (25 Hz) was used for all models as the
mode shape is varied between configuration 1 and 2 shown in Figures 3 and 4, respectively. This shows the
effects of moving the inflection point of the vehicle deformation and how this correlates to the previous work
relating to rigid projectiles with a single degree of freedom. Figures 11-14 show the vehicle responses to
short and long duration impulses with varying free-free vibration mode shapes.

The results show that the vehicles with the configuration 2 stiffness distribution are more maneuverable
and agile than the vehicles with the uniform stiffness distribution. Similar to what was found in the steady
aerodynamic results section the configuration 2 vehicles have higher drag and have lower velocities at the
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Figure 8. Structural and flight dynamics response of the vehicle with varying stiffness in response to the short
DACS impulse

end of the maneuver. The improvements in the vehicle maneuverability and agility are summarized in Table
4 for the short and long duration impulses.

Table 4. Summary of performance percent increases by transitioning from configuration 1 to 2 for the 25 Hz
case

Impulse duration Normal acceleration γ̇ γ̈

Short 2.58% 2.34% 2.45%

Long 5.20% 4.77% 3.06%

V. Discussion

The focus of this study is the impact of flexibility, structural configuration, and reaction jet control
inputs on the performance of slender high speed vehicles. Analyzing the results shows that even very small
deformations (1% of the vehicle length) have a significant impact on the aerodynamic loading and vehicle
response. In addition, the shape of the vehicle deformation has an impact on the vehicle loading and response.
The results add to the findings in the literature by showing that the slender vehicle is more maneuverable
as the inflection point of the free-free vibration mode shape is moved aft.

The static aerodynamic results provide the motivation to consider vehicle stiffness as a design parameter
for improving vehicle maneuverability and agility. Considering the vehicle model with uniform properties,
the vehicles with larger deformation have higher moment coefficients throughout the range of angles of
attack that was considered. Therefore, a flexible vehicle will either reach higher angles of attack for the
same applied force or will require less applied force to maintain the same angle of attack as compared to a
stiffer vehicle. A similar effect is seen by considering the stiffness distribution of the vehicle. As the vehicle
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Figure 9. Performance results of the vehicle with varying stiffness in response to the long DACS impulse

shape is transitioned from a uniform stiffness distribution (configuration 1 ) to the representative stiffness
distribution (configuration 2 ) the moment coefficient about the center of gravity is increased for the range
of angles of attack that were measured. Therefore for the same amount of energy applied to the structure
the vehicles with inflection points located aft will reach higher angles of attack. During the trajectory the
vehicle is likely to have low deformation at low angles of attack and larger deformation at higher angles
of attack. The static margin was decreased in both cases either by increasing deformation or moving the
inflection point of the deformation aft. Therefore, the flexible vehicle for either configuration will have a
little to no effect on stability during minor maneuvers, but will have a positive benefit on maneuverability
during aggressive maneuvers by moving the center of pressure forward.

The vehicle response to the DACS impulse follows similar trends to the static aerodynamic results for
vehicles with varying stiffness values and distributions. Considering the short and long duration impulses
applied to the uniform vehicle with varying stiffness the flexible vehicles have larger deformations which
translates to higher maneuverability and agility measured using the flight path angle. In addition, there
is a phase shift that occurs in the vehicle response that stems from the flexible vehicles maintaining larger
deformations for a longer time duration. Using the most flexible model then transitioning to the configuration
2 stiffness distribution further increases maneuverability and agility.

The results that have been presented show that vehicle maneuverability and agility are dependent on
vehicle structural properties. The largest gains in performance are made as the structural configuration
approaches a more flexible design. Additional gains are achieved by a structural configuration that moves
the inflection point of the dominant deformation mode aft along the vehicle. In all these cases there is
a common trade between maneuverability and vehicle velocity. This may be taken into consideration to
design a vehicle with a mission to intercept a target. Regardless of application this work has shown that
the coupling between the aerodynamics, structure and flight dynamics must be considered for this class of
slender high speed vehicles.
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Figure 12. Structural and flight dynamics response to the short DACS impulse with stiffness distribution
varying from configuration 1 to 2 with the first bending frequency equal 25 Hz
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Figure 13. Performance results of the vehicle in response to the long DACS impulse with stiffness distribution
varying from configuration 1 to 2 with the first bending frequency equal 25 Hz
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Figure 14. Structural and flight dynamics response to the long DACS impulse with stiffness distribution
varying from configuration 1 to 2 with the first bending frequency equal 25 Hz
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