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Abstract

This paper presents a fundamental study of the aeroelastic behavior of hypersonic vehicles. Two separate
configurations are examined. First, a typical cross-section analysis of a double-wedge airfoil in hypersonic flow is
performed using three different types of unsteady airloads: piston theory and complete Euler and Navier—Stokes
solutions based on computational fluid dynamics. The analysis of the double-wedge airfoil is used to justify the usage of
the simple aerodynamics for a reusable launch vehicle (RLV). Subsequently, the aeroelastic problem for a complete
vehicle that resembles an RLV in trimmed flight is considered, using approximate first-order piston theory
aerodynamics. The results provided for these configurations provide guidelines for approximate aeroelastic modelling
of hypersonic vehicles.
© 2004 Elsevier Ltd. All rights reserved.

1. Introduction and problem statement

Hypersonic aeroelasticity and aerothermoelasticity received considerable attention in the late 1950s and during the
1960s as evident from Bisplinghoff and Dugundji (1958), Garrick (1963), Hedgepeth and Widmayer (1963) and Laidlaw
and Wyker (1963) using various versions of piston theory, as well as other very approximate acrodynamic models. This
research activity was quite useful and it provided some basis for the aerothermoelastic design of the space shuttle. For a
considerable time, since that early period, there was only limited interest in this area until the advent of the National
Aerospace Plane (NASP) which motived new research in this field. In recent years, renewed activity in hypersonic flight
research has been stimulated by the need for a low-cost, single-stage-to-orbit (SSTO) or two-stage-to-orbit (TSTO)
reusable launch vehicle (RLV) and the long-term design goal of incorporating air breathing propulsion devices in this
class of vehicles. The X-33, an example of the former vehicle type, was a % scale, fully functional technology
demonstrator for the full-scale VentureStar. Another ongoing hypersonic vehicle research program is the NASA Hyper-
X experimental vehicle effort. Other activities are focused on the design of unmanned hypersonic vehicles that meet the
needs of the US Air Force. The present study is aimed at enhancing the fundamental understanding of the aeroelastic
behavior of vehicles that belong to this category and operate in a typical hypersonic flight envelope.

Vehicles in this category are based on a lifting body design. However, stringent minimum-weight requirements imply
a degree of fuselage flexibility. Aerodynamic surfaces, needed for control, are also flexible. Furthermore, to meet the
requirement of a flight profile that spans the Mach number range from 0 to 15, the vehicle must withstand severe
aerodynamic heating. These factors combine to produce unusual aeroelastic problems that have received only limited
attention in the past. Furthermore, it is important to emphasize that testing of aeroelastically scaled wind tunnel
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Nomenclature
A area
A flutter boundary eigenproblem matrix
a nondimensional offset between the elastic axis and the midchord, positive for elastic axis behind midchord
dy free-stream sound velocity
b semi-chord of the airfoil
C(O) orthogonal rotation matrix from the inertial axes to the body axes
G pressure coefficient
Cpi, Ci chord length of fin tip and root, respectively
c reference length, chord length of double-wedge airfoil
D domain of integration of the flexible body
D(®) transformation matrix relating the time derivatives of the Euler angles to the angular velocity vector
dy distance from vehicle, c.g., to leading edge of canted fin root chord
d, distance from vehicle, c.g., to aerodynamic center of elevon
er thrust eccentricity
F nonconservative force vector, expressed in body axes
F vector of distributed generalized forces
f(x) function describing airfoil surface
g acceleration of gravity
h airfoil vertical displacement at elastic axis
hP depth distribution of equivalent plate trapezoidal segment
| identity matrix
1, mass moment of inertia about the elastic axis
J matrix of mass moments of inertia of the deformed body
J° matrix of mass moments of inertia of the undeformed body
JQX,JfV,JBZ,J%, mass moments of inertia of the undeformed body
J;ﬁ,}, " nondimensionalized mass moment of inertia for the undeformed hypersonic vehicle, 273, [P Add3)
K stiffness matrix
K,,K; spring constants in pitch and plunge, respectively; K, = Imwi,[(h = mwﬁ
& matrix of structural operators on u
L Lagrangian of the hybrid system, written as a function of the generalized coordinates
L Lagrangian of the hybrid system, written as a function of quasi-coordinates
L trim lift
r lift per unit span
Ly, L), LYy first-, second- and third-order piston theory lift components
/ length
M moment component in the y-direction of the body axes
Mc Mach number at which flutter occurs
M moment vector written in terms of components along the body axes
Mgy moment per unit span about the elastic axis
M, M,, M3 first-, second- and third-order piston theory moment components
M? generalized mass matrix
M, free-stream Mach number
m mass of the flexible body

3

q,r

TSI vOPZIS

nondimensionalized mass of the hypersonic vehicle, 2m/(p , A,lp)

mass per unit area

number of normal modes in truncated series

unit normal

origin of the body axes

arbitrary point on flexible body

angular velocity components referred to body axes, in x-, y- and z-directions, respectively
radius of gyration

pressure on lower surface
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Ds pressure on surface

Du pressure on upper surface

P free-stream pressure

Q vector of discrete generalized forces

Q vector of generalized forces used in modal expansion method

q vector of generalized coordinates

4o free-stream dynamic pressure

q nondimensionalized pitch rate, /q/ Vo

Qx> 4y, 9,5 Gozr oy VeECtOTs of the unknown power series coefficients for ug, uy0, tiz0, Py, Py, respectively
Ry position vector of origin of body axes with respect to the inertial axes

RB Ry, but with components given with respect to unit vectors of the inertial axes

r position vector of typical point P in the undeformed configuration with respect to the body axes
T, position vector of typical point P in the deformed body with respect to the inertial axes
Sy static mass moment of wing section about elastic axis

sy span of canted fin

T kinetic energy

t time

t thickness distribution of kth layer of equivalent plate trapezoidal segment cover skin

i nondimensional time, Vy.t/l

U strain energy

Uy strain energy density

Uy, V free-stream velocity

u vector of elastic displacements

u vector of elastic displacements of the reference surface

Vy potential energy due to gravity

Vo velocity of origin of body axes, in body axis components

v time derivative of u with respect to a reference frame attached to the body axes

vy effective piston velocity

A/ velocity vector of typical point P in the deformed body with respect to the inertial axes

X,Z components of F in the x- and y-directions of the body axes, respectively
X1, Y;, Z; inertial axes
X, ),z body axes

Xy nondimensional offset between the elastic axis and center of gravity, positive for center of gravity behind
elastic axis
Ax vector of degrees of freedom for linearized model of the generic hypersonic vehicle

Z*!(x, ) initial curvature of vehicle upper (u) or lower (/) surface
Z'(x,y, t)position of airfoil surface

Z, camber distribution of equivalent plate trapezoidal segment
Greek symbols

o angle of attack

Ol static angle of attack

Y specific heat

Ve climb angle

o() variational symbol

0 Kronecker delta function

O, elevon deflection

A() perturbed quantity

er inclination of the thrust vector

L modal damping of the kth mode

n spanwise local coordinate of equivalent plate trapezoidal segment
7 nondimensionalized modal coordinate, n; (i = 1, ..., Ny),n;/In
#iN+;  nondimensionalized modal coordinate, nNy,y; (i =1, ..., Nyy), 1/ Vox

n vector of generalized coordinates used in modal expansion
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(2] 3 x 1 matrix of Euler angles

0y angle of the X-33 fins, measured from horizontal

¢ streamwise local coordinate of equivalent plate trapezoidal segment

p vehicle density

T thickness ratio of the airfoil

¢,0,%  Euler angles, elements of &

Oy» q’>y, ¢, Pp Py, vectors of power series terms for the approximating polynomials of uy, ty0, iz, P, Dy,
respectively

D, kth normal mode

0] modal matrix

@.,®, rotations due to transverse shear in the xz and yz planes, respectively

w angular velocity

W natural frequency of kth normal mode

oy nondimensionalized natural frequency

Special symbols

O derivative with respect to time

0l derivative with respect to spatial coordinate

0 indicates energy density of variable or nondimensionalized quantity, depending on context

O skew symmetric matrix

0 trimmed value

On quantity with respect to the lifting body only

Oy quantity with respect to the canted fins only

0. quantity with respect to the elevon only

O); quantity with respect to the total vehicle

models, a conventional practice in subsonic and supersonic flow, is not feasible in the hypersonic regime. Thus, the role
of aeroelastic simulations is more important for this flight regime than in any other flight regime.

Previous studies in this area can be separated into several groups. The first group consists of studies focusing on panel
flutter, which is a localized aeroelastic problem representing a small portion of the skin on the surface of the hypersonic
vehicle. Hypersonic panel flutter has been studied by a number of researchers, focusing on important effects such as
aerodynamic heating (Xue and Mei, 1990), composite (Gray and Mei, 1992; Abbas and Ibrahim, 1993) and nonlinear
structural models (Bein et al., 1993) and initial panel curvature (Nydick et al., 1995). It was noted in Nydick et al. (1995)
that piston theory may not be appropriate for the hypersonic regime and that hypersonic studies might have to use
unsteady aerodynamic loads based on the solution of the Navier—Stokes equations. A comprehensive review of this
research can be found in a recent survey paper (Mei et al., 1999).

The second group of studies in this area was motivated by a previous hypersonic vehicle, namely, the NASP
(Rricketts et al., 1993; Spain et al., 1993a, b; Scott and Pototzky, 1993; Rodgers, 1992; Heeg et al., 1993; Heeg and
Gilbert, 1993). However, some of these studies dealt with the transonic regime, because it was perceived to be quite
important. Spain et al. (1993a) carried out a flutter analysis of all-movable NASP-like wings with slab and double-
wedge airfoils. They found that using effective shapes for the airfoils obtained by adding the boundary layer
displacement thickness to the airfoil thickness improved the overall agreement with experiments. Aerothermoelastic
analyses of NASP-like vehicles found that aerodynamic heating altered the aeroelastic stability of the vehicle through
the degradation of material properties and introduction of thermal stresses (Rodgers, 1992; Heeg et al., 1993; Heeg and
Gilbert, 1993).

The third group of studies is restricted to recent papers that deal with the newer hypersonic configurations such as the
X-33 or the X-34. Blades et al. (1999) considered the X-34 launch vehicle in free flight at M., = 8.0. The aeroelastic
instability of a generic hypersonic vehicle, resembling the X-33, was considered in (Nydick and Friedmann, 1999) and
(Nydick, 2000). It was found that at high hypersonic speeds and high altitudes, the hypersonic vehicle is stable, when
first-order piston theory was used to represent the aerodynamic loads. Sensitivity of the flutter boundaries to vehicle
flexibility and trim state were also considered (Nydick and Friedmann, 1999). In another reference (Gupta et al., 2001),
CFD-based flutter analysis was used for the aeroelastic analysis of the X-43 configuration, using system identification-
based order reduction of the acrodynamic degrees of freedom. Both the structure and the fluid were discretized using
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Fig. 1. Operating envelopes for several modern hypersonic vehicles.

the finite element approach. It was shown that piston theory and ARMA Euler calculations predicted somewhat similar
results.

From the studies on various hypersonic vehicles (Ricketts et al., 1993; Berry et al., 1999; Riley and Alter, 1998; Gupta
et al., 2001) one can identify operating envelopes for each vehicle. A graphical representation of these operating
conditions is shown in Fig. 1.

In a recent study (Thuruthimattam et al., 2002), the two-dimensional aeroelastic stability problem of a double-wedge
typical section in hypersonic flow has been studied. Three different unsteady types of aerodynamic loads were used in an
attempt to establish the differences in stability boundaries when using: (a) piston theory; (b) computational fluid
dynamics (CFD)-based Euler loads; and (c) loads based on the CFD solution of the Navier—Stokes equations. This
simple model has proved itself very useful for understanding the level of approximations needed when generating
unsteady aerodynamic loads. This paper has several objectives: (i) to present an aeroelastic analysis for a typical cross-
section of a double-wedge airfoil in hypersonic flow and use it to compare aeroelastic stability boundaries based on
unsteady aerodynamic loads obtained from piston theory, as well as loads based on CFD obtained from the Euler and
Navier—Stokes equations; (ii) to present the unrestrained aeroeclastic equations of motion for a generic trimmed
hypersonic vehicle; and (iii) to conduct a parametric study of the aeroelastic behavior of a hypersonic vehicle in free
flight and determine its aeroelastic stability characteristics.

It is important to note that this is an exploratory paper that aims to identify the value of approximate aeroelastic
models in the hypersonic flow region where only a limited amount of research has been done to date.

2. Aeroelastic analysis of the double-wedge typical section in hypersonic flow

The computational aeroelastic solutions for the double-wedge typical section are obtained using the CFL3D code
(Krist and Rumsey, 1997). The CFL3D code is used to perform both steady and unsteady flow calculations, and to also
obtain the aeroelastic transients. The aeroelastic solution utilizes the free vibration modes of the structure.

2.1. Euler/Navier—Stokes solver in CFL3D

The aeroelastic analysis of the double-wedge airfoil is carried out using the CFL3D code. The code uses an implicit,
finite-volume algorithm based on upwind-biased spatial differencing to solve the time-dependent Euler- and Reynolds-
averaged Navier—Stokes equations. Multigrid and mesh sequencing are available for convergence acceleration. The
algorithm, which is based on a cell-centered scheme, uses upwind differencing based on either flux-vector splitting or
flux-difference splitting, and can sharply capture shock waves. For applications utilizing the thin-layer Navier—Stokes
equations, different turbulence models are available. For time-accurate problems using a deforming mesh, an additional
term accounting for the change in cell volume is included in the time discretization of the governing equations. Since
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CFL3D is an implicit code using approximate factorization, linearization and factorization errors are introduced at
every time step. Hence, intermediate calculations referred to as ‘“‘subiterations” are used to reduce these errors.
Increasing these subiterations improves the accuracy of the simulation, albeit at increased computational cost.

2.2. Aeroelastic option in CFL3D

The aeroelastic approach underlying the CFL3D code is similar to that described in Robinson and Yang (1991) and
Cunningham and Bennett (1989). The equations are derived by assuming that the general motion w(x, y, ) of the
structure is described by a finite modal series given by Eq. (1) below. The functions ¢;(x, y) represent the free vibration
modes of the vehicle which are calculated using a finite element approach

N

u(x,y, 0 =Y gi()®i(x, ). (1)

i=1
The aeroelastic equations of motion are obtained from Lagrange’s equations
d /oT oT oU
il [l I i 2
dl(é‘t'I) 2 " aq Q @
which yield

MG + Kq = Q(q, 4, d), 3)
where the elements of the generalized force vector are given by

psdA
Goo

Q=g | D “4)
4

The aeroelastic equations are written in terms of a linear state-space equation (using a state vector of the form

[... ¢i-1 ¢i Gi gis1 ...]7) such that a modified state-transition-matrix integrator can be used to march the coupled fluid—

structural system forward in time. The fluid forces are coupled with the structural equations of motion through the

generalized aerodynamic forces. Thus, a time history of the modal displacements, modal velocities and generalized

forces is obtained.

2.3. General overview of the solution process

The solution of the computational aeroelasticity problem used in the present study is shown in Fig. 2. First, the
vehicle geometry is created using CAD software, and from this geometry a mesh generator is used to create a structured
mesh for the flow domain around the body. In parallel, an unstructured mesh is created for the finite element model of
the structure using the same nodes on the vehicle surface that were used to generate the fluid mesh. Subsequently, the
fluid mesh is used to compute the flow around the rigid body using a CFD solver, which consists of the CFL3D code
developed by NASA Langley Research Center. The structural mesh is used to obtain the free vibration modes of the
structure by finite element analysis using MSC NASTRAN. Nodes on the surface of the geometry in both the
structured and unstructured meshes are matched up by their physical coordinates. This correlation is used to obtain
the modal displacements at each of the surface nodes in the structured fluid mesh from the unstructured structural
mesh. Using the flow solution as an initial condition, and the modal information, an aeroelastic steady state is obtained.
For a geometry with vertical symmetry at zero angle of attack, such as the double-wedge airfoil, the aeroelastic steady
state is the same as the undeflected state. Next, the structure is perturbed in one or more of its modes by an initial modal
velocity condition, and the transient response of the structure is obtained. To determine the flutter conditions at a given
altitude, aeroelastic transients are computed at several Mach numbers and the corresponding dynamic pressures. The
frequency and damping characteristics of the transient response for a given flight condition and vehicle configuration
can be determined from the moving block approach, which analyzes the Fourier transform of a discretely sampled
transient signal (Bousman and Winkler, 1981). This approach applied to the same altitude and vehicle configuration for
a range of Mach numbers results in a series of damping values for the system. The flutter Mach number can be
estimated from this series by interpolating the damping data-points to identify zero damping.

2.4. Computational model for the double-wedge airfoil

The Euler and Navier—Stokes computations are carried out using a 225 x 65 C-grid with 225 points around the wing
and its wake (145 points wrapped around the airfoil itself), and 65 points extending radially outward from the airfoil
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Fig. 2. A flow diagram of the computational aeroelastic solution procedure.

surface. The computational domain extends one chord-length upstream and six chord lengths downstream, and one
chord length to the upper and lower boundaries. For the Navier—Stokes simulations, the Spalart-Allmaras turbulence
model was used, along with an adiabatic wall temperature condition. The double-wedge airfoil and a portion of the
surrounding computational grid are shown in Fig. 3.

2.5. Aeroelastic model for a double-wedge airfoil using higher-order piston theory

Piston theory is an inviscid unsteady aerodynamic theory that has been used extensively in supersonic and hypersonic
aeroelasticity. It provides a point—function relationship between the local pressure on the surface of the vehicle and the
component of fluid velocity normal to the moving surface (Ashley and Zartarian, 1956; Lighthill, 1953). The derivation
utilizes the isentropic “‘simple wave” expression for the pressure on the surface of a moving piston

(o, 1 1 2y/(y=1)
px0 _ (1 + VTU_p) , )
Po Ao
where
_0Z(x,1) 0Z!(x, 1)
v U T ©

The expression for piston theory is based on a binomial expansion of Eq. (5), where the order of the expansion is
determined by the ratio of v,/a.. Lighthill (1953) suggested a third-order expansion, since it produced the smallest
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Fig. 3. Double-wedge airfoil section, and surrounding grid, to scale.

Fig. 4. Two degree of freedom typical airfoil geometry.

error of the various orders of expansion used when compared to the limiting values of pressure, namely, the “simple
wave” and “‘shock expansion” solutions. The third-order expansion of Eq. (5) yields

2 3
S 20D\ 0D (Y
Vaoc + 4 a,) 12 do ’ )
An aeroelastic analysis for a typical cross-section for a double-wedge airfoil was developed using Eq. (7) for the

unsteady pressure loading. The equations of motion for a typical cross-section, with pitch and plunge degrees of
freedom shown in Fig. 4, were obtained from Lagrange’s equations

mh + S, + Kyh = —L'(1),
Syh + LG + Kyo = Mg(1). ®)

Ps(X, 1) =P =P

Assuming small displacements and using Fig. 4 yields

Z'(x, 1) = —{h(f) + (x — ba)u(t)} + f(x) )
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and

O = —{h + (x — bayi} + Uoc{—w%},

vy = th+ (x — bayi} — U@{—H%}, (10)
where

%:r: —b<x<0,

%: —1: 0<x<b,

%: —1. —b<x<0,

I 0<x<b. (an

From Egs. (7), (10) and (11) the unsteady pressure distribution was determined. The unsteady lift and moment due to
this pressure distribution were determined from

b
L'(t) = [[ Pi(x, 1) — pu(x, 1)) dx,

b
Mea) == [ (= ba) (i)~ pu ) (12)
—b
The unsteady lift can be written as
L'(t) = Ly(1) + L)1) + Ly(1), (13)
where

h o
! —_— LY _ —
Ll(t)—4pw,)Mwb{V baV—i-oc},

g
Ly(t) = —pooy(y + HM2 bt (;) :

; . ; . 2 N 2
Lg(r):%pmy(“/—i- 1)M~;b{(lﬁ/—ba%+a) <(]—;—ba%+a) 132 4 (b%) )} (14)

Note that L;(f), L>(¢), and Ls(¢) represent the first-, second- and third-order piston theory lift components, respectively.
The unsteady moment is represented in a similar manner

Mg (1) = M (1) + Ma(t) + M5(2), (15)
where
h (b a
_ . 2 _[Z 2\
Mi(t) =4pyM b {aV (3+ba) V+aoc},

h .
M) = paiy + l)M;bzr{; ~2ba s a},

. . 2
B 7 LY S AN L. 4
M;(t) = 3pw,)(y+l)M%b {5<bV) a(V baV+oc)<(V baV+ot) +37

2 .
i (h i R i (h g
+bI—/<(I—/baI—/+a) +1 baI—/(I—/baI—/+fx)>}. (16)
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It is interesting to note that the second-order lift and moment are linear in terms of the displacement variables due to
vertical symmetry of the double-wedge airfoil.

For compatibility with CFL3D, it is important to represent Eq. (8) in terms of generalized coordinates and forces.
This is accomplished by the normal mode transformation given by

h(t) } { q1(0) }
= [ . 17
Lo = oo 4
Applying the normal mode transformation on the equations of motion, Eq. (8), yields
{1{1(1)} _ [(I)]T{ L(t) } et 0 {QI(I)}’ (18)
Ga(0) ME4(1) 0 o3|l

for mass normalized modes. The modal degrees of freedom are coupled through the generalized aerodynamic loads.
Eq. (18) was solved using the subroutine ODE45 in MATLAB®.

2.6. Results on the aeroelastic stability of the double-wedge typical section

The results presented in this section compare aeroelastic stability boundaries using piston theory with those based on
CFD solutions of the Euler and Navier—Stokes equations. By comparing these three sets of results, one can identify the
importance of viscosity and the effectiveness of piston theory in approximating the aeroelastic behavior of a double-
wedge typical section in inviscid flow.

The configuration is based on the parameters given in Table 1, the material of the structure is assumed to be
aluminum alloy 2024-T3. Fig. 5 depicts the flutter boundaries at various altitudes, as a function of the offset a, for the
operating envelope of a typical hypersonic vehicle, at 0° angle of attack, based on first- and third-order piston theory.
The mass ratios for the various altitudes, calculated using the standard-atmosphere, are given in Table 2. It is quite
interesting to compare the flutter boundaries obtained with first- and third-order piston theory at altitudes of 40 000 ft
and 70 000 ft. For both cases, for the high Mach number regime, there are large differences between the flutter margins
predicted by the linear and nonlinear versions of piston theory. There is a large reduction in aeroelastic stability when
going from first- to third-order piston theory, particularly in the high Mach number regime. This difference diminishes
as the Mach number regime decreases. It is evident that for positive values of the offset a, the first-order curves tend to
asymptotically approach the curves based on third-order piston theory. For the Mach number range of ¢ <M, <15,
the height selected for the flutter calculations of this configuration was 70 000 ft. At this altitude, the flutter boundaries
are at M. = 9.21 for a = 0.1 and at M, = 14.96 for a = —0.2. Sample computational points from this study were Mach
numbers 7, 10 and 15 at 70 000 ft, with Reynolds numbers of 3.336 x 10°, 4.766 x 10° and 7.149 x 10°, respectively.

The results for the aeroelastic behavior with @ = 0.1 using different aerodynamic models is shown in Fig. 6. The linear
nature of the second-order piston theory model allowed an eigenanalysis for comparison with frequency and damping
characteristics from second-order piston theory aeroelastic transients. From this figure, the flutter Mach number
predicted by second-order piston theory was M. = 9.79. In general, results from the time history analysis agreed with
the eigenanalysis. The sharp coalesce shown in Fig. 6 is due to an inability of the moving block approach to distinguish
between the damping and frequency characteristics of the transient motion as the flutter Mach number is approached
and the two modes begin to interact. The flutter Mach number obtained with Euler aerodynamics is M, = 6.75, and
when Navier—Stokes aerodynamics is used, flutter is found to be at M, = 6.59.

For a different offset between midchord and elastic axis, a = —0.2, Fig. 7 indicates that differences in system response
from the three aerodynamic models are minor at Mach numbers well below the flutter boundaries. However, these
differences increase with Mach number. An eigenanalysis using second-order piston theory indicates flutter at M, =
15.16, while an analysis of third-order piston theory aeroelastic transients indicates flutter at M, = 14.96. It is apparent
that, for this configuration, third-order piston theory is slightly more conservative than second-order piston theory.
With Euler aerodynamics, the flutter boundary drops to M, = 11.76, and using Navier—Stokes aerodynamics results in
a further reduction to M. = 11.15. These differences emphasize the importance of aerodynamic nonlinearities and
viscosity with increasing Mach numbers.

All the cases considered were at 0° static angle of attack. Hypersonic vehicles in trimmed flight will operate at an
angle of attack. The effect of static angle of attack with @ = —0.2 is shown in Fig. 8, using Euler acrodynamics. Three
static angles of attack a; = 0°, oy = 1° and oy = 2° were considered. Increasing the static angle of attack reduces the
flutter margin proportionally by a small value. Results with piston theory and Navier—Stokes aerodynamics, not shown
here, exhibit similar trends.
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Table 1
Properties of the configuration

691

Parameter Configuration I
¢ (m) 2.00
Thickness ratio (%) 2.5

Wedge angle (deg) 2.86

m (kg/m) 51.8

Ty 0.5

wy (Hz) 7.96

w, (Hz) 19.9

% 0.4

Xy 0.2

Mach number

40

35

30

25

20

15

10

—=a&—— sealevel
——<—— 5,000 feet
——a—— 40,000 feet
- — A - - 40,000 feet-1st Ord PT
——6—— 70,000 feet

- - © - - 70,000 feet-1st Ord PT
——v—— 100,000 feet

Fig. 5. Flutter boundaries at zero angle of attack, obtained using two different versions of piston theory. Full lines are for third-order

piston theory, dashed lines are for first-order piston theory and the symbols on the lines identify the altitude.

Table 2
Mass ratio at various altitudes

Altitude (ft)

U,,» Configuration I

0

5000
40000
70000
100000

13.47
15.63
141.81
232.68
942.60

The results shown in this section, together with additional results shown in (Thuruthimattam et al., 2002) indicate
that trend-type studies based on piston theory produce reasonable trends. The computational requirements for Euler
equations are quite substantial, while Navier—Stokes solutions are very expensive. Thus when dealing with a complete
hypersonic vehicle, the use of the simple piston theory, for a trend type study, can be justified based on computational
cost. The problem of a complete hypersonic vehicle in trimmed flight is considered in the next section.

3. Aeroelastic analysis of a trimmed generic hypersonic vehicle

An aeroelastic analysis of the entire vehicle in free flight in the hypersonic regime requires the formulation of the
governing equations of motion for an unrestrained flexible vehicle. A general discussion of the governing equations of
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Fig. 6. Comparison of aeroelastic results at an altitude of 70 000 ft, « = 0.1, with different aerodynamic models.
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Fig. 7. Comparison of aeroelastic results at an altitude of 70 000 ft, « = —0.2, with different aerodynamic models.
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Fig. 8. Effect of static angle of attack on the aeroelastic behavior, at an altitude of 70 000 ft, using Euler aerodynamics, a = —0.2.

motion for unrestrained flight vehicles can be found in the text by Bisplinghoff et al. (1955) and the series of papers by
Milne (1955, 1968). Application to hypersonic vehicles has been studied by Waszak and Schmidt (1988) and Bilimoria
and Schmidt (1995) where the primary emphasis has been on stability and control. A novel approach to the
determination of the governing equations of motion of a flexible body using quasi-coordinates has been presented by
Meirovitch (1991). The method of quasi-coordinates is an effective and labor-saving procedure for obtaining the
governing equations for flexible structures involving rigid body and flexible degrees of freedom.

When representing the dynamics of a flexible aerospace vehicle, several alternatives exist. One can develop a finite
element model for a vehicle, which usually involves a large number of degrees of freedom. The finite element degrees of
freedom can be reduced by calculating a limited number of free vibration modes and using a normal mode
transformation. An alternative to the finite element method is the equivalent plate theory, which produces significant
savings in both computational time and model setup effort while retaining acceptable modelling accuracy (Giles, 1986).
Recently, equivalent plate theory has received renewed attention and its modelling capabilities have been expanded so
that it is now capable of representing complex aerospace vehicle structural configurations (Giles, 1989, 1995; Livne,
1993). Such enhancements include the ability to model asymmetric fin cross-sections, out-of-plane fin segments, internal
web and spar structures, including transverse shear effects, thermal stresses and general boundary conditions, as well as
the ability to specify multiple trapezoidal segments and multiple sets of assumed displacement functions. In this study,
equivalent plate theory is employed to calculate the free vibration modes of the unrestrained vehicle using the ELAPS
code.

3.1. Equations of motion of the unrestrained vehicle

The derivation of the equations of motion for the unrestrained generic hypersonic vehicle is based upon Lagrange’s
equations of motion in terms of quasi-coordinates following the approach described in Meirovitch (1991).

Quasi-coordinates are defined in terms of their time derivatives. Specifically, these time derivatives are defined as
nonintegrable linear combinations of the generalized velocities. Because the time derivatives are nonintegrable, the
quasi-coordinate itself is undefined.
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The coordinate systems needed to describe the translating and rotating elastic body are shown in Figs. 9 and 10. The
body axes translate and rotate with the body, though they are not necessarily attached to a specific material point in the
body. Possible choices for the body axes include attached axes, mean axes and principal axes (Milne, 1955). Attached
axes are attached to a specific material point in the body, mean axes are oriented such that no linear or angular
momentum is generated by the flexible motion, and principal axes are oriented such that they are the principal axes of
the deforming body at all times. Mean axes are used in this study.

As shown in Meirovitch (1991) and Nydick and Friedmann (1999), after considerable algebraic manipulation,
Lagrange’s equations may be rewritten in terms of time

d /oL _ oL oL

al&) o5 & (%)

d(oL\ o oL oL . oL

a(a—w) RGN E) (19b)
oT ov*

dt(an— —+:fu—F (19¢)

where F and M are nonconservative force and torque vectors, respectively, written in terms of components along the
body axes and the displacements u are subject to appropriate boundary conditions. The bar above the Lagrangian
indicates that it is to be expressed in terms of time derivatives of quasi-coordinates.

The equations for a translating and rotating flexible body may be completed by substituting appropriate expressions
for the Lagrangian. Using the geometry given in Fig. 9, the position and velocity of material point P can be written as

n=Ry+rtu, (20a)

v, =Ro+ox(@+u)+yv, (20b)
and expressions for the kinetic and potential energy may be obtained. When small deformations are assumed, the
displacements are expressed as a sum of unrestrained normal modes

Nm

u(r, 1) =Y O (0) = @, @1
k=1

inertial frame

Fig. 9. Flexible body.
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where the modes satisfy the orthogonality relations given by
/ ®, - pdV = M5, (22)
v

where M is the ith generalized mass. This orthogonality property holds for both the rigid body and flexible modes.

Simplification of the kinetic energy expression can be obtained by employing mean axes with the origin at the center
of gravity of the deformed vehicle as the body axes. Mean axes reduce the inertial coupling between the rigid and
flexible equations of motion. Mean axes are chosen such that, at every instant, the linear and angular momenta of the
relative motion with respect to the body axes are identically zero, which leads to the relations (Milne, 1955)

/ pudV =0, (23)
v

/ prxudV =0. (24)

14
For mean axes, the kinetic energy expression becomes
1 L 1
T= zmvgJ% +3 / p2rToTody 4+ nTdTd d Dyl dD + 3 7T MY3. (25)
D

The potential energy is written

U=1n"Ky (26)
and

V, = —mgR{,. (27)

The final equations of motion of the unrestrained vehicle can be written as (Nydick and Friedmann, 1999; Nydick,
2000)

ov,

Vo =mVow — C—2+F, 28a
mVy = mVyow aR(l) (28a)
Jo=—-a0+M, (28b)
MEij + C%jp + (Kg - / p®TH D dD) N= / pr'@Tadd dD + Q. (28¢)

D D

This study focuses on the longitudinal dynamics of a symmetric vehicle in horizontal flight, which can be decoupled
from the lateral equations and written as

m(Vox + qVo:) = X — mgsin 0, (29a)
m(Vo. — qVoy) = Z + mg cos 0, (29b)
Ini=M. (29¢)

The equation governing the elastic motion remains unchanged.
3.2. Trim state of the vehicle

Aeroelastic stability boundaries are obtained from dynamic equations linearized about a static trim state; the
geometry for trim is shown in Figs. 10 and 11. Lateral trim is assumed to be satisfied and decoupled from the
longitudinal trim state. Longitudinal trim is obtained for level, ascending or descending flight by using elevons located
at the trailing edge of the lifting body, as shown in Fig. 11(a). The trim state of the vehicle involves three primary
quantities: &, J,, and 7. These quantities are depicted in Fig. 11(a), which shows the hypersonic vehicle in climb at an
angle, 7., which is equal to the Euler angle, 6.

Four sets of axes are used to describe the vehicle. The first set is an inertial axis system, X7, Y7, Z;, attached to a flat
earth. The second set is a stability axis system, Xj, Y, Z;, located at the vehicle center of gravity (c.g.) and initially
aligned with the equilibrium flight velocity, V. It is obtained from the inertial axes by locating them at the vehicle
center of mass and rotating about Y; by the angle, j,. + A6, where A@ = 0 in the trim state. The third is a body axis
system, X, Vs, Zp, Obtained by rotating the stability axes about y, by the trim angle of attack, &, which aligns the x; axis
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X3, X

X1

Zy, Zy

Fig. 10. Definition of Euler angles.

with the zero lift line (ZLL). The fourth system is the xp;, yp;, zp; body axis (shown in Fig. 12), obtained from the
Xb, Vb, Zp System by shifting the axes origin to the junction of the right fin trailing edge and the main lifting body and
rotating about x; by the fin inclination angle, 0, which directs the y;-axis outward along the right fin. This additional
system is needed to represent the aerodynamic loads on the canted fin surfaces.

The net aerodynamic force acting on the vehicle is given by the lift, L, and the drag, D, also shown in Fig. 11(a).
Alternatively, the net aerodynamic force may be resolved into components, N, normal to the zero lift line and, A,
parallel to the zero lift line; or components, Z¢ and X“, directed along the stability axes, z, and x;, respectively. Because
the x,-axis is initially oriented in the direction of Vy, Z¢ equals the trim lift, Z, and X? equals the trim drag, D. However,
if the vehicle is perturbed from the trim state the forces Z¢ and X¢ will differ from L and D, respectively.

In order to account for the effect of thrust on the trim state, a general case is considered where the thrust has an
eccentricity, er, and can be inclined by an angle, e, relative to the vehicle zero lift line. Enforcing force and moment
equilibrium conditions in the vertical plane, with respect to the stability axes, yields the trim equations in
nondimensional form.

Cy, cos(er +a) — Cp, = Cy sin 7y, (30a)
Cy, sin(er + @) + Cp, = Cy cos 7, (30b)
Cyz, + Cper =0, (30c)
where
Ly I Dy o M4
br %p% V%XAt’ Pr %'DOC I7(2)fo’ Me %pm I7%,\"'411117’
TR myg

=—% Cp

T — — y —_ =
. %p% V%xAt %pSO Vngf
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Fig. 11. Forces and moments on vehicle. (a) Trim flight condition and (b) perturbed flight condition.

Y,

Xp -
CL

Ybi

Zpi

Fig. 12. Coordinate systems for X-33 main lifting body and wing.

For trim purposes, only the aerodynamic loads are steady (static) and are evaluated by treating the vehicle as a rigid
plate-like structure. The aerodynamic loads are approximated using modified Newtonian theory (Lees, 1955), which
states that the pressure coefficient is given by (Rasmussen, 1994)

& N 2
Vo - -
Comax (;7”> , Vo-h<0,

G, = P G31)

0, Vo -0,
where Cpmay is the maximum value of the pressure coefficient, evaluated at a stagnation point behind a normal shock

wave, i.e.,
2 1(v+1,0 S N 1/@,,1)71 (32)
2 M3, -y + 1 '

Comax = m
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Note from Eq. (31) that the pressure is assumed to be equal to the free-stream pressure on those parts of the body for
which Vg - i>0. These parts of the body are said to lie in the aerodynamic shadow.

The lift, drag and moment are obtained by integrating the pressure over the fuselage, canted fins, and elevon
separately, and summing each contribution. The resulting aerodynamic forces are given by

. A . Ar
Ci = Comax [Sln2 & cos &le + 2sin® g cos & cos’ 0y A—f
t t

- < A,
+ sin?(@ 4 6.) cos(d + 5. A—} , (33a)
t

A A A
Cp = Cpmax |sin® @22 + 2sin® G cos® 0, 2L + sin® (@ + 5,) =4, (33b)
A, A, A,

.2 3
sin” & |s|w 1 1
CM = Cpmax {m{ 241b — ZS]SQWIZ}, + E (S% — dfz — (’/‘%r — 26[/’(’/}‘)1/V1],:|
. 2(dr + ¢ + ) Ay 1
2 - 3 ' fr 1) Af
— sin“gcos’ O | ———FAt— L — ——
f[ Iy A Adp
L o 503 2 2 P s de A
X 3 (53 — 53)87 + samosy + mysy | | — sin™(@ + d¢) cos(d + 0, | (33¢)
where
2(lp — cpr c s
s) = %, s2=lp—cp—dp, s3= ?;t, 84 = é

The trim state is calculated by solving Egs. (30) with the aerodynamic loads given by Egs. (33) using a nonlinear
rootfinding routine.

3.3. Linearization of equations of motion

The equations of motion (Egs. (29)) can be linearized about the steady-state trim conditions by introducing a small
time-dependent perturbation, denoted by the symbol A in the various quantities representing forces, moments, as well
as rigid body and flexible degrees of freedom.

Since the vehicle was trimmed by referencing forces and moments to the stability axes, the subscript ‘s’ has been
added to these terms to indicate that they are to be interpreted as components taken along the stability axes. The
various vehicle axes which were previously discussed are shown for the vehicle in perturbed flight in Fig. 11(b). Also,
because a linear structural model is used for the vehicle, coupling between the steady-state deflections due to the trim
forces, 1, and the perturbed motion variables is neglected. The linear structural model is justified because generic
hypersonic vehicles can be assumed to be relatively stiff, and therefore will have only small deflections due to elastic
deformations.

Substitution of the expressions for the perturbed motion variables into the nonlinear longitudinal equations of
motion, and subsequent elimination of all higher-order terms, results in the linearized equations

mAby, = —mg cos 0AD + AX;, (34a)

mAby. = mVyAq — mg sin 0AO + AZ,, (34b)

T AG =AM, (34¢)

A = Ag, (34d)
AQ;

A + 2E Ay + 0f Ay = k=1,...,Ny. (34e)

M}’

Further simplification of the linearized equations is obtained by recognizing that coupling between the rigid body and
elastic degrees of freedom will only involve the short period mode. Coupling is assumed to be negligible between the
long period (phugoid) mode and the elastic degrees of freedom due to the large separation in the natural frequencies.
Furthermore, the perturbation in forward speed, Avpy, has a negligible effect on the short period mode, for typical flight
vehicles. Thus, Avg, = 0 and the equation governing Avy, is discarded. The rigid body equations of motion after this
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simplification are
mApy, = MVOqu +AZ, (35a)
J)AG = AM,. (35b)

The force and moment perturbations, AZ; and AM,, are expressed in terms of partial derivatives with respect to the
degrees of freedom. Egs. (34e), (35a) and (35b) can be rewritten in terms of nondimensional flutter derivatives

Nm
MDA = Coyfa+ (1 + Co)AG + > {Capilhiji + Coilhiiy,,. } + Cas, AS,, (36a)
i=1
Nm
ijqu = CmocAfx + Cqu‘j + Z{Cmm’Aﬁi + C/nrjiAﬁNm+i} + Cm()'eéey (36b)
i=1
Nm

M{Djiy,,.. = Couha+ CoqAd+ > {(Copy — &f M{S1) Ay
i=1

i=

+ (Copit — 264Dk MYSk) AR, + Cops5,A0e, (36¢)

DiAijk = Aijy,.r k=1,..., Ny, (36d)

where the various nondimensional quantities and the definitions of the flutter derivative are given in Appendix A.
Additional details are also given in (Nydick and Friedmann, 1999) and (Nydick, 2000).

3.4. Calculation of the flutter derivatives

The results provided in Section 2 indicate that the general trends of aeroelastic behavior predicted when using
unsteady airloads based on piston theory and the more accurate Euler equations are similar. Furthermore, often the
differences between Euler-based solutions and those based on the complete Navier—Stokes equations are also fairly
small. Therefore, when dealing with the aeroelastic stability of a hypersonic vehicle in high speed flight, it is reasonable
to use piston theory to generate the unsteady loads when only general trends, and not the exact stability boundary, is
sought. The primary advantage of this approach is the very large reduction in computational time required for the
analysis of the vehicle. The purpose of this section is to obtain flutter derivatives that are suitable for a linear aeroelastic
analysis and therefore linear piston theory is used for the derivation of the flutter derivatives.

The local pressure on the surface of the vehicle due to combined rigid body motion and structural deformation is

p.v:pocava+poos (37)

where v, is the velocity of a fluid particle on the surface of the vehicle in the direction normal to the surface.

The vehicle considered here has three principal types of lifting surfaces: a clipped delta-shaped lifting body, two
canted fins and an elevon (see Fig. 12). The flutter derivatives of the entire vehicle are obtained by combining the
individual contributions. The velocities of fluid particles on the upper and lower surfaces of the clipped delta-shaped
lifting body are given by (assuming Vo, > V)

ou. 0Z"
v¥(xp) = Vox cosd & +— | — . + xpq — Vp. cosd, (38a)
P axb axb
ou, 07!
vl (xp) = — Vo cos & e +— ) + 1. — xpq + Vo cos d. (38b)
p (3)6}, 6)6},

The net pressure is the sum of the trimmed pressure and the change in pressure due to the small perturbations in the
rigid body and flexible degrees of freedom. This change in pressure is given by

APS = pocaOOADp’ (39)

where Av, is the portion of v, due to the perturbed motion

_ A
Av;(x) = V), cOS &% — Ait; + xAg — cos dAvy;, (40a)

_ ou.
Av},(x) = — ¥}, cos iaix + A, — xAq + cos dAvy:. (40b)
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Combining Eqgs. (39) and (40) gives the net pressure difference between the upper and lower surfaces due to the
perturbed motion

_ OAu.
Apl = Apl=2p a. <V0x cosd a;:‘

— A, + xAq — cos o?AvoZ). 41)
The aerodynamic force in the z,-direction on the main lifting body may be written as

AZpy= [ (Ap*— Aplyday

App

B Nm " Od?
=2paq Vo-cosd Z / 6x;i dApAn;
Ap

i=1

Nm
~pan Z( /A @ dA/bA'if>
b

i=1

+ 2pa / xp dApAg — 2p , ay, A, cOs GAvy;. (42)
App

The force component along the zg-axis is given by

AZy, = AZpp cos &

Nm Nm
= Z, i+ Y Zu, Nii + Zin, Aq + Zip,, Av.. (43)

i=1 i=1
The contributions of the lifting body to the Z flutter derivatives are
0P

Zi, =20 Vox cos’ @ / dAp, (44a)
' Ap OX
Z”’Vi' =—-2p,aq COSA / ‘I)l‘? dAp, (44b)
' App
Zin, = 2p., ay cos / xddp, (440)
Ap
Z/;,L_(): ==2paxAp cos? d. (44d)

The contribution of the main lifting body to the pitching moment flutter derivatives may be evaluated in a similar
manner. Using Egs. (21) and (41), the pitching moment contributed by the clipped delta-shaped lifting body may be
expressed as

AMyy = — /A (Ap — Aplyxy d A, 43)
b

Substitution of Egs. (21) and (41) into Eq. (45) yields the contributions of the lifting body to the pitching moment flutter
derivatives

_ [0
Mlb, = _2poc dy VOX Ccos d / . Xp dAl/b (463)
i AIb Xp
My, =2pax / Dixp dAp, (46b)
Ap
My, = =2p a5 / x; ddp, (169)
App
M, =2p,as cosd / xp dApp. (46d)
) Ap

The final set of flutter derivatives to be calculated are those associated with the generalized forces, 0;. These forces are
determined by examining the expression for the virtual work done by a virtual elastic displacement over an arbitrary
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surface area, A

. Nm
oW = / (Ap" — Ap'you, dA = / (Ap" — Aph) (Z qs;?am) d4
JA A i=1

Nm

= Oin;. (47)
i=1
From Eq. (47), with 4 = A,;, the contribution of the main lifting body to Qi is
o = / (Ap" — Aplyd: d Ay, (48)
App

Substituting Eq. (41) into Eq. (48) and expanding yields the contributions of the lifting body to the elastic generalized
force derivatives

b _ ~ : 6(1')]“7

Q) =2pyaxVoxcosd / @; —dAp, (49a)
j Ap aXb

= —2p,a, / @27 dAp, (49b)
v App

Zp, =2pap COSA / xdAp, (49c¢)

Ap
Zip,, = —2p ., a0 Ajy cOS” d. (49d)

The contribution of the canted fins to the flutter derivatives is obtained in a similar manner. The velocities of fluid
particles on the upper and lower surfaces of the fin due to the perturbed motion are given by

ol

Avy(x) = Vo, cos

— 11 + xAq cos 0y — Avg. cos d cos Oy, (50a)

ox'

_ Our
Avll,(x) = — TV, cos i% + it — xAg cos 0 4 Avy cos @ cos 0y, (50b)

where an additional primed coordinate system for the fin has been introduced, as shown in Fig. 12. Substitution of
Egs. (50) into Eq. (39) gives the net pressure difference between the upper and lower surfaces of the fin due to the
perturbed motion

_ Our
ApY — Api =2p,d4 (VOX cos o?% — 11 + xAgq — cos 0y — Av: cos & cos Gf) (51)
The net aerodynamic force in the zg-direction on the two fins is given by
AZs; = 2cos g cos Oy / (Ap" — Ap'yd4y, (52)
A

where the contributions from each fin can be summed because both the vehicle and the motion are symmetric.
Substituting Eq. (51) into Eq. (52) yields the contribution of the two canted fins to the Z flutter derivatives

. Nm Nm
AZ, =4¢0s0rp . aq Vox / Z dA4,n; —4cosbrpas, / Z ¢; dA,ni;

R i=1
+ 4 cos? 0rp oo / xdA,0q — 4 cos? 0rp as Ayovo:. (53)

The contribution of the fins to the Z flutter derivatives are

_ od°
Zfy, = 4cos Of cos? ap ., do Vox / Ei)c” d4y, (54a)
Ay
zpy, = —4 cos O cos dp , a, qb;f/ d4y, (54b)

As
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z, =4 cos? 0y cos dp , a., /A xdAy, (54c¢)
A
2, = —4cos” Oy cos® ap  aq, Ay. (54d)

The contribution of the canted fins to the pitching moment is given by

AM; = —2cos 0y / x(Ap" — Aplyd4;. (55)
Ar
Since Eq. (55) differs from Eq. (52) only by the factor cos & outside the integral and the factor —x inside the integral, the
My flutter derivatives may be obtained from the Z; flutter derivatives

/

My, = —4cos by cosdip as Vox /A/ xzqf: d4y, (56a)
My = 4cosOpp., a, /A x¢? dAy, (56b)
’
My, = —4 cos’ 0rp o /A X2 d4y, (56¢)
i,
My, = 4 cos? O cosdp ay / xdAy. (56d)

Ay

Using the principle of virtual work in a manner similar to Eq. (46), the contribution of the canted fins to Q[ is given by
0 =2 [ (ap! - apha7 d4y. (57
Ay

The Q{ flutter derivatives may be obtained from the be flutter derivatives by referring the mode shapes to the primed
(fin) coordinate system and multiplying the derivatives with respect to g and vy. by cos 0y

. _ L 097
Q‘,»f”. =4p_,ay Voyxcosd / b7 —]/dAf, (58a)
lj 4 Ox .
Q{ﬂ/ = _4pooaoc /A/. @lz @/2 dA/, (58b)
Q/{q :4COS0fp73aw A/ @?’dif’a (SSC)
QAZO_ = —4coslspay cosd / (15;7/ d4;. (584)
- ”

Using the same procedure with which the flutter derivatives of the lifting body and canted fins were calculated, the
contribution of the rigid elevon to the flutter derivatives is found to be

AZ,, = -2p,a cos?(G + 0,) Ae, (59a)
AZgAq = —2p.. Ay cos(d + 5.)cos 5. A, (59b)
AM,, = —2p, dy cOS(@+ 0,)c0S 0o A, (59¢)
AM,, =-2p ax cos’5.d> A,. (59d)

Note that since the elevon is assumed to be rigid, all of the flutter derivatives involving elastic deflection are zero. In
particular, the effect of the deformation of the main lifting body on the perturbation aerodynamic forces experienced by
the elevon is assumed to be negligible.

The overall flutter derivatives of the entire vehicle can be written as a combination of the individual components for
which the flutter derivatives have been evaluated in the preceding parts of this section. Using Eqgs. (44), (46), (49), (54),
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(56), (58), (59) and nondimensionalizing the derivatives using Eqs. (A.2), the flutter derivatives for the entire vehicle are

given by
4cos?a( [Ap Ar A\ cos?(d@ + 5.)
C., = e {(A_t) + 2A_,COS 0r + (A_z sz [’ (60a)
4cosd cos(@ + J)
Cy=——— dA 2cos? 6 dAr — A.d, 0p————— 60b
M Ay (/A,bx b 208 0 /Af. Sl efle COS O cos d >’ (60b)
4y cos? @ og: od7
C,, =— LdA 2 0 LdA, |, 60
ni MlAt /A[b Ox i 1 2 cos 'f [4] ox' S ( C)
4 3 B _/
Cop = 3% [ 42 ddyy + 2 cos 0y / o7 dd, |, (60d)
M, A, Ap ’ Ay ’
4cosd cos(d@ + 5,)
me T 35 4 7 d4 2 2 0 dA, — Agde 56 —_—r S 61
¢ M, Ay </41,,x b+ 20056 /Af ihaid o8 cos & ) (612)
4 -
Cg = — MMJ&( /A ) x> dAp + 2 cos® Oy /A / x? dA4y + A.d, cos® 5e>, (61b)
4cosd op: od?
Cop, = — LxdA 2 0r L xdAy |, 61
" T Mo A, (/A,b o A T 2008y /A/. ox ) (61¢)
4 B
Cpiy = ——— “xdAy, +2cos 0 / cxdAy |, 61d
" M, Ay < Ay v ’ / JAp ¢ f) (©1d)
4 3 . _/
Cou=-rog| [ #iddn+20050, [ 97 aay). (62a)
MooAt Ay, Af
4 /
Cog=——+ 7 xdA +200$9-/ wxdA, |, 62b
04 = 37 A,l,,,( ” Pi xdAp s B o f) (62b)
Ay - O; .07 ‘
Copnycosa = MCCA,< " P ox ddp +2 4 k oy ddy |, (62c)
4 I A
Couiy = = 77— Grp; ddnp +2 / or ¢y dAr ). (62d)
Mw At JAp, Af

3.5. Structural dynamic model based on equivalent plate approach

The configuration selected for the generic hypersonic vehicle resembles the X-33 RLV, as shown in Fig. 13. The initial
structural model consists of isotropic equivalent plate segments and nonstructural masses for the canted fins, clipped
delta-shaped main lifting body, fuel and payload. The mass and stiffness properties of the equivalent plate model are
determined by matching the calculated mode shapes and frequencies to those obtained from a detailed NASTRAN
model of the empty vehicle. This simple configuration was chosen to facilitate methodology development.

The solution of the governing equations of motion for the unrestrained vehicle requires the determination of the
normal modes and frequencies of the unrestrained (or free—free) vehicle. The equivalent plate code, ELAPS, is used to
model the vehicle and compute the unrestrained mode shapes. A concise description of the equivalent plate model is
provided for completeness.
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Fig. 13. Actual and idealized X-33 configurations.

In equivalent plate theory, the vehicle planform geometry is divided into multiple trapezoidal segments with cross-
sectional geometry specified by the analyst in the form of polynomial series in the global coordinates, x and y:

Zon) =Y Xy,
i=0  j=0
Wy =3 D by,
i=0 j=0
m n o
noy) =YY X'y, (63)
i=0 j=0

where the physical description of the quantities used in Eq. (63) is shown in Fig. 14. The displacement field for the
equivalent plate is assumed to be of the form

Uy = Uyy — Z Ouz0 +z®P,, (64a)
ox
au;O
Uy = Uy — 2 2 +z9,, (64b)
U; = uxo, (640)

where 9, uy0, and uz are the middle surface displacements in the x,y, and z directions, respectively, and @, @, are
additional degrees of freedom that are necessary for transverse shear deformation modelling. The reference surface
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Fig. 14. Vehicle structural box used in equivalent plate modelling.

displacements and transverse shear rotations are approximated by polynomial displacement functions as

Uxo = ¢Iqx, Uy = ¢)Tvqy, Uz = ‘Dquz, (653)

Oy = Dy 4o, Py = b9, 4o, (65b)
where ¢,,q, are (expressions for ¢, — g, are similar)

oy =[Lx,X°, ...y, xp.x%y, ....x"y], (66a)

Gy = [Gxgg> Drigs Gags > Doy Gty > Doag» > Doy ) (66b)

In Eq. (66b), q, — qg, are the unknown generalized coordinates, obtained from the solution of the global system of
equations.

Out-of-plane sections, such as the canted fins on the X-33, are accommodated by defining an additional displacement
system for the section and connecting the displacement systems with stiff springs to ensure displacement compatibility.
Boundary conditions may be enforced either by using springs or by setting the appropriate coefficients in the assumed
displacement function to zero. Taking advantage of symmetry, the vehicle shown in Fig. 13 is modelled in ELAPS by
defining only the right half-plane, with boundary conditions enforced at the vehicle center-line.

The global mass and stiffness matrices are assembled from the contributions of each structural component, and the
natural modes and frequencies of the unrestrained vehicle are then obtained by solving the linear eigenvalue problem.
For a comprehensive discussion of equivalent plate theory and recent enhancements; see Giles (1989, 1995).

3.6. Stability boundary condition

The stability boundaries for the generic hypersonic vehicle are determined from the eigenproblem generated from the
governing equations of motion. Therefore, the equations of motion, Egs. (36) are rewritten in matrix form

Ar Arf A.—f

DAx= |0 O I |Ax=AAx, (67)
A Apr A



706 P.P. Friedmann et al. | Journal of Fluids and Structures 19 (2004) 681-712

where
Aa
Aq
Ax = Ay 3, (68)

Af)gNm

and the submatrices of the partitioned matrix, A, are given in Appendix B. Solutions to Egs. (67) can be written as

Ax = ée“‘, (69)
which produce the eigenvalue problem from which the aeroelastic stability boundaries are obtained

(A —JDE = 0. (70)
Table 3

Natural frequencies (Hz) calculated from ELAPS

Mode no. Empty 10% fuel 50% fuel 100% fuel
1 5.21 5.17 5.1 5.01
2 5.53 5.43 5.23 5.12
3 11.1 9.8 7.05 5.61
4 12.46 11.34 8.48 6.78
5 13.48 12.93 10.1 8.07
6 13.91 13.51 10.71 8.67
Trim Angles vs Mach No. for Vehicle with 10%,
50%, and 100% Fuel
Rigid Flat Plate Trim Model, z = 50,000 ft.
7
6 -
elevon deflection (100%)
angle of attack (100%)
— — — elevon deflection (50%)
5 \\ — — — angle of attack (50%)
\\ ----- elevon deflection (10%)
R N angle of attack (10%)

Angle (degrees)

5 10

15

Mach No.

Fig. 15. Trim curves for fueled vehicle.
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Flutter Boundaries for ELAPS

Vehicle Configurations
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Fig. 16. Flutter boundaries for generic hypersonic vehicle.

The eigenvalues, 4, = {, + iw,, are calculated in an iterative manner. Starting at low values of the flight speed, V,, the
eigenvalues are computed, and the process is repeated until the real part of any particular eigenvalue becomes zero. At
each iteration, the trim state is calculated using the current value of Vj,. This process is repeated at a number of
altitudes representing the operational envelope of the vehicle.

3.7. Results for complete hypersonic vehicle in trimmed flight

The baseline hypersonic vehicle configuration chosen for this study has the following properties. The vehicle has a
length of 65 ft and a width of 65 ft (/;, and w in Fig. 13, respectively). The vehicle is made of aluminum and has a
structural weight of 73 000 Ibs. Fuel weight at takeoff is 210 000 Ibs. Four fuel configurations were studied: the empty
vehicle, 10% fuel, 50% fuel and 100% fuel. Natural frequencies for each configuration were computed using ELAPS
and are shown in Table 3. As mentioned, the model was tuned to approximately match the frequencies with those from
a detailed NASTRAN model. These mode shapes are shown in (Nydick and Friedmann, 1999).

Typical trim curves for the generic hypersonic vehicle are given in Fig. 15 for the four different fuel configurations.
The trim angles are quite small at large Mach numbers; this is due to the large aerodynamic forces at these flight
conditions. Effect of the, c.g., location on the trim state was also considered (Nydick and Friedmann, 1999; Nydick,
2000). In these figures, x is the, c.g., location measured from the vehicle nose and is given as a fraction of total vehicle
length. The angle of attack decreases as the, c.g., moves rearward but the elevon angle increases to large values due to
the need to balance the increasing contribution to the moment from the main lifting body.

The flutter boundaries for the baseline vehicle configuration with four fuel conditions as well as a half-stiffness model
with two fuel conditions are shown in Fig. 16. The flutter Mach number is very high for the altitudes at which the
vehicle will fly in the hypersonic regime. For example, at 100 000 ft, Mc = 160 for the empty vehicle. The fully fueled
vehicle is less stable, and flutter begins at around Mc = 140. If the stiffness is reduced by a factor of two, Mc decreases
significantly. For the empty and fully fueled vehicles, it decreases to 86 and 68, respectively. The effect of, c.g., location
on the flutter boundaries is shown in Fig. 17 for the half-stiffness 100% fuel configuration. Moving the, c.g., rearward
initially reduces the stability but between X, = 0.65 and X, = 0.7 the stability begins to increase.

These results indicate that for the particular vehicle configuration selected, flutter at high speeds and high altitudes is
not possible at the operational speed of the vehicle, mainly because the dynamic pressure is low at very high altitudes.
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Effect of CG location on Flutter Boundaries
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Fig. 17. Effect of vehicle, c.g., location on flutter boundaries.

4. Concluding remarks

This paper presents aeroelastic analyses for two configurations: (a) a typical cross-section representing a double-
wedge airfoil in two-dimensional hypersonic flow and (b) a complete unrestrained generic hypersonic vehicle that
resembles a reusable launch vehicle. For the first configuration, the unsteady airloads were determined from piston
theory, the solution of the Euler and solution of the Navier—Stokes equations, and the primary objective is to assess the
differences in aeroelastic stability due to the various airload models.

The second configuration models the global aeroelastic behavior of a generic unrestrained vehicle, and the airloads
are based on linear piston theory. Based on the numerical results presented in the paper, the following conclusions can
be stated.

1. For certain combinations of high Mach numbers and offsets between elastic axis and midchord there can be large
differences between aeroelastic stability margins based on first- and third-order piston theory. Predictions of
aeroelastic stability based on linear piston theory can be unreliable, and the boundaries are not conservative.

2. The aeroelastic behavior of the double-wedge typical section at subcritical Mach numbers exhibits fairly similar
behavior when loads are generated from third-order piston theory, Euler or Navier—Stokes solutions. The frequency
and damping characteristics are also comparable. The differences increase substantially at, and beyond, the stability
boundary.

3. The stability boundaries predicted, for the double-wedge typical section, by Euler solutions are approximately
20-25% lower than those predicted by piston theory. The Navier—Stokes solutions are approximately 5% further
below the Euler-based solutions.

4. The various aeroelastic models predict similar trends due to changes in parameters such as: offsets between elastic
axis and midchord, wedge angle and static angle of attack for the double-wedge typical section.

5. For the entire vehicle, flutter margins can be sensitive to trim conditions and, c.g., location, which are determined to
a large extent by the amount of fuel in the vehicle.
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Appendix A

The various nondimensional quantities required for the equations of motion are given below

) 2m 2-]}(3},
m = 5 yy s
/)%A,l/}, WY pmA,l?b
A _()Yt d
t= s DA — T y
2L D0 =30
Mi _ 2Mz _ wfl/b,
0o Arlip Vox
AUOZ a l/bAC]
Ao = A§ =
V()x ’ 1 VOx ’
Ay Any
A "’ — l’ A = - m+i
n I NNy o

The flutter derivatives are defined next as follows:

ZUO_. = %Pog I7OxAtC:ou
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