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This document presents the development and application of unsteady aerodynamic,
structural dynamic, and aeroelastic reduced-order models (ROMs) for the ascent aeroe-
lastic analysis of the Ares I-X 
ight test and Ares I crew launch vehicles using the
unstructured-grid, aeroelastic FUN3D computational 
uid dynamics (CFD) code. The
purpose of this work is to perform computationally-e�cient aeroelastic response cal-
culations that would be prohibitively expensive via computation of multiple full-order
aeroelastic FUN3D solutions. These e�cient aeroelastic ROM solutions provide valuable
insight regarding the aeroelastic sensitivity of the vehicles to various parameters over a
range of dynamic pressures.

Note To Readers
The predicted performance and certain other fea-

tures and characteristics of the Ares I and Ares I-X
launch vehicles are de�ned by the U.S. Government to
be Sensitive but Unclassi�ed (SBU). Therefore, details
have been removed from all plots and �gures.

Introduction

AT present, the development of CFD-based
reduced-order models (ROMs) is an area of active

research at several government, industry, and aca-
demic institutions.1{7 Development of ROMs based
on the Volterra theory is one of several ROM methods
currently under development.8{12

Silva and Bartels4 introduced the development of
linearized, unsteady aerodynamic state-space models
for prediction of 
utter and aeroelastic response using
the parallelized, aeroelastic capability of the CFL3Dv6
code. The results presented provided an important
validation of the various phases of the ROM devel-
opment process. In Silva and Bartels,4 the Eigen-
system Realization Algorithm (ERA),13 which trans-
forms an impulse response (one form of ROM) into
state-space form (another form of ROM), was ap-
plied for the development of the aerodynamic state-

�Senior Research Scientist, Aeroelasticity Branch, AIAA As-
sociate Fellow.
ySenior Research Scientist, Computational Aerosciences

Branch, AIAA Associate Fellow.
zSenior Research Scientist, Computational Aerosciences

Branch, AIAA Senior Member.
Copyright c
 by the American Institute of Aeronautics and

Astronautics, Inc. No copyright is asserted in the United States
under Title 17, U.S. Code. The U.S. Government has a royalty-
free license to exercise all rights under the copyright claimed herein
for Governmental Purposes. All other rights are reserved by the
copyright owner.

space models. The ERA is part of the SOCIT
(System/Observer/Controller Identi�cation Toolbox).
Flutter results for the AGARD 445.6 Aeroelastic Wing
using the CFL3Dv6 code were presented as well, in-
cluding computational costs. Unsteady aerodynamic
state-space models were generated and coupled with
a structural model within a MATLAB/SIMULINK14

environment for rapid calculation of aeroelastic re-
sponses including the prediction of 
utter. Aeroelastic
responses computed directly using the CFL3Dv6 code
showed excellent comparison with the aeroelastic re-
sponses computed using the CFD-based ROM.

A primary purpose of this e�ort is to provide the
Ares I-X 
ight test and the Ares I crew launch vehi-
cle projects with cost-e�ective analyses that provide
insight into the aeroelastic behavior of this class of
launch vehicles. The present analysis develops and ap-
plies aeroelastic ROMs that are based on CFD aeroe-
lastic analyses that fully couple the 
ow �eld and the
structural 
exibility. These aeroelastic ROMs are gen-
erated at each Mach number of interest along the 
ight
trajectory and are valid for a limited range of vehi-
cle deformations and a range of dynamic pressures
at that Mach number. Due to the nature of launch
vehicles, the mode shapes and frequencies of the ve-
hicles are di�erent at each Mach number of interest.
The application of ROMs for aeroelastic analyses can
yield signi�cant computational e�ciency over the more
traditional method using full-order CFD aeroelastic
solutions.

The resultant aeroelastic ROMs are in a state-space
format suitable for use by other disciplines. There-
fore, a secondary purpose of this e�ort is to provide
the Guidance, Navigation, and Control group with
ROMs that may be suitable for inclusion into their full
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ascent vehicle simulation. The use of ROMs within
this simulation would provide insight regarding the
dynamic aeroelastic response of the vehicle along tra-
jectory 
ight conditions.

Description of CFD and System
Identi�cation Methods

The following subsections brie
y describe the aeroe-
lastic version of the FUN3D code15 and the system
identi�cation methods used in the ROM development
process.

FUN3D Code and Grid

The development of ROMs is based on the use of the
FUN3D code (version 10.5) to compute the 
ow�eld.
FUN3D is a parallel, unstructured computational 
uid
dynamics code that supports meshes containing any
combination of hexahedra, tetrahedra, prisms, and
pyramids. The code is a node centered �nite vol-
ume Euler and Navier-Stokes 
ow solver that includes
the Spalart-Allmaras (SA), the Menter shear stress
transport (SST), the Wilcox k-omega and the Abid
k-epsilon turbulence models. In the present compu-
tations the SA and the SST models have been used.
The code has various options for computing the in-
viscid 
ux quantities across volume faces, namely the
van Leer 
ux vector splitting, the Roe 
ux di�erence
splitting, the HLLC, the AUFS, LDFSS and central
di�erencing. In the present computations the Roe 
ux
di�erence splitting was used. Several 
ux limiters are
also available such as the minmod Barth, Venkatakr-
ishnan, van Leer, van Albada and the smooth limiter.
For the present computations below Mach 0.9 no lim-
iter was used and at Mach 0.9 and above the minmod
limiter was used. The present computations have been
performed on the NASA Advanced Supercomputing
(NAS) RTJones and Columbia systems and the NASA
Langley Research Center K cluster. The grids were
partitioned among 240 processors.

The baseline unstructured mesh had 23 million
nodes. This size baseline mesh was chosen based on ex-
perience performing steady CFD for the Ares I project
with FUN3D. Figure 1 is an image of the Ares I vehicle
and Figure 2 is an image of the forward portion of the
Ares I with a sample surface grid.

The FUN3D code can be used to generate un-
steady aerodynamic responses (generalized aerody-
namic forces or GAFs) via the forcing of the mode
shapes. This is the process that is used for the genera-
tion of the unsteady aerodynamic ROM. The FUN3D
code can also be used to generate aeroelastic responses
as iterations between the unsteady aerodynamics and
the modal structural model. These aeroelastic re-
sponses from the FUN3D code are referred to as full
aeroelastic responses.

Fig. 1 Image of Ares I.

Fig. 2 Image of forward portion of Ares I with
sample surface grid.

System Identi�cation Method

The development of discrete-time state-space mod-
els that describe the modal dynamics of a structure has
been enabled by the development of algorithms such
as the Eigensystem Realization Algorithm (ERA)13

and the Observer Kalman Identi�cation (OKID)16 Al-
gorithm. These algorithms perform state-space real-
izations by using the Markov parameters (discrete-
time impulse responses) of the systems of interest.
These algorithms have been combined into one package
known as the System/Observer/Controller Identi�ca-
tion Toolbox (SOCIT)17 developed at NASA Langley
Research Center.

There are several algorithms within the SOCIT that
are used for the development of unsteady aerody-
namic discrete-time state-space models. The PULSE
algorithm is used to extract individual input/output
impulse responses from simultaneous input/output re-
sponses. For a four-input/four-output system, simul-
taneous excitation of all four inputs1 yields four output
responses. The PULSE algorithm is used to extract
the individual sixteen (four times four) impulse re-
sponses that associate the response in one of the out-
puts due to one of the inputs. Details of the PULSE
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algorithm are provided in the references. Once the in-
dividual sixteen impulse responses are available, they
are then processed via the Eigensystem Realization
Algorithm (ERA) in order to transform the sixteen
individual impulse responses into a four-input/four-
output, discrete-time, state-space model. A brief sum-
mary of the basis of this algorithm follows.

A �nite dimensional, discrete-time, linear, time-
invariant dynamical system has the state-variable
equations

x(k + 1) = Ax(k) + Bu(k) (1)

y(k) = Cx(k) + Du(k) (2)

where x is an n-dimensional state vector, u an m-
dimensional control input, and y a p-dimensional out-
put or measurement vector with k being the discrete
time index. The transition matrix, A, characterizes
the dynamics of the system. The goal of system real-
ization is to generate constant matrices (A, B, C) such
that the output responses of a given system due to a
particular set of inputs is reproduced by the discrete-
time state-space system described above.

For the system of Eqs. (1) and (2), the time-domain
values of the systems discrete-time impulse response
are also known as the Markov parameters and are de-
�ned as

Y (k) = CAk�1B (3)

with B an (n x m) matrix and C a (p x n) matrix.
The ERA algorithm begins by de�ning the generalized
Hankel matrix consisting of the discrete-time impulse
responses for all input/output combinations. The al-
gorithm then uses the singular value decomposition
(SVD) to compute the A, B, and C matrices.

In this fashion, the ERA is applied to unsteady
aerodynamic impulse responses to construct unsteady
aerodynamic state-space models.

ROM Development Process
Unsteady Aerodynamic ROM

An outline of the improved simultaneous modal ex-
citation ROM development process is as follows (see
Figure 3):

1. Generate the number of functions (from a se-
lected family) that corresponds to the number of struc-
tural mode shapes;

2. Apply the generated input functions simultane-
ously via one FUN3D execution; these responses are
computed directly from the restart of a steady rigid
FUN3D solution (not at a particular dynamic pres-
sure); for the present results, Walsh functions are used
as the input functions;

3. Using the simultaneous input/output responses,
identify the individual impulse responses using the
PULSE algorithm (within SOCIT);

4. Transform the individual impulse responses gen-
erated in Step 3 into an unsteady aerodynamic state-
space system using the ERA (within SOCIT);

Once the unsteady aerodynamic state-space ROM is
generated (Step 4), the state-space model is validated
via comparison with FUN3D results (i.e., ROM results
vs. full FUN3D solution results). Additional ROM
enhancements and capabilities are described in greater
detail in the references.2

Fig. 3 Schematic of Unsteady Aerodynamic ROM
Process.

An important di�erence between the original ROM
process and the improved ROM process is stated in
step (2) of the outline above. For the original ROM
process, if a static aeroelastic condition existed, then a
ROM was generated about a selected static aeroelastic
condition. So a static aeroelastic condition of interest
was de�ned (typically a dynamic pressure) and that
static aeroelastic condition was computed using the
aeroelastic CFD code as a restart from a converged
steady, rigid solution. Once a converged static aeroe-
lastic solution was obtained, the ROM process was
applied about that condition. This implies that the
resultant ROM is, of course, limited in some sense to
the neighborhood of that static aeroelastic condition.
Moving "too far away" from that condition could re-
sult in loss of accuracy.

The reason for generating ROMs in this fashion
was because no method had been de�ned to enable
the computation of a static aeroelastic solution using
a ROM. Any ROMs generated in this fashion were,
therefore, limited to the prediction of dynamic re-
sponses about a static aeroelastic solution including
the methods by Kim et al6 and by Raveh.7 The im-
proved ROM method, however, includes a method for
generating a ROM directly from a steady, rigid solu-
tion. As a result, these improved ROMs can then be
used to predict both static aeroelastic and dynamic
solutions for any dynamic pressure. In order to cap-
ture a speci�c range of aeroelastic e�ects (previously
obtained by selecting a particular dynamic pressure),
the improved ROM method relies on the excitation
amplitude to excite aeroelastic e�ects of interest. The
details of the method for using a ROM for computing
both static aeroelastic and dynamic solutions is pre-
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sented in another reference by the �rst author.2 For
the present results, all responses were computed from
the restart of a steady, rigid FUN3D solution, bypass-
ing the need (and additional computational expense)
to execute a static aeroelastic solution using FUN3D.

The Walsh functions that are applied simultane-
ously to the aeroelastic FUN3D code in order to ex-
cite all of the structural modes are generated based
on the time step de�ned for the aeroelastic analy-
sis. Typically, the full FUN3D static and dynamic
aeroelastic solutions (each one generated separately)
are computed using di�erent time steps. The full
FUN3D dynamic aeroelastic solution typically has the
largest number of time steps so that su�cient cycles
of the aeroelastic response are generated to provide
adequate frequency information when post-processed.
The size of the time steps for both the static and dy-
namic aeroelastic solutions are generally de�ned as
large as possible for computationally e�cient solu-
tions. For the generation of the unsteady aerodynamic
ROM, however, a time step is de�ned that is typi-
cally smaller (by an order of magnitude or so) so that
relevant frequencies and associated dynamics are ac-
curately resolved by the SOCIT tools due to Walsh
input functions. For this reason, the single FUN3D
solution to obtain the Walsh responses may take as
long (CPU time) as a full FUN3D aeroelastic solution.
However, the bene�t of generating the unsteady aero-
dynamic ROM is that it can then be used to rapidly
generate aeroelastic solutions at any other dynamic
pressure and velocity (for a given Mach number) as
well as any variation in structural parameters (modal
damping, modal frequencies).

It should be mentioned that a full FUN3D aeroe-
lastic solution for a given Mach number, dynamic
pressure, and velocity consists of the computation of a
steady rigid solution at that Mach number, followed by
a static aeroelastic solution at that Mach number, dy-
namic pressure, and velocity, which is then followed by
a dynamic aeroelastic solution at the same conditions.
The steady rigid solution is computed rapidly as that
solution is independent of aeroelastic responses and
therefore independent of expensive mesh deformation
iterations. The static aeroelastic response, restarted
from the steady rigid solution, does require mesh defor-
mations but an arti�cially high value of modal damp-
ing is used to accelerate the solution to a converged
static aeroelastic response. The dynamic aeroelastic
solution, restarted from the converged static aeroelas-
tic solution, requires the most computational time due
to the need for a certain number of cycles to accu-
rately de�ne dominant frequencies in the aeroelastic
response. The computational cost of a ROM FUN3D
solution (solution with Walsh functions applied) is on
the order of a full FUN3D dynamic aeroelastic solu-
tion. Additional details regarding full FUN3D aeroe-
lastic solutions can be found in the reference by Bartels

et al.18

Structural Dynamic ROM

Normal modes analysis was performed with
MSC.Nastran. Modal de
ections were obtained by
creating nodes at stations along the centerline of the
vehicle at which the average of the circumferential
outer mold line de
ections at each axial station was
computed using a wagon wheel interpolation connec-
tion to the outer mold line of the vehicle. The average
de
ection at the centerline node points was used to
create the projection of the centerline modal de
ec-
tions onto the CFD surface. The interpolation from
the FEM node points to the CFD surface mesh points
was accomplished by a spline �t, except at CFD mesh
points beyond the �rst or last FEM node points where
a quadratic extrapolation of the FEM data was used.

A total of forty-four 
exible modes were used in the
full FUN3D aeroelastic analyses of the Ares I-X ve-
hicle, thirty-seven 
exible modes were used in the full
FUN3D aeroelastic analyses of the Ares I vehicle, while
only thirteen 
exible modes where used for the ROM
aeroelastic analyses for both vehicles. The �rst thir-
teen 
exible modes were used in the development of
ROMs in order to be consistent with the number of
modes being considered in related GNC analyses. For
the majority of cases, no signi�cant di�erences were
identi�ed either between the Ares I-X full FUN3D and
ROM aeroelastic analyses or between the Ares I full
FUN3D and ROM aeroelastic analyses.

Structural information from the Finite Element
Analysis (MSC NASTRAN) such as generalized mass,
generalized damping, and generalized frequencies
(sti�ness) is used to generate a state-space model of
the structural dynamic system using MATLAB (see
Figure 4). Once the ABCD matrices of the unsteady
aerodynamic system are generated for a given Mach
number, the unsteady aerodynamic system is com-
bined with a set of ABCD matrices that de�ne the
structural dynamics. The combined use of these two
systems leads to the simulation of the aeroelastic sys-
tem as the structural and aerodynamic systems inter-
act.

Fig. 4 Schematic of Structural Dynamic ROM
Process.
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Aeroelastic ROM

The MATLAB/SIMULINK environment from the
Mathworks, Inc., is used to connect the state-space
model of the unsteady aerodynamics and the state-
space model of the structural dynamics into an aeroe-
lastic reduced order model as shown in Figure 5. In
addition, the structural dynamic model can be easily
altered to simulate various values of structural damp-
ing and variations in modal frequencies. Simulation of
the aeroelastic system with these variations provides
a sensitivity study of the aeroelastic system to these
parametric variations. For the computation of the
aeroelastic root loci, the state-space ROM of the un-
steady aerodynamic system and the state-space ROM
of the structural dynamic system are mathematically
combined into a single state-space model.

Fig. 5 Schematic of combined structural/unsteady
aerodynamic ROM system, referred to as the
Aeroelastic ROM.

Results
The goal of this section is to present a sample of

results obtained in the process of generating and using
an unsteady aerodynamic ROM and, subsequently, an
aeroelastic ROM. Using these methods, aeroelastic re-
sults are then presented for the Ares I-X and the Ares
I vehicles at various Mach numbers. It is important to
reiterate that results presented are for analyses using
the �rst thirteen 
exible modes (no rigid-body modes).

When completed, the FUN3D Walsh solution is pro-
cessed through MATLAB-based scripts that provide
information regarding the error level of the subsequent
unsteady aerodynamic ROM as compared to the full
FUN3D Walsh solution. Samples of the time-domain
responses due to the Walsh inputs for the full FUN3D
solution and for the unsteady aerodynamic ROM are
presented in Figure 6 for the �rst 
exible mode and in
Figure 7 for the second 
exible mode. For the sake of

Fig. 6 Comparison of time-domain responses in
the �rst 
exible mode due to Walsh input functions
for full FUN3D solution (blue) and for unsteady
aerodynamic ROM (green).

clarity, discussions regarding the modes will focus on
each individual 
exible mode and not on the 
exible
mode pairs. That is, in some references, the �rst and
second 
exible mode comprise the �rst bending mode
pair and are referred to as such.

Fig. 7 Comparison of time-domain responses in
the second 
exible mode due to Walsh input func-
tions for full FUN3D solution (blue) and for un-
steady aerodynamic ROM (green).

The mean error and maximum percent error for the
time-domain solutions for all thirteen 
exible modes
are presented in Figure 8. These errors are computed
per mode (generalized coordinate) in order to bet-
ter understand the impact of the error on the overall
aeroelastic solution.

An analogous comparison of these responses is also
viewed in the frequency domain. Presented in the up-
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Fig. 8 The mean error and maximum percent
error for the time-domain solutions.

per plot of Figure 9 is a comparison of the frequency
content of the responses presented in Figure 6. Pre-
sented in the lower plot of Figure 9 is the frequency
content of the input Walsh function for the �rst 
exible
mode.

Presented in Figure 10 are analogous plots corre-
sponding to Figure 7 and the input Walsh function for
the second 
exible mode.

Fig. 9 (Upper plot): Comparison of frequency-
domain responses in the �rst 
exible mode due
to Walsh input functions for full FUN3D solu-
tion (blue) and for unsteady aerodynamic ROM
(green). (Lower plot): Frequency content of Walsh
input function applied to �rst 
exible mode.

Parameters within the PULSE and ERA algorithms
that are used to generate the discrete-time state-space
model are varied accordlingly until an acceptable er-
ror level is achieved. Upon achieving an acceptable
error level (on the order of 1 percent or less in maxi-
mum percent error), the unsteady aerodynamic ROM

Fig. 10 (Upper plot): Comparison of frequency-
domain responses in the second 
exible mode due
to Walsh input functions for full FUN3D solu-
tion (blue) and for unsteady aerodynamic ROM
(green). (Lower plot): Frequency content of Walsh
input function applied to second 
exible mode.

is combined with the structural dynamic ROM to cre-
ate the aeroelastic ROM. The aeroelastic ROM is then
used to predict the aeroelastic response at various dy-
namic pressures, velocities, and structural dynamic
parameter variations. These variations would require
individual FUN3D solutions that could take on the or-
der of days to compute while taking only seconds using
the aeroelastic ROM.

Ares I-X

An important contribution of this e�ort is the ability
to rapidly generate root locus plots of the aeroelastic
behavior of the vehicle. Presented in Figure 11 is a
root locus plot in terms of frequency versus damping
ratio for the �rst thirteen 
exible modes of the Ares
I-X vehicle at a Mach number (M) of 0.5 and several
dynamic pressures. Migration of the roots toward the
right of the zero dynamic pressure value (Q=0 psi)
indicates reduced damping (less stable); migration to
the left of the zero dynamic pressure value indicates
increased damping (more stable). Due to the struc-
tural symmetry of these launch vehicles, some of the

exible modes are very similar to each other. That
is, the �rst 
exible mode is a �rst-bending mode in
the longitudinal axis while the second 
exible mode is
a �rst-bending mode in the lateral axis. As a result,
some of the roots (symbols) in the root loci plots for
some of these modes may be very close together or far
apart, depending on the nature of the aeroelastic re-
sponse. As can be seen, at this condition, both the
�rst and second 
exible modes exhibit a destabilizing
e�ect as demonstrated by a migration of the roots to
the right of the Q=0 values. A comparison of the full
FUN3D aeroelastic response and the ROM aeroelastic
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response at this Mach number and nominal dynamic
pressure is presented as Figure 12 where good compar-
ison between the two responses is evident.

Fig. 11 Dynamic pressure root loci from aeroelas-
tic ROM for nominal modal frequencies at M=0.5
for the Ares I-X vehicle.

Via a simple modi�cation of the structural dynamic
ROM, the modal frequencies can be varied to account
for a possible variation. Figure 13 presents the M=0.5
root locus plot for the condition where the modal fre-
quencies have been increased by 10 percent (�rst and
second modes) and by 20 percent (remaining modes).
As can be seen, the e�ect of the increased frequencies
is to provide a slight sti�ening of the overall aeroelastic
response. This slight sti�ening is evident by comparing
Figure 11 with Figure 13 showing a slightly decreased
range of damping values for most of the modes where
the scale is the same for both plots.

Figure 14 presents the root locus plot for the condi-
tion where the modal frequencies have been decreased
by 10 percent (�rst and second modes) and by 20 per-
cent (remaining modes). The decrease in the modal
frequencies yields a slight softening of the aeroelas-
tic response resulting in a greater destabilizing e�ect
for the �rst two modes. This slight softening is evi-
dent by comparing Figure 11 with Figure 13 showing
a slightly increased range of damping values for most
of the modes where, again, the scale is the same for
both plots. There is clearly a tendency towards desta-
bilizing behavior at this Mach number.

At M=0.95, a di�erent aeroelastic behavior is ob-
served for the Ares I-X vehicle. As can be seen in
Figure 15, there is an increase in stability with an in-
crease in dynamic pressure at this Mach number for
the nominal modal frequencies. For an increase in the
modal frequencies identical to that performed previ-
ously, no detrimental e�ect is noticed at this Mach
number as seen in Figure 16. However, for the case of
decreased modal frequencies, reduced stability is ob-
served for the twelfth 
exible mode as indicated by
the migration of the roots of that mode to the right of

Fig. 12 Comparison of FUN3D and ROM aeroe-
lastic responses at M=0.5 and nominal dynamic
pressure for the �rst generalized coordinate (�rst
elastic mode).

Fig. 13 Dynamic pressure root loci from aeroelas-
tic ROM for increased modal frequencies at M=0.5
for the Ares I-X vehicle.

the Q=0 values, as seen in Figure 17. This indicates a
potential sensitivity of that mode to slight variations
in its modal frequency. Although not presented here,
these aeroelastic ROM results compared very well with
results from full FUN3D analyses at this condition.

Analysis at a higher Mach number of 1.44 indicates
that there is no e�ect on the stability of the vehicle due
to variations in the modal frequencies. The result for
nominal modal frequencies is shown in Figure 18, while
the result for increased modal frequencies is shown in
Figure 19 and that for decreased modal frequencies
is shown in Figure 20. As can be seen, there is no
migration of any of the roots to the right of the Q=0
values.
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Fig. 14 Dynamic pressure root loci from aeroelas-
tic ROM for decreased modal frequencies at M=0.5
for the Ares I-X vehicle.

Fig. 15 Dynamic pressure root loci from aeroelas-
tic ROM for nominal modal frequencies at M=0.95
for the Ares I-X vehicle.

Ares I

Unsteady aerodynamic and aeroelastic ROMs also
were generated for the Ares I vehicle at several Mach
numbers and for a speci�c variation in the structural
dynamics of the vehicle. This structural dynamic vari-
ation is due in part to the inclusion of a dual-plane
Thrust Oscillation Isolator (TOI) modi�ed model and
it results in a di�erent structural dynamic representa-
tion than the baseline Ares I vehicle model. Although
the intent of the TOI system is to reduce vibrations as-
sociated with the propulsion system, the TOI system
as modeled actually introduces additional 
exibility
that has a detrimental e�ect on aeroelastic stability.
In addition to the 
exibility introduced by the TOI
system, the baseline Ares I vehicle is more 
exible than
the Ares I-X vehicle. In this section, results are pre-
sented for the M=1.00 condition.

Presented in Figure 21 is a comparison of the full

Fig. 16 Dynamic pressure root loci from aeroe-
lastic ROM for increased modal frequencies at
M=0.95 for the Ares I-X vehicle.

Fig. 17 Dynamic pressure root loci from aeroe-
lastic ROM for decreased modal frequencies at
M=0.95 for the Ares I-X vehicle.

Fig. 18 Dynamic pressure root loci from aeroelas-
tic ROM for nominal modal frequencies at M=1.44
for the Ares I-X vehicle.
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Fig. 19 Dynamic pressure root loci from aeroe-
lastic ROM for increased modal frequencies at
M=1.44 for the Ares I-X vehicle.

Fig. 20 Dynamic pressure root loci from aeroe-
lastic ROM for decreased modal frequencies at
M=1.44 for the Ares I-X vehicle.

FUN3D and the ROM aeroelastic responses at M=1.00
for the �rst 
exible mode of the baseline Ares I vehicle.
As can be seen, the comparison is very good with the
ROM result only slightly less stable (less damping)
than the full FUN3D solution.

The root loci at M=1.00 for the baseline Ares I ve-
hicle is presented in Figure 22. For this version of
the vehicle, it can be seen that most of the aeroelastic
roots migrate to the left of the Q=0 points, indicating
increased damping, and, therefore, increased stability.
However, for the �rst mode there appears to be a root
migration to the right, indicating decrease damping
and, therefore, decreased stability.

Presented in Figure 23 is a comparison of the full
FUN3D and the ROM aeroelastic responses at M=1.00
for the �rst 
exible mode of the TOI-modi�ed Ares I
vehicle. Once again, the comparison is very good with
the ROM result only slightly less stable (less damping)
than the full FUN3D solution.

Finally, the root loci at M=1.00 for the TOI-

Fig. 21 Comparison of full FUN3D and ROM
aeroelastic responses at M=1.00 for the �rst 
ex-
ible mode of the baseline Ares-I vehicle (ROM-
Green; FUN3D-Blue).

Fig. 22 Dynamic pressure root loci from aeroelas-
tic ROM at M=1.00 for the baseline Ares I vehicle.

modi�ed Ares I vehicle is presented in Figure 24. By
comparing this root loci with that for the baseline
Ares I vehicle, it can be seen that modi�cation of
the Ares I vehicle to include the TOI system tends
to reduce the stability of the �rst 
exible mode as
indicated by the migration of the roots of the �rst

exible mode to the right of the Q=0 point beyond
the point seen in Figure 22. The rapid assessment of
this reduced-stability condition was an important con-
tribution of the ROM methodology as applied to these
vehicles. Subsequent full FUN3D aeroelastic solutions
con�rmed these ROM aeroelastic results.

Concluding Remarks
Methods for generating unsteady aerodynamic

reduced-order models (ROMs) and aeroelastic ROMs
have been presented. These methods were applied
towards the development of unsteady aerodynamic,
structural dynamic, and aeroelastic ROMs for the Ares
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Fig. 23 Comparison of full FUN3D and ROM
aeroelastic responses at M=1.00 for the �rst 
ex-
ible mode of the TOI-modi�ed Ares-I vehicle
(ROM-Green; FUN3D-Blue).

Fig. 24 Dynamic pressure root loci from aeroelas-
tic ROM at M=1.00 for the TOI-modi�ed Ares I
vehicle.

I-X and Ares I launch vehicles in order to quickly
generate aeroelastic response information. A sample
of results presented included error minimization tech-
niques, comparison of aeroelastic responses for the full
FUN3D solution versus the aeroelastic ROM solution,
and root locus plots for parametric variations of modal
frequency. The ability to rapidly generate aeroelastic
root loci as a function of dynamic pressure at a given
Mach number provided valuable insight regarding the
nature of the aeroelastic response of these launch vehi-
cles. Of particular signi�cance is the fact that aeroelas-
tic interactions amongst the various modes for launch
vehicles is unlike the typical aeroelastic interactions of
lifting surfaces. Whereas the aeroelastic interactions of
a lifting surface may reveal a coalescence of two modes
originally at di�erent frequencies, the aeroelastic inter-
actions for these launch vehicles consist of a coupling of
modes at very nearly the same frequency with minimal

variation in frequency for all modes as a function of dy-
namic pressure. This should not be surprising as lauch
vehicles are not lifting surfaces. Another important
contribution of this ROM methodology was the iden-
ti�cation of reduced aeroelastic stability of the Ares I
vehicle with the TOI system at a transonic Mach num-
ber. The methods were shown to be a powerful tool
to enable the rapid assessment of aeroelastic behavior
of this class of launch vehicles.
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