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The field of aerothermoelasticity plays an important role in the analysis and optimization of airbreathing
hypersonic vehicles, impacting the design of the aerodynamic, structural, control, and propulsion systems at both the
component and multidisciplinary levels. This study aims to expand the fundamental understanding of hypersonic
aerothermoelasticity by performing systematic investigations into fluid—thermal-structural coupling. A focus is on
the targeted use of simplified coupling procedures in order to abate the computational effort associated with
comprehensive aerothermoelastic analysis. Because of the fundamental nature of this work, the analysis is limited to
cylindrical bending of a simply supported, von Karman panel. Multiple important effects are included in the
analysis: namely, 1) mutual coupling between elastic deformation and aerodynamic heating, 2) transient arbitrary
in-plane and through-thickness temperature distributions, and 3) the associated thermal stresses and material
property degradations. It is found that including elastic deformations in the aerodynamic heating computations
results in nonuniform heat flux, which produces nonuniform temperature distributions and material property
degradations. This results in localized regions in which material temperature limits may be exceeded; it also impacts
flutter boundary predictions and nonlinear flutter response. Additionally, the tradeoff between computational cost
and accuracy is evaluated for aerothermoelastic analysis based on either quasi-static or time-averaged dynamic
coupling. It is determined that these approaches offer substantial reductions in computational expense, with

negligible loss of accuracy, for aerothermoelastic analysis over long-duration hypersonic trajectories.

Nomenclature Q.ero aerodynamic heat flux
A,,, A, = amplitude of mth and nth sine modes, respectively conv convection heat flux
a = panel length, chordwise Oraa = radlzatlon heat ﬂux
C; = ith coefficient in polynomial mode q = pU*/2, dynamic pressure
¢ = specific heat da = P—rs aerodypamlc pressure on Pane} suﬁqee
¢ — local skin-friction coefficient Req = equglenee ratio, equal.s fue}—to—alr ratio divided by
¢, = specific heat at constant pressure, air _ stoichiometric fuel-to-air ratio
D = bending stiffness of panel Re, = local Reynolds number
Dgyome = diameter of spherical dome protuberance r = recovery factor
E — elastic modulus St = Stanton number
F, = terms dependent on modal amplitudes and velocities T = temperature
H = enthalpy Tenv = tenyyonm_ent temperature
Hpp = height of spherical pressure-instrumented dome Tyyiiw = initial uniform panel temperature
Hrp = height of spherical thermocouple-instrumented, Tt = S'tress-free reference temperature
heat-flux dome ! = ume
h = thickness of plate structure v = velocity, air )
h. = convection heat transfer coefficient u = panel displacement, chordwise
h; = thickness of ith panel layer 73 = mldplat_e displacement, chordwise
k = thermal conductivity w = panel displacement, transverse
M = Mach number Wy = midplate displacement, transverse
M, = thermal bending moment X = chordwise direction, parallel to flat panel surface
N = number of sine modes X3 = distance from transition to turbulence to leading
Ny = in-plane thermal force edge f)f panel _
N, = in-plane stress resultant Y, = velocity of ’?“h Sine mode
Pr =  Prandtl number z = transverse direction, normal to flat panel surface
p = pressure o = thermal expansion coefficient
0 = heat flux B = oblique shock angle relative to freestream
r = parameter in nondimensional temperature
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o = Stefan-Boltzmann constant, 5.669 x 10~ W/m?/K*
0, = normal stress

0y = parameter in nondimensional stress

T = parameter in nondimensional time

103 = nondimensional equation of motion
Subscripts

AE = aeroelastic

AT = aerothermal

aw = adiabatic wall

cr = critical value

e = edge of boundary layer

fp = flat plate

i,J = node indices in x direction and z direction
LU = lower and upper surfaces of plate structure
m, n = sine mode numbers

PD = pressure-instrumented dome

TD = thermocouple-instrumented, heat-flux dome
w = wall, aerodynamic surface

X x direction, z direction
0 = total condition (flow variable) or reference value
(material property)

I
1l

3 = flow at leading edge of panel
) = freestream
Superscripts
n = time-step index
= nondimensional
* = evaluated at the reference enthalpy

1. Introduction

URRENTLY, there is a focus by NASA and the U.S.

Department of Defense on the development of hypersonic
technologies for next-generation reusable launch vehicles and
unmanned hypersonic cruise vehicles [1-6]. Modern hypersonic
cruise vehicle configurations are typically based on a lifting-body,
integrated airframe-propulsion concept, in which the entire lower
vehicle surface is part of a scramjet engine. An example of this
concept is the NASA X-43 aircraft shown in Fig. 1. These vehicles
will operate over a Mach number range of 0 to 15 and must fly within
the atmosphere for sustained periods of time to meet the needs of the
propulsion system [2-5,7—12]. This latter constraint results in severe
aerodynamic heating of the vehicle, which significantly alters the
structure through material property degradations and the develop-
ment of thermal stresses. Collectively, these issues result in a tight
coupling between the aerodynamic, control, structural, and
propulsion systems that cannot be neglected in the analysis and
design of this class of vehicle [5-7,13—16]. Furthermore, due to the
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Fig. 1 NASA X-43 airbreathing hypersonic vehicle.

impracticality of testing scaled multidisciplinary models in wind
tunnels [17], the development of tractable and accurate computa-
tional modeling capabilities is critical for this flight regime [18].

The presence of extreme aerodynamic pressure and heating in
hypersonic flow, combined with the need for optimal weight
structures, implies that the field of aerothermoelasticity plays a
central role in the analysis and optimization of hypersonic vehicles
and components [18]. A recent review paper [18], in addition to
several early studies [19-28], provides insight into the salient aspects
of aerothermoelasticity. Consider Fig. 2, which illustrates the degree
of coupling between the different disciplines that compose the field
[23]. Typically, the aerothermoelastic problem is simplified by
neglecting weak couplings, as well as the effect of aerodynamic
pressure on aerodynamic heating. In such an approach, the
aerothermal solution is obtained first, using a reference geometry of
the vehicle, over the entire range of relevant operating conditions.
Subsequently, the aeroelastic analysis is carried out using an updated
structure based on the resulting temperature distribution. This
simplification of the aerothermoelastic problem is denoted here as
one-way coupling, and relies on three important assumptions
[19.23.24.26];

1) Thermodynamic coupling between heat generation and elastic
deformation is negligible.

2) Dynamic aeroelastic coupling is small; i.e., the characteristic
time of the aerothermal system is large relative to the time periods of
the natural modes of the aeroelastic system.

3) Static aeroelastic coupling (static elastic deflections due to
steady-state pressure and thermal loading) is insufficient to alter the
temperature distribution from the reference condition.

Under conditions where these assumptions fail, feedback from the
aeroelastic solution to the aerothermal solution is required in order to
update the aerodynamic heating conditions based on structural
deformation. This procedure is denoted here as two-way coupling.
Part of the focus of this paper is to investigate the above two
procedures for aerothermoelasticity in hypersonic flow.

Relevant studies conducted in hypersonic aerothermoelasticity
can be divided into two main groups: 1) panel flutter, which is a
localized aeroelastic problem of skin panels, and 2) control surface
and vehicle level studies [18]. Numerous studies have investigated
thermal effects on panel flutter at hypersonic speeds [29]; however,
with few exceptions [30-32], temperature distributions in the panel
were simply prescribed. The temperature distributions considered
can be separated into three types: namely, 1) uniform, 2) nonuniform
in-plane, with uniform through-thickness, and 3) nonuniform
through-thickness, with either uniform or nonuniform in-plane.
Temperature distribution types 1 and 2 yield in-plane thermal forces
only, whereas type 3 produces in-plane thermal forces and thermal
bending moments.

Numerous panel flutter investigations have examined the effects of
type 1 [25,30,33—42], and type 2 [31,32,43-46], temperature
distributions; however, only a limited number of studies have
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Fig. 2 Degree of coupling in aerothermoelasticity [23].
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investigated type 3 temperature distributions [47-52]. Xue and Mei
[47] considered linear through-thickness gradients combined with
sinusoidal in-plane temperature distributions in a three-dimensional
isotropic panel using a nonlinear finite element, frequency-domain
method. Nydick et al. [48] extended the analytical model used in [37]
to include linear, sinusoidal, and quadratic in-plane temperature
distributions combined with linear through-thickness gradients in a
curved orthotropic panel. Cheng et al. [49] and Cheng and Mei [30]
investigated thermal effects on isotropic and laminated composite
plates by considering an average uniform temperature combined
with a linear through-thickness gradient. Nonlinear finite element
models were used in both studies; a frequency-domain method was
employed in [49], and a time domain modal formulation was
developed in [50]. Recently, Ghoman et al. [52] extended the
methods used in [49] to investigate uniform in-plane temperature
combined with a linear through-thickness gradient in curved
isotropic and laminated composite panels.

It is interesting that even though material property degradation is
dependent on the temperature distribution, few panel flutter
investigations have examined the combined effect [42,46,51].
Librescu et al. [46] studied the effects of temperature-dependent
elastic modulus and thermal expansion coefficient for sinusoidal
in-plane (uniform through-thickness) temperature distributions in
a semi-infinite isotropic panel. Prakash and Ganapathi [51]
investigated the effects of linear through-thickness (uniform in-
plane) temperature gradients in a three-dimensional functionally
graded material panel. Functionally graded material panels were also
recently investigated by Ibrahim et al. [42] for thermal buckling and
nonlinear flutter under uniform temperature.

Despite its potential importance, only limited work has considered
two-way coupling. Two-way coupling was approximated in two
panel flutter studies [31,32], by assuming that the panel temperature
is equal to the steady-state adiabatic wall temperature plus the
instantaneous local fluid temperature. The instantaneous local fluid
temperature as a function of deformation was computed using an
isentropic pressure—temperature relationship, where the deforma-
tion-dependent pressure was computed from linear piston theory
[29,53]. In related work, two-way coupling was considered for
aerodynamically heated panels [54] and leading edges [55] using a
quasi-static loosely coupled finite element approach for the flow,
thermal, and structural models. Two-way quasi-static coupling was
also considered for metallic thermal protection panels [56] using a
two-dimensional boundary element procedure that was loosely
coupled to a hypersonic computational fluid dynamics algorithm.
Results of these studies demonstrated a significant dependence of the
aerodynamic heating on structural deformation. However, since
these studies were limited in scope and/or modeling, more work is
needed to fully understand the importance of two-way coupling for
modeling the aerothermoelastic behavior of hypersonic structures.

Because of the increased complexity of the problem, studies in
the second group (i.e., hypersonic aerothermoelastic analysis of
wings and complete vehicles), are limited [18]. Recent investigations
have focused on modern vehicle concepts such as the National
Aerospace Plane (NASP) [57-59] and the Force Application and
Launch from Continental United States (FALCON) vehicles [60].
However, these studies only considered one-way coupling. In [57-
59] the temperature distribution was prescribed based on steady-state
aerodynamic heating analysis. Alternatively, McNamara et al. [60]
considered transient heat transfer analysis, where the aerodynamic
heating boundary condition was computed from a Navier—Stokes
flow analysis of a rigid control surface along a representative
trajectory. Note that only [59,60] considered the effects of both
material property degradation and thermal stresses.

This study is motivated by the need for an improved general
understanding of fluid—thermal—structural coupling for aerother-
moelastic analysis in hypersonic flow. The aim is to explore several
fundamental aspects of the aerothermoelastic problem, at the fluid—
structure interchange, that have not yet received adequate attention.
Because of its fundamental nature, this study uses a simply
supported, semi-infinite panel as the structural model. The specific
objectives of the paper are as follows:

1) Develop a computationally efficient, comprehensive, two-way
coupled aerothermoelastic model in order to study the importance of
fluid—thermal—structural coupling in hypersonic flow.

2) Investigate quasi-static and time-averaged dynamic fluid—
thermal—structural coupling procedures in order to reduce the
computational expense of comprehensive aerothermoelastic
analysis.

3) Assess the sensitivity of aerothermoelastic response in
hypersonic flow to different types of fluid—thermal-structural
coupling.

Fulfilling these objectives will make a valuable contribution
towards our understanding of hypersonic aerothermoelasticity and
towards the development of comprehensive computational models
of airbreathing hypersonic vehicles. Specifically, new insight is
gained in the following areas: 1) methodology to include transient
thermal effects and two-way coupling in the computation of
aerothermoelastic response along an entire trajectory; 2) the impact
on the flutter boundary and postflutter response of neglecting two-
way coupling; and 3) the impact of using simplified temporal
coupling procedures (i.e., quasi-static and time-averaged dynamic)
to predict aerothermoelastic behavior.

II. Aerothermoelastic Model Formulation

The aerothermoelastic model developed in this investigation is
illustrated in Fig. 3. The general problem is divided into aerothermal
and aeroelastic components, with two-way coupling included. The
structural temperature distribution is passed from the aerothermal
model to the aeroelastic model along path 1. Feedback of elastic
deformation to the aerothermal model is transferred along path 2.
Note that thermodynamic coupling between heat generation and
elastic deformation is neglected during the two-way coupling
process.

A. Aerodynamic Pressure

Because of the comprehensive nature of the present work, a
computationally efficient unsteady aerodynamic theory is essential
for model tractability. Therefore, piston theory [29,53], which
provides a simple point-function relationship between the unsteady
pressure and surface motion, is selected for computing the unsteady
aerodynamic loads on the panel. While piston theory represents a
simplistic model for the inviscid aerodynamics, it has been observed
in several studies [18] to provide reasonably accurate pressure
predictions as long as the product of Mach number and surface
inclination remains below unity.

The panel considered in this study is located on an inclined surface
of a wedge-shaped body, representing the forebody of a hypersonic
cruise vehicle, as shown in Fig. 4. The freestream flow (location 1) is
hypersonic, resulting in an attached oblique shock at the forebody
leading edge [13]. The inclined surface before and after the panel is
assumed to be flat and rigid; thus, the inviscid flow properties at the
leading edge of the panel (location 3) are the same as location 2.
Therefore, the third-order piston theory expression given by Eq. (1)
uses the local flow properties at location 3 as the ambient panel
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4 = point of interest along panel

Fig. 4 Panel located on an inclined surface of a wedge-shaped
forebody.

conditions. These properties are computed using oblique shock
relations [61,62], and the undeformed configuration of the panel is
parallel to this flow. Note that a third-order expansion of piston theory
is used in this study, due to the combined presence of hypersonic flow
conditions and large panel deflections [29,63]:

q3 1 dw  Jw y+1 1 dw = dw)?
1=y, [(U3 T 3x) Ty 3(U3 o T ox
y+1 (10w ow)3
LAY V] (it it 1
T 3(U3 or T ox W

B. Aerodynamic Heating

Aerodynamic heating from the boundary layer is computed using
Eckert’s reference enthalpy method [64]. This semi-empirical
method uses boundary-layer relations from incompressible flow
theory with flow properties evaluated at a reference condition to
account for the effects of compressibility. Reference enthalpy
methods have been used extensively in approximate analyses to
efficiently model convective heating of aerospace vehicles [65-70].

Eckert’s reference enthalpy is given by Eq. (2). The adiabatic wall
enthalpy, the total enthalpy, and the recovery factor for turbulent flow
are given in Eqs. (3-5), respectively [64]. Note that local velocity and
enthalpy at the edge of the boundary layer are determined from the
local edge Mach number and temperature, respectively. Mach
number and temperature at the edge of the boundary layer are
computed using the local pressure from piston theory, Eq. (1), in
conjunction with isentropic flow relations [61]. Thus, aerodynamic
heating computations include flow effects due to the deformed panel
shape and the normal panel velocity (i.e., feedback of elastic
deformation to the aerothermal model, path 2 in Fig. 3). For one-way
coupling, the boundary-layer edge properties are based on flow over
the undeformed (flat) panel throughout the aerothermoelastic
analysis:

H*=H, + 0.50(H, — H,) + 0.22(H,, — H,) )
Hy=r(Hy—H,)+H, 3)

Hy=H, + U; “)

r=(Pr*)'/3 )

Using flow properties evaluated at the reference enthalpy, the
aerodynamic heat flux is computed using Eq. (6). The Stanton
number is determined from the Colburn—Reynolds analogy [64,71]
provided in Eq. (7), and the local skin-friction coefficient is
calculated using the Schultz—Grunow formula [64,71] given in
Eq. (8). The local Reynolds number is defined in Eq. (9) and is
computed using the distance from the onset of transition to the point

of interest along the panel [71]. In this investigation, the leading edge
of the panel is assumed to be 1 m downstream of the onset of
transition. The complete transition from laminar to turbulent flow is
assumed to occur within this region, such that flow over the panel is
fully turbulent:

Qaero = Sl*p* Ue(Haw - Hw) (6)
sr=S_1__ @
T2 (Pro)?3
0.370
= 7 8
= ToguRer ™™ ®
*U

In addition to Eqgs. (2-9), temperature-enthalpy relations are
needed to determine the values of enthalpy at the wall and at the edge
of the boundary layer. These relations are also required to determine
a temperature from the reference enthalpy in order to evaluate
reference density and reference viscosity using the ideal gas law and
Sutherland’s law, respectively [13]. If the flow is assumed to be
calorically perfect, i.e., constant specific heat, then Eq. (10) is used
and the reference enthalpy method is equivalent to the reference
temperature method [64]. However, since this study is concerned
with hypersonic flow, in which the specific heat varies significantly
through the boundary layer, due to high temperatures and real gas
effects [13], temperature-enthalpy tables [72] that include the effect
of dissociation based on equilibrium air properties are employed:

H=c,T (10)

C. Aerothermal Model

The aerothermal model, illustrated in Fig. 5, accounts for
aerodynamic heating and thermal radiation at the surface, as well as
transient heat transfer through the multilayer thermal structure. The
thermal structure considered in this study consists of a thermal
protection system (TPS) and a titanium plate structure. The TPS is
based on the Advanced Metallic Honeycomb TPS concept [73]. The
radiation shield is a PM-2000 honeycomb sandwich and the thermal
insulation is internal multiscreen insulation. A high-temperature
grade of titanium (Ti-6Al-2Sn-4Zr-2Mo) is used for the plate
structure [74,75]. The thermophysical properties and thickness of
each layer are listed in Table 1. Note that specific heat and thermal
conductivity are temperature-dependent. Data for these properties as
afunction of temperature are provided by [73] for the radiation shield
and the thermal insulation, and by [75] for the plate structure.

z Qaero Qrad
——> X \ /
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Plate Structure hy
| |
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Fig. 5 Two-dimensional model of the thermal structure.
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Table 1 Properties of the thermal structure at 300 K

o kg/m? ¢, J/kg/K  k,W/m/K  h;, mm
Radiation shield 1010 465 0.250 2.0
Thermal insulation 73.0 729 0.0258 10.0
Plate structure 4540 463 6.89 5.0

Transient heat transfer in the panel is modeled using the two-
dimensional heat equation [76], Eq. (11), for chordwise and through-
thickness directions. The three layers of the panel are assumed to be
in perfect thermal contact; i.e., no gaps exist between layers and
thermal contact resistance is negligible. The boundary condition
along the upper surface includes aerodynamic heating from Eq. (6),
and thermal radiation given by Eq. (12). Thermal radiation is
modeled by considering the upper surface to be nonblack, diffuse,
and enclosed by the environment [77]. The environment temperature
is assumed to be constant at 300 K. Emissivity of the radiation shield
[73] is assumed to have a constant value of 0.7. An adiabatic
boundary condition is applied to the lower surface and edges of the
panel:

oT 0°T 0°T
ch:kXW—i_kza_zz an

Qrad = O-g(Tz4u - Té‘nv) (12)

D. Aeroelastic Model

The aeroelastic model is illustrated in Fig. 6. The panel is
supported by immovable, simple supports, and only transverse
oscillations are considered. The equation of motion for a semi-
infinite panel undergoing cylindrical bending is developed using von
Kérmén plate theory [78-80]. Thus, the stress is given by Eq. (13)
from Hooke’s law for an isotropic homogeneous material (the
titanium plate structure) [80]. The assumed displacement field is
provided in Eq. (14) [78-80]. Using Egs. (13) and (14), the equation
of motion is given by Eq. (15) in conjunction with Eqs. (1) and (16—
19). Three important effects are included in the equation of motion:
1) thermal loading due to arbitrary, in-plane, and through-thickness
temperature distributions; 2) chordwise variation of the elastic
modulus and the thermal expansion coefficient; and 3) TPS mass
(TPS stiffness is neglected):

o,(x, z)— E(x) [ax—l—%(a_w)z]_%a‘fx)[ﬂx,z)_

ax 1 Tref] (]3)

) = -0 wr)=wl)  (14)

0x

92 ’w w 82M
2 (052) -+ (D)5 s S
_ E(nr?
P=na-w (1o
z
9a
h
2
;
P R
| a "
2

Fig. 6 Simply supported, semi-infinite panel structure.

h/2 E(x)h [duy, 1 (0w)?
N. = dz = —+ = —N. 17
X /;h/zax z 1—V2|:3x+2(8x) T ( )

_E@a) [

T(x,z) —
L—v —h/Z[

Tref] dZ (18)

E(x)a(x) [h/2

My =
L—=v Jop

[T(X, Z) - Tref]Z dz (19)

The stress is rewritten in Eq. (20) using Eqs. (14) and (17), such
that each term on the right-hand side corresponds to a unique
contribution to the stress field [80]. The first term is a membrane
stress caused by in-plane stretching and is uniform through the
thickness. The second term is the transverse bending stress, which
varies linearly through the thickness. The final term is a thermal stress
that is proportional to the temperature distribution:

N, +N; E() |: 82w] E(x)oc(x)

1—

[T( Z) ref]

(20)

e i gl R

To define all variables in Eq. (15) in terms of the transverse
displacement and the temperature distribution, the in-plane
displacement term du,/dx is eliminated from the expression for N,
in Eq. (17). This is accomplished by introducing the mean relative
displacement of the edges of the panel in Eq. (21) (zero for
immovable supports) [78]. The final expression for N,, given in
Eq. (22), is developed by solving Eq. (17) for du,/ dx, substituting the
resultinto Eq. (21), and solving for NV,. In the derivation of Eq. (22), it
is important to note that N, takes on the meaning of an average load in
order to approximately satisfy the in-plane boundary conditions [78].
Similarly, the in-plane thermal force, redefined in Eq. (23), also takes
on the meaning of an average load. To be consistent with the
definitions of N, and N, the third term on the right-hand side of the
stress, Eq. (20), is redefined in Eq. (24):

:—f/ WMo 4e— 0 Q1)

a 1 —1 fa h dw)?

[ 1 fa a(x) [h?2
= M Md"] A S CCER

Toldzdx (23)

N+ N, E@® [ 0w
K =T—1_v2[ W]
1 [a E(x)a(x)
- ;A ﬁ[T(x, 7) — Trf] dx (24)

The four boundary conditions needed to solve the equation of
motion are given in Eq. (25) for x =0, a. The geometric boundary
conditions for the simply supported panel are homogeneous;
however, the natural boundary conditions are nonhomogeneous, due
to the thermal moment [80]:

*w(x, 1) My(x,t)

wlx ) =0; 2 Do) @

Finally, note that extension of the aerothermoelastic model to a
three-dimensional panel is relatively straightforward. The thermal
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model can be extended by using the three-dimensional heat equation,
and the structural model by incorporating the equations of motion,
including thermal stresses, for a two-dimensional plate. The
aerodynamic models (piston theory and Eckert’s reference enthalpy
method) can be applied in a strip sense; however, crossflow effects
are not captured.

III. Method of Solution

As illustrated in Fig. 7, the aerothermoelastic problem is solved
using a partitioned approach [81] to couple the aerothermal and
aeroelastic solutions. A partitioned approach is advantageous for this
problem, since it enables the use of relatively independent solution
procedures, as well as different size time steps, for the aerothermal
and aeroelastic solutions. Step 1 is a time-marching solution of the
aeroelastic problem to proceed from time ¢ to time # + At,7. Instep 2
the elastic deformation that occurred during step 1 is passed to the
aerothermal model. Step 3 is a time-marching solution of the
aerothermal problem to proceed from time ¢ to time f+ Afyr.
Finally, in step 4, the structural temperature distribution is updated in
the aeroelastic model.

A. Aerothermal Solution

The transient temperature distribution in the thermal structure is
computed using a finite difference solution to Eq. (11). An explicit
scheme with forward-in-time, centered-in-space discretization is
used, as shown in Eq. (26). The scheme is first-order-accurate in time
and second-order-accurate in space. This simple scheme is selected
because the time scale of the heat transfer problem is on the order of
seconds, whereas the time scale of the aeroelastic problem is on the
order of milliseconds. For the panel investigated, the explicit scheme
is numerically stable and highly accurate for aerothermal time steps
on the order of 1000 times the aeroelastic time step. Thus, the
aerothermal time-step size is limited by the need to update thermal
loads in the aeroelastic solution, rather than by the explicit scheme.
Therefore, since an explicit formulation is more efficient than an
implicit formulation per time step [76], the computational cost of the
aerothermoelastic solution is less using an explicit scheme for the
aerothermal solution:

pc T;lrl - Tjnl -k Tj"l,i+l - 2T71 + Tjr'l,i—l
At * (Ax)?
T —2T" + T,
k, JjH1.i Jii Jj—Li 26
+ z (AZ)Z ( )

Equation (26) is rearranged to Eq. (27) to show the general form of
the explicit method used to compute temperature at the new time for
an interior node. The form of Eq. (27) is particularly useful for
multilayer thermal systems, since it permits variable spacing of nodes
and different material properties on each side of the node. The
thermal capacitance terms, pc Ax and pcAz, are defined in Eq. (28).
Half-step indices (£ %) are used with the material properties to
indicate that the properties are associated with the material between
the nodes. Thus, specific heat and thermal conductivity are evaluated

Aerothermal
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l
! 1
Aeroelastic ‘l,-r > >
I
bt

—Y
—_—————

t Aty 420ty

Fig. 7 Aerothermoelastic solution using a partitioned approach to
couple aerothermal and aeroelastic solutions.

(and updated every aerothermal time step) using the average
temperature of adjacent nodes:

T =T 4 ki AT [T;?m - T}{i]
N P (peAx)j LIxg i — x5
kjiyAt |:T;‘l,i—l - T?;] kAt |:T7+l,i - T7;i|
(PCAX)j,i |xj,i—1 - xj.i| (PCAZ)]'.,' |Zj+l,i - Zj,i|
kjf%.iAt |:T;'1—14i - T/”::| 7)
(PCAZ).,:,' |Zj—l‘i - Zj‘i|
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= xpil + (p0)j il i1 — xj4l]

The form of Eq. (27) also readily accommodates heat-flux
boundary conditions with the aid of Fourier’s law of heat conduction
and its finite difference approximation given in Eq. (29) [77]. Along
the upper surface, which is exposed to aerodynamic heating and
thermal radiation, the last term on the right-hand side of Eq. (27)
is replaced according to Eq. (30) (for j increasing downward).
Adiabatic boundary conditions are also satisfied using Eq. (29) by
setting the appropriate term in Eq. (27) to zero:

aT AT
~—k,— (29)

=—k,— i
0.= k.G~ k5

kj_%‘iAt |:T771'i - Tlnl] A [Qaero - Qrad]:'l (30)

(pCAZ)j.i |Zj—1.i - Zj,i| - (IOCAZ)j,i

In this investigation, 21 nodes are used in the chordwise direction
and nine nodes (eight elements) are used through the thickness of
the panel. Chordwise nodes are evenly spaced. Through-thickness
spacing is different for each layer, but uniform within each layer
itself. Through-thickness elements are divided as follows: two for the
radiation shield, four for the thermal insulation, and two for the plate
structure. Thus, the plate structure has a row of nodes located along
its upper and lower surfaces and a row at midplate depth.

B. Aeroelastic Solution

The equation of motion (15) is discretized using Galerkin’s
method to replace the spatial dependence with a summation of
assumed modes [82]. The resulting system of nonlinear ordinary
differential equations is integrated directly in the time domain.
Homogeneous boundary conditions (geometric and natural) of a
simply supported, semi-infinite panel are conveniently satisfied by
sine modes [79]. However, inclusion of the thermal moment creates
nonhomogeneous natural boundary conditions, Eq. (25). Therefore,
the transverse displacement of the panel is assumed to be a
summation of sine modes and a third-order polynomial, Eq. (31).
Coefficients of the polynomial terms are uniquely defined by
satisfying the boundary conditions, while coefficients of the sine
modes are determined by carrying out Galerkin’s method on the
equation of motion:

N
wir.) =Y A, sin? 1C 4+ Cox+ Co2 +Co* (31)

n=1

To minimize computational effort, the spatial integrations in
Galerkin’s method are performed analytically before time advance-
ment of the solution. This requires assuming a chordwise
dependence for the bending stiffness, Eq. (16), and the thermal
moment, Eq. (19). To accomplish this, the discrete temperature
distribution in the plate structure is used to evaluate the elastic
modulus (using the midplate temperature) and thermal moment at
each chordwise node location. The discrete data are then fit by
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second-order polynomials using the method of least squares.
Therefore, the bending stiffness is given by Eq. (32), where E|, E,,
and Ej; are the fit coefficients. Similarly, the thermal moment is given
by Eq. (33), where M|, My,, and M5 are the fit coefficients. Note
that the thermal moment not only affects the boundary conditions
directly, but it also affects the equation of motion through the
differential term, 9>My/dx?. Thus, polynomial representation of
second order or higher is required to include the effect of thermal
moment in the equation of motion:

3

PO 0=

(E| + Eyx + E3x?) (32)

My(x) = Mgy 4+ Mpox + My3x? (33)

For convenience, the aeroelastic equations are nondimensional-
ized. The nondimensional variables are defined as

_oXx _ z @ w ; t 7 T
x:—; :—’ =—, :—; = —
a T h T T
c _ N o _ Nr - _ M
Do/(lz, _D()/a2 T Doh/az
_ o - D
O-xzo__.o; D=D_0’ EO =E(Tref); aO_a(Tref)
Eh? Ey ()2 0, ha* 12
Dy=——; = — N = |2
Thna—wy  *T1-2\e)’ T Db,
2450° _pa po Do (34)

~M;D,’ H o’ ~ Eghogd®

Substituting the nondimensional variables into Egs. (1), (15), (19),
(22-24), and (32) results in the nondimensional equation of motion

provided in Eq. (35) and the corresponding nondimensional terms
defined in Eqgs. (36—41):
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Next, the nondimensional displacement, Eq. (42), is substituted
into Egs. (35-41). The resulting expression for the nondimensional
equation of motion is represented by ¢(x, 7). Carrying out Galerkin’s
method, Eq. (43), results in a system of nonlinear second-order
ordinary differential equations in time, which is written symbolically
in Eq. (44). Note that F,, contains products and cross products of the
modal amplitudes and modal velocities up to third order. A system of
2N first-order differential equations is developed from Eq. (44) using
the symbolic formulation given in Eq. (45). Finally, the fourth-order
Runge—Kutta method is used to advance this system of equations in
the time domain:

N
W(E 1) =Y A,sin(urx) + C; + C,X + G2 + C,F° (42)

n=l1

1
/ ¢(x, 1) sin(mmx) dx = 0; m=12,....,N (43)
0

2A - (- d
d°A,, =F,,1(A,,,—"); mn=12,....N (44)
dr?

:?m7 ——m:Fm (45)

Previous panel flutter investigations [29,38,79] have demonstrated
that six modes in the flow direction produce converged flutter
solutions; thus, six sine modes are used in this study. Spatial
integrations involving discrete temperature and material property
distributions are performed numerically using the trapezoidal rule
[83]. Temperature distributions, material properties, and the
polynomial coefficients in Eqgs. (36), (39), and (42) are updated
every aerothermal time step.

IV. Results and Discussion

To the authors’ knowledge, no data exist to validate the developed
aerothermoelastic model. Therefore, steps to verify the model are
carried out for the aerothermal and aeroelastic models individually.
Note that the aerothermal model is verified in two parts:
1) aerodynamic heating and 2) heat transfer.

In addition to performing model verifications, the aerothermoe-
lastic model is used to investigate the effects of various types of fluid—
thermal—structural coupling on flutter boundary prediction, non-
linear flutter response, and dynamically stable response of a panel in
hypersonic flow. Furthermore, the effects of the different types of
coupling on the accuracy and the computational expense of the
aerothermoelastic solution are investigated.

A. Aerothermal Model Verification
1. Aerodynamic Heating

The present aerodynamic pressure and heating models are
compared to experimental results [84] from investigations conducted
on flat plates and spherical dome protuberances in the NASA
Langley Research Center’s 8-Foot High-Temperature Tunnel (HTT).
The HTT is a hypersonic blowdown tunnel that can simulate
aerodynamic pressure and heating obtained in flight at a nominal
Mach number of 7 in the altitude range between 25 and 40 km for up
to 2 min, depending on test conditions [84-86]. The high-energy
required to simulate hypersonic flow conditions is obtained by
burning a mixture of methane and air under pressure and expanding
the combustion products to the test-section Mach number. Thus, in
order to compare pressure and heating predictions from the present
formulation with the experimental data [84], thermodynamic and
transport properties of methane—air combustion products [87] must
be used.

Analytical predictions of aerodynamic pressure and heating for an
inclined flat-plate test article were made in [85] using oblique shock
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Table 2 Flat-plate validation of the present aerodynamic pressure and heating models
by comparison to experimental data [84]

Input Output
Poo Too Moo 0 Pfp pr

Experimental vs analytical Pa K deg Pa % error  W/cm? % error
Run 30 (NASA TP-2631 [84]) 6549 —— 6.60 5.0 1278 e 4.783 e
Present (R.q = 0.9) 6549 2200 6.60 5.0 1390 8.8 5.225 9.3
Run 31 (NASA TP-2631 [84]) 6480 —— 6.60 5.0 1275 e 4.764 —_—
Present (R = 0.9) 648.0 220.0 6.60 5.0 1376 79 5.181 8.7
Run 32 (NASATP-2631 [84]) 6549 —— 660 50 1278 —_— 4.555 —_—
Present (R.q = 0.9) 6549 220.0 6.60 5.0 1390 8.8 5.225 14.7

Table 3 Diameter and height of the spherical pressure (PD)
and heat-flux (TD) domes used in aerothermal tests [84]

Spherical dome protuberances

Ddomc HPD HTD
Test ID in. m in. mm in mm
Run 30 14.0 0.356 0.390 9.91 0.465 11.8
Run 31 14.0 0.356 0.182  4.62 0.179 4.55
Run 32 14.0 0.356 0.090 2.29 0.144 3.66

relations [61] and Eckert’s reference temperature method [64] with
the properties of methane—air combustion products [87]. Thus,
Eckert’s reference temperature method was used (instead of Eckert’s
reference enthalpy method) in the present formulation in order to
verify modifications for methane—air combustion products by direct
comparison to the analytical results in [85] before performing the
present validation study with [84]. Furthermore, due to a lack of the
necessary temperature-enthalpy tables for methane—air combustion
products required by Eckert’s reference enthalpy method, Eckert’s
reference temperature method is used for the present validation study.
Note that Eckert’s reference temperature method has been shown to
overpredict aerodynamic heating on the order of 10% compared to
Eckert’s reference enthalpy method for Mach 8 flow at an altitude of
30 km [88].

In addition to using the properties of methane—air combustion
products, several assumptions are required in order to compute
pressure and heat-flux values with the present models, since the
equivalence ratio, the freestream temperature, and the wall
temperature are not reported in [84]. First, an equivalence ratio of
0.9 is selected from those available (0.7, 0.8, 0.9, and 1.0) in [87],
based on the HTT operating conditions reported in [84-86]. Second,
the freestream temperature is based on the local stream temperatures
reported in [85] for zero-inclination angle tests that have HTT

25

A Run 30 - TP-2631
O Run31-TP-2631
N O Run 32 -TP-2631
vvvvv Run 30 - Present
N — — = Run 31 - Present
Run 32 - Present

1.5'~A \A \A,\ k

(=3 ~ .,
g - A‘\A
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Run (/D) SO B x-HTo
. 30 0.028 \'\\,\A A
: 31 0.013 =~
32 0.0064
0 . .
0 0.25 05 0.75 1
x/D

dome

a) Streamwise centerline pressure distributions

operating conditions similar to those in [84]. Third, a wall
temperature of 300 K is assumed, since the heating rates are reported
[84] to be for a cold wall. Finally, flat-plate heat-flux values from the
present model are computed at a distance 1.85 m downstream of the
onset of transition, which is the distance from the boundary-layer
trips to the center of the test article [84].

In this validation study, two comparisons are made to the
experimental data contained in [84]. The first is for flat plates and the
second is for spherical dome protuberances. In both experimental
configurations, the test article is mounted on a flat plate (panel
holder), which has a sharp leading edge and is inclined to the
flow [84].

Table 2 contains a summary of the results from the flat-plate
validation study. The output columns of Table 2 illustrate that the
present models predict flat-plate pressure values between +7.9% and
+8.8% and heat-flux values between +8.7% and +14.7% of the
experimental values reported in [84]. These errors are within the
ranges anticipated, considering the number of assumptions required,
and the error ranges reported [85] for the analytical methods used
(compared to the experimental data [85], average pressure ratios
were predicted within £210% and average turbulent heating rates
were overpredicted from 10 to 30%).

Next, the present formulation is compared to experimental
pressure and heating results for spherical dome protuberances [84].
Table 3 lists the diameter and height of the spherical dome
protuberances used in the sharp leading-edge panel-holder test cases
[84]. Note that the pressure and heat-flux domes have equal
diameters that are the same for each test, but the domes have different
heights with respect to each other and different heights for each test.
Also, as listed in Table 2, each test was performed with similar
freestream conditions and at the same flat-plate (panel-holder)
inclination angle.

Figures 8a and 8b compare pressure and heating predictions over
the streamwise centerline of the spherical dome protuberances from
the present models to the experimental data [84], respectively.

25 T T
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N O Run 31 -TP-2631
S O Run32-TP-2631||
2 \% ''''' Run 30 - Present
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05t 30 0.033 '\,Q\E_
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0 . .
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b) Streamwise centerline heating distributions

Fig. 8 Pressure and heating distributions from the present models compared to experimental data along the streamwise centerline of spherical dome

protuberances [84].
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Table 4 Maximum and average absolute error of pressure and heating
distributions from the present models compared to experimental data
along the streamwise centerline of spherical dome protuberances [84]

% error
Run 30 Run 31 Run 32
Absoluteerror  p/ps,  Q/Qn  P/Py  Q/Qp  P/Pe  Q/0n
Max 54.5 34.6 24.4 13.1 11.9 7.1
Avg 18.6 13.1 9.3 3.8 3.7 3.6

Pressure and heating distributions are normalized by the
corresponding flat-plate results provided in Table 2. Note that the
leading edge of each dome is at x/ Dy, = 0 and the trailing edge is
at x/Dyome = 1. The analytical results and the experimental data
show that pressure and heating are increased in the leading-edge
region and decreased in the trailing-edge region compared to the flat-
plate values. In addition, these effects increase with increasing dome
height.

Maximum and average absolute values of the error from the
present models relative to the experimental data are listed in
Table 4. The maximum error values occur near the leading edge, as
illustrated in Figs. 8a and 8b. The errors are greater for pressure than
for heating, and increase with increasing dome height. The average
error values illustrate that pressure and heating predictions from the
present models are in general agreement with the experimental data.
The average absolute error of the pressure distribution predictions
is between 3.7 and 18.6%, and the average absolute error of the
heating distribution predictions is between 3.6 and 13.1%. Thus,
the present aerothermodynamic model yields reasonable agreement
with experimental heating distributions over spherical dome
protuberances.

2. Heat Transfer

The present heat transfer model is verified by computing the two-
dimensional transient temperature distribution in the ceramic strip
shown in Fig. 9. A solution to this problem is provided in example 4-
12 of [77]. The ceramic strip is initially at a uniform temperature of
300°C, and at time zero it is exposed to convective cooling along the
upper surface. Convective cooling is modeled using a convection
heat transfer coefficient and the fluid temperature, as given by
Eq. (46). The convection heat transfer coefficient and material
properties are listed in Table 5. The sides of the ceramic strip are
maintained at 300°C and the lower surface is adiabatic:

Qconv = hc(Too - Tw) (46)

Transient temperature values of node 5 from [77] and from the
present model are compared in Table 6. Note that [77] uses a time step
of At = 2.0 s, based on the maximum time step (Az = 2.286 s) for
numerical stability of the explicit scheme for this problem. Solutions
from the present model are provided at At = 2.0,0.2, and 0.02 s. The
solution at Ar=2.0 s is used to verify the present model by
comparison to [77]. Solutions at At = 0.2 and 0.02 s demonstrate
convergence of transient nodal temperatures for Ar = 0.2 s.

B. Aeroelastic Model Verification

The present aeroelastic model is verified by comparison to
stability-region boundaries in [79] and to the limit cycle amplitudes
in [44,79]. Dowell [79] used an analytical time-domain model with

h,, T.=50°C
T 12 13 T

T =300°C < 435 38 1cm
7 18 lo

Adiabatic | 2cm | s00C

Fig. 9 Two-dimensional transient heat transfer example 4-12 of [77].

Table 5 Heat transfer verification parameters
from example 4-12 of [77]

h, 200 W/m2/K
0 1600 kg/m?
c 800 J/kg/K
k 3.0 W/m/K

Table 6 Comparison of node 5 temperature
(°C) from example 4-12 of [77]

Holman [77]  Present Present Present
Time,s Ar=20 Ar=20 Ar=02 Ar=0.02

0.0 300.0 300.0 300.0 300.0
2.0 300.0 300.0 297.9 297.8
4.0 294.1 294.1 293.4 293.3
6.0 287.6 287.6 288.3 288.4
8.0 282.4 282.4 283.5 283.6
10.0 2717.8 271.8 279.2 279.3
12.0 274.0 274.0 275.4 275.5

quasi-steady, linear supersonic aerodynamic theory and six sine
modes to investigate a simply supported, semi-infinite panel under
the influence of applied, in-plane mechanical load. Xue and Mei [44]
used a finite element frequency-domain model with first-order
(linear) piston theory to examine the same panel under in-plane
thermal load. Note that the present formulation uses third-order
(nonlinear) piston theory, which has dependence on an additional
nondimensional parameter: (h/a)M;, Eq. (40), compared to the
linear theories used in [44,79]. Thus, for model verification, first-
order piston theory is employed. Also, in the present model and in
[44], an in-plane thermal load caused by a uniform temperature rise
AT is modeled in an equivalent manner to an applied in-plane
mechanical load R, from [79]. In nondimensional form, the critical
value of in-plane compressive load that causes buckling is m°.
Therefore, denoting the critical uniform temperature rise that causes
buckling by AT,,, the relationship AT/AT,, = —R,/n? is used to
compare results from the present model and from [44] to [79].

Figure 10a shows close agreement between the stability-region
boundaries given in [79] and stability-boundary data points from the
present model. Stability-boundary data points are identified by
specifying the dynamic pressure and the in-plane thermal load and
then examining the transient response. Examples of typical transient
response in each stability region are given in [29]. It is important to
note that the regions flat and stable and buckled but dynamically
stable do not involve oscillations, whereas regions limit cycle
oscillation (simple harmonic) and limit cycle oscillation (periodic,
but not simple harmonic) involve self-excited, self-sustained
oscillations: i.e., nonlinear panel flutter. Therefore, the flutter
boundary is defined by line segments A-B and B-C in Fig. 10a.
Regions to the left and below the flutter boundary (line A-B-C) are
dynamically stable, whereas regions to the right and above line
A-B-C involve limit cycle flutter.

Figure 10b compares the peak amplitudes of limit cycle oscillation
from the present model to [44,79] at four values of in-plane thermal
load (AT/ AT, = 0, 1,2, 3). Data from the present model are in close
agreement with both sets of reference data.

C. Aerothermoelastic Panel Studies

The aerothermoelastic model is used to investigate the impact of
fluid—thermal—structural coupling on aerothermoelastic behavior:
i.e.,, on flutter boundary predictions, nonlinear flutter response,
and dynamically stable response. Multiple important effects are
included in the analysis: namely, 1) mutual coupling between elastic
deformation and aerodynamic heating (i.e., two-way coupling),
2) transient arbitrary in-plane and through-thickness temperature
distributions, and 3) the associated thermal stresses and material
property degradations. Furthermore, two simplified approaches are
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Fig. 10 Aeroelastic model verification study [44,79].

investigated for reducing the computational expense of aerother-
moelastic analysis in hypersonic flow: specifically, 1) quasi-static
coupling and 2) time-averaged dynamic coupling of aerothermal and
aeroelastic solutions.

1. Aerothermoelastic Modeling Cases

Table 7 lists eight modeling cases (B-1, B-2, C-1, C-2, D-1, D-2,
E-1, and E-2) considered in the present study. All cases include
transient arbitrary in-plane and through-thickness temperature
distributions, and the associated thermal stresses. Cases B-1 and B-2
neglect material property degradation; B-1 uses one-way coupling
(aeroheating based on the undeformed panel) and B-2 uses two-way
coupling (aeroheating based on the deformed panel). Cases C-1 and
C-2 include material property degradation due to temperature
change, but are otherwise equivalent to B-1 and B-2, respectively.
Note that these four cases (B-1, B-2, C-1, and C-2) use a quasi-static
formulation of the structural model and thus quasi-static coupling.

The quasi-static formulation neglects the velocity and acceleration
terms in Eq. (44); thus, the system of nonlinear differential equations
of motion, becomes a system of nonlinear algebraic equations of
equilibrium. These equations are solved iteratively, using the
Levenberg—Marquardt algorithm [89], to update the quasi-static
deformation each time the temperature is updated from the transient
aerothermal solution. To identify the aerothermoelastic flutter
boundary, dynamic response tests are performed on the quasi-static
solutions. The onset of flutter (i.e., flutter boundary) is defined as the
first point in time along a trajectory that sustained oscillations are
predicted by the dynamic response test.

The latter four cases (D-1, D-2, E-1, and E-2) use the dynamic
formulation of the structural model. Cases D-1 and D-2 are the
dynamic versions of C-1 and C-2, respectively. Note that the first six
cases (B-1, B-2, C-1, C-2, D-1, and D-2) use equal time steps for the
aerothermal and aeroelastic solutions. However, cases E-1 and E-2
use multiple aeroelastic time steps for each aerothermal time step,

Table 7 Aerothermoelastic modeling cases

Case Material Aerothermal- Aeroheating Structural
property aeroelastic panel model
degradation coupling deformation formulation
B-1 None 1-way Undeformed Quasi-static
B-2 None 2-way Instantaneous Quasi-static
C-1 E(T), a(T) 1-way Undeformed Quasi-static
C-2 E(T), a(T) 2-way Instantaneous Quasi-static
D-1 E(T), a(T) 1-way Undeformed Dynamic
D-2 E(T), a(T) 2-way Instantaneous Dynamic
E-1 E(T), a(T) 1-way Undeformed Dynamic
E-2 E(T), a(T) 2-way Time-averaged Dynamic

and thus are simplified versions of D-1 and D-2, respectively. Case
E-2 computes the aerodynamic heating from the time-averaged
dynamic response over multiple aeroelastic time steps. This enables
different time steps for the aerothermal and aeroelastic solutions
within the two-way coupled framework. All other cases that
implement two-way coupling (B-2, C-2, and D-2) use equal time
steps; thus, the instantaneous panel deformation is used to compute
aerodynamic heating. Finally, note that case D-2 is the baseline for
this study, since all other cases use one or more simplifications of the
complete aerothermoelastic model.

2. Aerothermoelastic Flutter Boundary Predictions

Hypersonic aerothermoelastic analysis is challenging due to
transient thermal stresses, material properties, and aerodynamic
heating conditions. Therefore, unlike other flow regimes where
aeroelasticity is primarily dependent on instantaneous operating
conditions, hypersonic aerothermoelasticity is dependent on the path
between two points [60]. Thus, flight trajectory, time, and transient
heat transfer analysis become essential components to accurate
aerothermoelastic flutter boundary prediction. In this study, the
aerothermoelastic flutter boundary is computed by marching the
aerothermal and aeroelastic equations forward in time for a specified
set of trajectories and initial conditions. The only variation of
trajectory considered is Mach number; thus, both altitude and angle
of attack are held constant.

The parameters used in this investigation are listed in Table 8.
Panel layer thicknesses are given above in Table 1. The panel is
initially flat, stress-free, and at a uniform temperature.

Figure 11a shows a comparison of the aerothermoelastic flutter
boundaries as a function of Mach number and flight time for each
modeling case. Note that the unheated flutter boundary for this panel
is M, = 18.3. The effect of thermal stresses, in the absence of
material property degradation, on lowering the unheated flutter
boundary is illustrated by cases B-1 and B-2. Furthermore, when
material property degradation is included (C-1, C-2, D-1, D-2, E-1,
and E-2) the flutter boundary is further reduced. Note that the error

Table 8 Parameters used to investigate
aerothermoelastic flutter boundary

predictions
Altitude 30 km
M, 7.5-12
0 5.0°
X3 1.0 m
a 1.5m
h 5.0 mm
T, 300K

initial
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Fig. 11 Aerothermoelastic flutter boundary predictions.

introduced by neglecting material property degradation increases
with decreasing Mach number (i.e., the error increases with
increasing flight time to reach the flutter boundary). For the M, =
8.5 trajectory (the lowest Mach number considered for cases B-1
and B-2), flight time to reach the flutter boundary is overpredicted
by approximately 180%, due to neglecting material property
degradation.

Another significant result shown in Fig. 11a is general agreement
in flutter boundary predictions between one-way coupling (C-1, D-1,
and E-1) and two-way coupling (C-2, D-2, and E-2) when material
property degradation is included. However, at the lower Mach
numbers considered, a difference between one-way and two-way
coupling is evident. This is best illustrated by comparing flight time
to the onset of flutter for each trajectory, as shown in Fig. 11b. Note
that the differences in the flutter boundary predictions increase with
decreasing Mach number; the largest difference occurs at M, = 7.5
(the lowest Mach number considered). For this trajectory, the one-
way coupled cases (C-1, D-1, and E-1) overpredict flight time to the
onset of flutter by 6.3% compared to the two-way coupled cases
(C-2, D-2, and E-2).

Finally, note that these results are configuration-dependent, since
the degradation of material properties depends on the structural
material and transient heat transfer through the TPS. Furthermore,
panel length and thickness impact the amplitude of preflutter
buckling, and thus the degree to which deformation, flow, and
heating are coupled before flutter. More complex aerodynamic
theories are needed, however, to investigate additional configurations
that exhibit larger preflutter deformations, since piston theory is
limited by the product of Mach number and surface inclination [53].

3. Aerothermoelastic Solution Considerations

Note from Figs. 11a and 11b that there is excellent agreement
between the C, D, and E cases. This indicates that the aero-
thermoelastic behavior of the panel can be accurately represented
using either quasi-static or time-averaged dynamic fluid—thermal—
structural coupling. To further evaluate these solution strategies,

Table 9 Aerothermoelastic solution time parameters

Case  Aerothermal Aeroelastic ~ CPU? time/flight CPU? time, %
time step, ms time step, ms time, s/s
C-1 100 100 3.6 70 AT, 30 AE
C-2 100 100 3.6 70 AT, 30 AE
D-1 0.5 0.5 540 92 AT, 8 AE
D-2 0.5 0.5 540 92 AT, 8 AE
E-1 100 0.5 47 5 AT, 95 AE
E-2 100 0.5 47 5 AT, 95 AE

“One 2.6 GHz Opteron processor, 2.0 GB RAM.

consider the solution time parameters for the aerothermoelastic
modeling cases provided in Table 9. Note that for cases C-1 and C-2,
the time-step size is limited by the aerothermal solution. Conversely,
the time-step size for cases D-1 and D-2 is limited by the dynamic
aeroelastic solution. Cases E-1 and E-2 use the aerothermal time step
from C-1 and C-2 and the aeroelastic time step from D-1 and D-2.
Note that time-step sizes for the aerothermal and aeroelastic solutions
are determined from independent time-step convergence studies of
each solution, respectively.

The computational expense of each case is represented in Table 9
as CPU time/flight time. It is interesting that the computational cost
of cases C-1 and C-2 are the same, as is the cost of cases D-1 and D-2,
and E-1 and E-2. Thus, for the model developed, there is no
additional expense associated with two-way coupling of the
aerothermoelastic solution.

Next, note that the computational expense of cases C-1 and C-2
(quasi-static coupling) is approximately 0.7% of D-1 and D-2
(dynamic coupling with equal aerothermal and aeroelastic time
steps). Furthermore, cases E-1 and E-2 (time-averaged dynamic
coupling with different aerothermal and aeroelastic time steps) are
approximately 9% of D-1 and D-2. Thus, both quasi-static and time-
averaged dynamic coupling result in significant increases in
computational efficiency of the aerothermoelastic solution.

Finally, the division of computational expense between the
aerothermal and aeroelastic solutions is listed under CPU time in
Table 9. The aerothermal solution accounts for approximately 70%
of the computational cost of cases C-1 and C-2 and 92% of D-1 and
D-2. However, for cases E-1 and E-2, the aerothermal solution
accounts for only 5% of the cost. Thus, the high-cost of the
instantaneous dynamic coupling cases (D-1 and D-2) is primarily
due to solving the aerothermal problem on the same time scale as the
aeroelastic solution.

4. Nonlinear Aerothermoelastic Flutter Response

A principal consideration for an aerothermoelastic analysis, in
addition to flutter prediction, is the ability to accurately capture
dynamic aerothermoelastic response phenomena. This is assessed in
the present study by investigating the nonlinear aerothermoelastic
panel flutter response for the M, = 10 and 10.5 trajectories using the
dynamic cases D-1, D-2, E-1, and E-2. The M, = 10 trajectory
shows a response in which the panel is buckled for a significant
period of time before flutter, whereas for the M, = 10.5 trajectory,
the onset of flutter occurs shortly after buckling. Note that as Mach
number decreases, the duration of buckled but dynamically stable
response before the onset of flutter increases. During this period of
time, buckling deformations increase due to aerodynamic heating. At
Mach numbers lower than 9.5, the panel experiences relatively large
amplitude oscillations immediately following the onset of flutter,
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Fig. 12 Nonlinear aerothermoelastic panel flutter response at M., = 10.

due to the large preflutter buckling deformations. The flutter
oscillations are large enough that in some instances piston theory
computes a fictitious negative value of the instantaneous pressure,
due to overexpansion of the flow. Thus, additional work is needed to
confirm the accuracy of the postflutter responses at the lower Mach
numbers using more sophisticated aerodynamic tools.

The aerothermoelastic responses for the M., =10 and 10.5
trajectories are represented in Figs. 12a-12c and 13a-13c,
respectively, using the transient panel displacements at the 0.75-
chord location. Peak displacements generally occur near this
location, since the majority of the flutter responses are dominant in
the second mode, as shown in Figs. 12d and 13d. The displacement
envelopes are illustrated in Figs. 12a and 13a. Four distinct regions of
response are evident: namely, 1) initially flat and stable, followed by
2) buckled but dynamically stable deformation, before 3) the onset of
flutter and a transition to 4) steady limit cycle oscillations. The onset
of flutter is presented in Figs. 12b and 13b, and the limit cycle
oscillations are shown in Figs. 12c and 13c. Note that the time
scalein Figs. 12b, 12¢, 13b, and 13cis reduced compared to Figs. 12a
and 13a in order to clearly discern the oscillations. In all cases, the
transition to steady flutter is preceded by a period of chaotic snap-
through motion. Note that this behavior is also described for forced
motion of buckled beams in [90].

An interesting difference between the baseline case (D-2) and the
cases which involve one or more model simplifications (D-1, E-1,
and E-2) is illustrated in Figs. 12a—12d for the M, = 10 trajectory.
First, it is evident in Figs. 12¢c and 12d that mode 2 is dominant for
D-1, E-1, and E-2, whereas mode 3 is dominant for D-2 during limit
cycle oscillations. The corresponding frequencies are approximately
140 Hz and 180 Hz, respectively. Next, note in Fig. 12a that in the
buckled but dynamically stable region (25-70 s), the four responses
are in close agreement; the responses in this region are dominant in

the first and second modes. At the onset of flutter (approximately
71 s), mode 2 becomes dominant for each response, which is evident
by the sharp increase in amplitude at the 0.75-chord location.
However, during the transition to limit cycle oscillations (7285 s),
D-2 predicts a switch to mode 3 (evident by the sharp decrease in
displacement at approximately 80 s), while the other cases remain in
mode 2. It is interesting to note that since case E-2 uses time-
averaged deformation to implement two-way coupling, postflutter
oscillations about the flat panel configuration result in aerodynamic
heat loads similar to one-way coupling (D-1 and E-1). Therefore,
these results suggest that the flutter response may be altered by the
mutual coupling of panel oscillations and aerodynamic heating, an
effect captured only by case D-2 in this study.

Conversely, Figs. 13a—13d illustrate that the aerothermoelastic
responses predicted by all four cases (D-1, D-2, E-1, and E-2) are in
close agreement for the M, = 10.5 trajectory. For each case, the
steady limit cycle oscillations are dominant in the second mode
(approximately 140 Hz) as illustrated in Figs. 13c and 13d. One
significant difference between the response at M, = 10.5 and the
response at M, = 10 is the duration of the buckled but dynamically
stable region and the corresponding deformation at the onset of
flutter. At M, = 10.5, the panel is buckled for a shorter period of
time (approximately 15 s compared to 45 s) and thus is deformed less
(w/h=1.0 compared to w/h =2.3) at the onset of flutter.
Therefore, the impact of two-way coupling at the onset of flutter and
early in the flutter response is less significant at M, = 10.5 than at
M, =10.

Collectively, the M, = 10 and 10.5 results suggest that dynamic
aerothermoelastic response is sensitive to both the level of coupling
(one-way versus two-way) and to temporal coupling (time-averaged
versus instantaneous). However, since time-averaged two-way
coupling (E-2) and one-way coupling (D-1 and E-1) produce
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Fig. 13 Nonlinear aerothermoelastic panel flutter response at M, = 10.5.

accurate results compared to the baseline model (D-2) for some
responses, additional work is needed to fully characterize their use.

5. Dynamically Stable Aerothermoelastic Response

Another important consideration for an aerothermoelastic analysis
is the ability to accurately capture dynamically stable responses: e.g.,
quasi-static elastic deformation and buckling. To investigate this
behavior, aerothermoelastic responses in the preflutter region of the
M, = 8.0 trajectory are investigated using one-way (C-1 and D-1)
and two-way (C-2 and D-2) coupled solutions. Comparison of the
quasi-static coupling cases (C-1 and C-2) to the dynamic coupling
cases (D-1 and D-2) is performed to investigate the accuracy of
quasi-static coupling. This trajectory is selected because flight time
in the preflutter region is greater than at higher Mach numbers (see
Fig. 11). Additionally, at M, = 8.0 the one-way coupled and two-
way coupled flutter boundary predictions begin to separate; thus, the
preflutter response parameters that lead to this separation are of
interest.

The panel deformation, heating, material property degradation,
thermal loading, and stress results from this investigation are
16b. Figure 14a illustrates the initially flat panel and the buckled but
dynamically stable panel deformations at 300 and 900 s. Panel
deformations from each of the four cases are in close agreement,
indicating that the elastic deformation does not have a strong
dependence on the coupling procedure used.

Aerodynamic heat-flux distributions over the panel at the initial
time, 300 s, and 900 s are shown in Fig. 14b. The values of
aerodynamic heat flux are lower at 300 and 900 s compared to the
initial time, due to increasing surface temperatures. The quasi-static
coupling cases C-1 and C-2 are in close agreement with the dynamic

coupling cases D-1 and D-2, respectively. However, the difference
between one-way coupling (C-1 and D-1) and two-way coupling
(C-2 and D-2) increases with time. At 900 s, aerodynamic heat flux is
approximately 52% greater at 0.35 chord and 79% less at the trailing
edge for cases C-2 and D-2 compared to C-1 and D-1.

Figure 14c illustrates the aerodynamic surface temperature at 10 s,
300 s, and 900 s. For cases C-1 and D-1 (one-way coupling), the
surface temperature is the same at 300 and 900 s (approximately
1170 K and uniform); this is approximately the flat-plate radiation
equilibrium temperature. The surface temperature change from the
initial value of 300 K to approximately 1020 K at 10 s indicates that
the equilibrium surface temperature is reached rapidly for one-way
coupling. However, cases C-2 and D-2 (two-way coupling) predict
that surface temperature continues to change throughout the
trajectory. The temperature rise at 900 s is approximately 15% greater
at 0.35 chord and 43% less at the trailing edge for cases C-2 and D-2
compared to C-1 and D-1. These results demonstrate that in
hypersonic flow, deforming panels may not exhibit a radiation
equilibrium wall temperature, and that two-way coupling is required
in order to accurately predict material temperatures at the surface.

Midplate temperature distributions at the initial time, 300 s, and
900 s are shown in Fig. 14d. The temperature distributions are
uniform, 300 K, at the initial time for each case. At300 s, the midplate
temperatures are approximately 400 K. However, for cases C-2 and
D-2 (two-way coupling) the temperature rise is slightly greater at the
leading edge and less at the trailing edge than for C-1 and D-1 (one-
way coupling). At 900 s, the midplate temperature distribution for
case C-1 and D-1 is nearly uniform with 580 K at the leading edge
and 560 K at the trailing edge. In contrast, the temperature rise shown
by C-2 and D-2 is approximately 18% greater at 0.35 chord and 33%
less at the trailing edge compared to C-1 and D-1. It is interesting to
note that the midplate temperature profiles (Fig. 14d) follow the
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Fig. 14 Panel deformation and heating during dynamically stable aerothermoelastic response at M, = 8.0.

aerodynamic surface temperature profiles (Fig. 14c), where the time
lag is due mainly to the thermal insulation between them. From these
results it is clear that elastic deformation of a structure can
significantly affect its internal temperature distribution.

Figure 15a illustrates the normalized elastic modulus of the plate
structure at the initial time, 300 s, and 900 s. The values are based on
the midplate temperature distributions in Fig. 14d. Since the elastic
modulus decreases as the temperature increases, the inverse trend is
shown in Fig. 15a compared to Fig. 14d. At900 s, the elastic modulus
from cases C-1 and D-1 (one-way coupling) is nearly uniform and
is approximately 87% of its value at time zero. However, the
elastic modulus from cases C-2 and D-2 (two-way coupling) is
approximately 2.3% less at0.35 chord and 4.3 % greater at the trailing
edge compared to C-1 and D-1. This demonstrates the importance of
two-way coupling for evaluating material property degradation at
elevated temperature.

Transient in-plane thermal force, normalized by the critical
buckling load, is illustrated in Fig. 15b. All four cases (C-1, C-2, D-1,
and D-2) are in close agreement. This is due to the dependence of in-
plane thermal force on the integral of temperature distribution
(Fig. 14d) over the length of the panel. Thus, in-plane thermal forces
computed from one-way and two-way coupling are nearly identical
because the average temperatures of the plate structure are
approximately the same.

Note that the main parameters which influence the flutter boundary
predictions (Fig. 11) are 1) deformation induced pressure, 2) panel
stiffness, and 3) in-plane thermal force. The preflutter buckling
deformations (Fig. 14a) and the in-plane thermal forces (Fig. 15b) are
nearly identical for all four cases. This suggests that separation of
one-way and two-way coupled flutter boundary predictions, which
begins to occur at M, = 8.0, is a result of different panel stiffnesses
due to variation of the elastic modulus (Fig. 15a). Moreover,

agreement of C-1 with D-1 and C-2 with D-2 for each of these
parameters in the preflutter region further justifies use of the quasi-
static coupling procedure for flutter boundary prediction.

The thermal bending moment at the initial time, 300 s, and 900 s is
shown in Fig. 15¢c. Note that the thermal bending moment is greater at
300 s than at 900 s, since the through-thickness thermal gradients are
largest at earlier times. In addition, the nonuniform aerodynamic
heating that results from two-way coupling (C-2 and D-2) produces
steeper temperature gradients at the leading edge and shallower
gradients at the trailing edge. Consequently, at 900 s, the thermal
bending moments for cases C-2 and D-2 are approximately 25%
greater at 0.35 chord and 71% less at the trailing edge compared to
C-1 and D-1.

Figure 15d illustrates the heat absorbed by each layer of the panel
over 900 s of flight. All four cases are in close agreement for each
layer, which indicates that the average layer temperature is
approximately the same for each case. Since the radiation shield is the
first layer exposed to aerodynamic heating, it has the steepest initial
increase in heat absorbed. Consistent with this effect, the thermal
insulation has the second steepest initial increase. Both the radiation
shield and the thermal insulation reach approximately constant values
of heat absorbed within 120 s. However, the plate structure continues
to absorb heat at approximately a constant rate from 120 to 900 s.

Stress in the plate structure that results from the combined
effects of in-plane stretching, transverse bending, and temperature
distribution, is shown in Figs. 16a and 16b at the initial time, 300 s,
and 900 s. Stress at the upper surface is illustrated in Fig. 16a and at
the lower surface in Fig. 16b. Note that the upper and lower surface
stresses are approximately equal in magnitude and opposite in sign at
each location along the plate, indicating that the bending stress is
dominant. The stress distributions are similar for each case (C-1, C-2,
D-1, and D-2). This is expected based on the dominance of the
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bending stress and the close agreement of the deformed panel shapes
illustrated in Fig. 14a. The largest difference occurs at 900 s, where
the magnitude of the peak stresses from cases C-2 and D-2 (two-way
coupling) are 3.7% greater at the upper surface compared to C-1 and
D-1 (one-way coupling).

V. Conclusions

A comprehensive aerothermoelastic model is developed for
analysis of panel structures in hypersonic flow. Multiple, systematic

studies are performed to investigate the impact of fluid—thermal—
structural coupling on aerothermoelastic behavior: i.e., on flutter
boundary predictions, nonlinear flutter response, and dynamically
stable response. Multiple important effects are included in the
analysis: namely, 1) mutual coupling between elastic deformation and
aerodynamic heating (i.e., two-way coupling), 2) transient arbitrary
in-plane and through-thickness temperature distributions, and 3) the
associated thermal stresses and material property degradations. In
addition, two simplified approaches are investigated for reducing the
computational expense of comprehensive aerothermoelastic analysis
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in hypersonic flow, these are 1) quasi-static coupling and 2) time-
averaged dynamic coupling of aerothermal and aeroelastic solutions.
The results of these studies allow one to reach several useful
conclusions:

1) Thermal stresses result in significant reductions to the unheated
panel flutter boundary. Material property degradation at elevated
temperatures, in addition to thermal stresses, further reduces this
boundary. For the panel investigated, one-way and two-way coupled
solutions that include these effects show general agreement of the
flutter boundary predictions. However, a small difference (less than
10%) between one-way and two-way coupling is evident at the lower
Mach numbers considered: i.e., when longer-duration exposure to
aerodynamic heating is required to degrade the material properties to
the point of flutter. In such cases, one-way coupling gives a
nonconservative prediction of the flutter boundary compared to two-
way coupling.

2) Quasi-static coupling, time-averaged dynamic coupling, and
instantaneous dynamic coupling approaches yield nearly identical
flutter boundary predictions. Thus, quasi-static or time-averaged
dynamic coupling procedures may be used to reduce computational
cost with little loss in accuracy of flutter prediction.

3) There is no additional computational expense associated with
two-way coupling for the comprehensive aerothermoelastic model
developed in this work, whether quasi-static or dynamic coupling is
used.

4) Before flutter (i.e., for dynamically stable response), quasi-
static coupling and dynamic coupling yield nearly identical results.
Two-way coupling results in nonuniform aerodynamic heating
compared to one-way coupling, which produces: nonuniform
temperature distributions along the surface and throughout the panel,
nonuniform material property degradations, and nonuniform thermal
bending moments. These nonuniformities result in localized regions
in which material temperature limits may be exceeded, and they
impact flutter boundary predictions and nonlinear flutter response.

5) After the onset of flutter (i.e., for nonlinear flutter response), the
response is sensitive to the use of time-averaged versus instantaneous
dynamic coupling, as well as to one-way versus two-way coupling.
However, since time-averaged coupling and one-way coupling
produce accurate results for some dynamic responses, additional
work is needed to fully characterize their use.
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