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Abstract: This paper extends a previously developed computational framework for coupled
aerothermoelastic simulations for hypersonic vehicle structures in extreme environments.
An aeroheating verification and validation case is first conducted on a Mach 6.5+ spherical
dome protuberance that was tested in a NASA wind tunnel. ATA’s simulation includes
aerothermoelasticity in the physics and captures the heating of the compliant dome structure
during the first five seconds of exposure to hypersonic flow. This case is followed by a
coupled quasi-static aerothermoelastic analysis of an acreage panel-level structural
component for a sustained, reusable, air-breathing Mach 5-7 cruise horizontal-takeoff
platform. The panels were consistent with the NHV outer mold line (OML), allowing the
fully coupled simulation of two realistic structures in a realistic hypersonic environment.
The paper presents results from a first quasi-static simulation of an orthogrid stiffened,
curved panel that bows into the flow due to thermal stress and an assumed internal pressure.
The effect of the stiffeners on the panel’s response is profound and includes global and
localized bowing relative to the undeformed panel and vehicle OML, resulting in the
generation of multiple shock structures.

1. Introduction

United States Air Force (USAF) reusable sustained hypersonic cruise vehicle designs will require
durable structures capable of extended-duration operations in combined, extreme environments,
typified by significant thermal, acoustic, and mechanical loading with large spatial and temporal
gradients and nonlinear, coupled interactions between the structure and the environment. To
support the USAF’s overarching objectives, ATA Engineering, Inc., (ATA) is conducting detailed
coupled quasi-static and dynamic aerothermoelastic analysis of acreage panel-level single or
multiple-bay structural components for a sustained, reusable, air-breathing, Mach 5-7 cruise
horizontal-takeoff platform. The current effort builds on ATA’s previous program to develop a
multiphysics coupled analysis capability for hypersonic vehicle structures (Blades 2011, 2011).
Panels are being provided by the Structural Sciences Center (SSC) of the Air Force Research
Lab’s (AFRL’s) Air Vehicles Directorate as part of their current structural design, development,
and validation studies, which include both industry and internal research efforts.
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2. Objectives

The objective of the present work is to conduct both quasi-static and dynamic analysis of a
notional hypersonic flight panel design developed by industry in a parallel development effort
supported by AFRL.

It is anticipated that this effort will uncover, better define, and document shortcomings in the
methods used currently by the aerospace industry to analyze and predict the life of extreme
environment hot structures. ATA is using a two-stage analysis procedure that includes:

1) Quasi-static analysis at the level of a full three-dimensional hypersonic vehicle’s
aerothermal flowfield (i.e., the entire vehicle or a sufficient volume encompassing the panel and
locally wetted vehicle substructure) at a specific flight condition (i.e., point in trajectory) to define
global thermal and quasi-static pressure loads, where only regions local to the panel will be
considered to be compliant.

2 Unsteady coupled aerothermoelastic analysis of a local panel region on the hypersonic
vehicle (time-accurate for bandwidth up to 200 Hz), using unsteady load perturbation from the
quasi-static full-vehicle analysis in (1) above.

3. Technical Approach

In a domain-decomposition approach to a coupled aero-thermal-structure interaction problem, the
CFD code will compute the traction (or pressure) vector and the heat flux at the fluid-structure
interface (or wetted surface), and the NLCSD code will compute the resulting temperatures and
structural displacements due to those loads. The overall procedure for a typical problem is
illustrated in Figure 1 and is as follows when the CFD code leads:

1. Obtain the CFD solution for the boundary conditions at time level, n, and compute

a. the traction vector, 7./

w

, acting at the boundary faces on the fluid interface, f;

and
b. the concentrated heat flux, H &f '”), (an integrated, area-weighted nodal value)

acting on the fluid interface.

2. Map the fluid domain solution quantities to the structural domain.
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a. Map the elemental traction vector, Tw(f'”), from the boundary faces of the fluid
interface to a nodal force vector, ﬁw(s'”) , at the nodes of the solid interface, s,
in a conservative manner.

b. Map the concentrated heat flux, - fj‘”) , from the nodes of the fluid interface to

the nodes of the solid interface.
3. Obtain the NLCSD solution to compute the displacements of the elastic body.

4. Map the structural domain solution quantities to the fluid domain.

a. Map the displacements, )?&,"”*1) , from the nodes of the solid interface to the

nodes of the fluid interface, )?&f 1) "in a conservative manner.

s,n+1)
w

, from the nodes of the solid interface to the nodes
n+1)

b. Map the temperature, ¢

of the fluid interface, t&, '

5. Move the interior CFD computational domain to reflect the structural deformation (i.e.,
volume grid adaptation).

6. Repeat for time level n+1.
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Figure 1. Multiphysics co-simulation procedure.

Since a domain-decomposition approach is utilized, each domain will be suitably discretized for
the appropriate solver. As such, the interface between the two domains will almost certainly be
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discretized differently and will not match. The data transfer at the wetted surface interface is done
using the mapping tools provided by the CSE. Once the CFD wetted surface is moved to conform
to the structural deformations, the flow solver adapts the volume grid to reflect these changes
(Luke, 2012).

The Loci/CHEM CFD solver was used to compute the solution for the fluid domain. Loci/CHEM
is a Reynolds-averaged Navier-Stokes finite-volume flow solver for arbitrary polyhedra developed
by Dr. Edward Luke at Mississippi State University (MSU) (Luke, 2005, 2007). CHEM uses
density-based algorithms and employs high-resolution approximate Riemann solvers to solve
finite-rate, chemically reacting viscous turbulent flows. The coupling between the CHEM and
Abaqus is accomplished using SIMULIA’s Co-Simulation Engine (CSE).

4. Hypersonic Fluid-Thermal Validation Case

Because of the extreme nature of hypersonic environments and difficulty to conduct experiments
at these conditions, it is desirable perform multiphysics simulations to replicate these conditions.
However, this difficulty of experimentally replicating these environments has resulted in a limited
data available for validation of such simulations. The validation data case presented here is for a
hypersonic fluid-thermal experiment. A series of hypersonic wind tunnel experiments were
conducted at the NASA Langley 8-Foot High Temperature Tunnel (HTT) to investigate the
thermal effects of deformed thermal protection system panels (Glass 1986, 1988). The
experiments inserted a series of rigid, dome-shaped protuberances into a hypersonic flow and
measured the thermal and structural loads on the protuberances. The tested configurations
consisted of single a protuberance, a span-wise row of protuberances, and a quilted array of
protuberances. The protuberances represented the structural deformations of the thermally bowed
panels due to through-thickness thermal gradients in the panels.

The HTT is a blowdown tunnel capable of simulating aerodynamic heating and pressure loading
for a nominal Mach 7 flow at altitudes between 80,000 and 120,000 feet. The energy needed for
these hypersonic flows comes from burning a mixture of air and methane under pressure in the
combustion chamber and expanding the products through a nozzle into the test chamber. Due to
the combustion process, the freestream properties in the test chamber are based on the equivalence
ratio of te fuel to oxidizer in the combustor. The equivalence ratio is given as

. However, the equivalence ratios in the combustor were not provided

[gesleaulealuRa s
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in the test report. Fortunately, Ostoich (Ostoich 2011, 2012) performed a series of numerical
experiments as part of their validation studies to estimate the flow conditions and found that an
equivalence ratio of 0.7 most closely matched the freestream conditions reported in the hypersonic
experiments. Using this value for the equivalence ratio, the values for the fluid transport properties
and specific heat were digitized from the charts for methane-air mixtures (Leyhe, 1962) and used
for the simulations presented here.

In the hypersonic flow experiments, the test article, which consisted of the panel and protuberance
configuration, was inserted into the flow at a 5° angle of attack. The experimental configuration is
shown in Figure 2. The experiments were conducted under both laminar and turbulent boundary-
layers and the results presented here are for laminar conditions. The laminar boundary-layer over
the inclined panel was generated by a blunt 3/8” leading edge radius. The laminar state of the flat
plate (no protuberance) boundary-layer was verified by comparison of the measured and predicted
boundary-layer profiles as shown in Figure 3.The run conditions are listed in Table 1. An
isothermal boundary condition of 300K was applied to the panel.

S
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Figure 2. Schematic diagram of panel holder and dome model.
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Figure 3. Boundary-layer profile comparison at (a) x=26.2” and (b) x=58.1” downstream of
the leading edge.

Table 1. Freestream conditions for Glass and Hunt validation cases

Experimental Mach P, T, °R BL Probe Location, in
Run No. Number | psia
1 (Glass, 1986) 6.55 0.095 419 58.1
1 (Glass, 1988) 6.53 0.096 419 26.2
14 (Glass, 1986) 6.59 0.094 420 N/A

For the first run in both the 1986 and 1988 series of experiments, the dome was replaced by a flat
disk and the boundary layer was measured using a probe to verify that the experimental set was
generating a laminar boundary layer. These experimentally measured boundary-layer profiles were
used for comparison to provide confidence in the value of the equivalence ratio used in the
numerical simulations. A two-dimensional CFD simulation was performed using the gas
properties corresponding to an equivalence ratio of 0.7 (Leyhe, 1962) to verify the boundary-layer
profile. The domain for the two-dimensional CFD simulations is shown in Figure 4. A viscous
grid was generated using an initial normal spacing that resulted in y+ values of less than 0.1 on the
surface of the dome. A boundary-layer growth ratio of 3 percent was used and resulted in 158,395
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hexahedral cells in the domain. A uniform inflow boundary condition consistent with the
experimental run conditions listed in Table 1 was specified for the inflow and far field (top
boundaries), a supersonic outflow boundary condition was applied to the outflow boundary, and
an isothermal boundary condition of 300 K was applied to the panel. A comparison of the
measured and predicted boundary-layer profiles is shown in Figure 3. Overall, the results compare
well with the experimental profiles and with the past analytical results (Ostoich, 2011, 2012).

The experimental values (Glass, 1986) were derived from measurements taken using a boundary-
layer probe. A supersonic boundary-layer probe is an invasive measurement. Its presence causes a
local bow shock such that the stagnation pressure measured by the pitot tube is the same as that
associated with the post-shock flow. The experimental values shown in Figure 3 are pre-shock
measurements computed using the Rayleigh pitot tube formula given by the following equation:

Na
&z( (7 +1)° M j“(l—7)+27Mf
Py 47M12 _2(7_1) y+1 .

This equation relates the total pressure after the shock (pt2) to the static pressure before the shock
(pfp). The values from the numerical simulations were computed in a similar manner using a local
value for gamma. A comparison of the measured and predicted boundary-layer profiles is shown
in Figure 3. For reference, the results from similar simulations performed (Ostoich, 2011, 2012)
are also included in Figure 3. Overall, the results compare well with the experimental profiles and
with the results from these references.

Run 14 from the 1986 experiment was selected as the validation case. This run features a single
aluminum dome installed in a ceramic flat plate. The spherical dome has a protuberance diameter
of 28 inches and a height of 0.76 inches. The backside of the dome is exposed to an evacuated
chamber. The dome is made from 14 gauge aluminum sheet metal, and the plate is made from
Resco Cast RS-17E refractory ceramic. The thermal and mechanical properties for the two
materials are shown in Table 2, with mechanical properties for the ceramic material based on
estimates for other aluminum silicate materials.

In an effort to reduce computational expense, the domain of the coupled, three-dimensional
aerothermoelastic simulation does not extend all the way to the blunt leading edge of the plate.
Rather, the domain begins 40.8 inches downstream of the leading edge, and the boundary-layer
profile and flow conditions from the two-dimensional simulation at this station were specified as
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the inflow conditions for the fluid domain. The white outline shown in Figure 4 illustrates the
extent of the three-dimensional fluid domain. Similar boundary-layer spacing parameters used to
create the 2-D grid were also used to create the three-dimensional fluid mesh and resulted in
7,479,658 hexahedral cells. The surface mesh for the fluid domain is shown in Figure 6; note that
the wetted surface interfaces between the fluid and structural domains are not point-matched, as
the fluid-domain wetted interface is considerably more refined than the structural domain. Far-
field boundary conditions were applied to the top boundary surface, symmetry conditions were
applied to the sides of the domain, and supersonic outflow boundary conditions were applied to
the outflow surface.

The structural model is shown in Figure 5, including a zoomed-in view of the discretization
through the thickness of the domain. The aluminum dome was meshed using eight-node solid
elements with ten elements through the thickness. The ceramic plate uses the same mesh density
near the surface to capture the thermal gradients at the wetted surface interface, and the mesh size
increases as it moves deeper through the plate. The structural domain contains 47,289 nodes and
42,760 elements. The mechanical boundary conditions consisted of appropriate symmetry
conditions along each side of the domain, and the normal displacement (y-direction) was
restrained on the bottom of the plate. The thermal boundary conditions are set to adiabatic
everywhere except for the co-simulation surface. The initial condition in the structural domain is a
uniform temperature of 300 K.

Table 2. Thermal and mechanical material properties for the Glass and Hunt case

Coefficient | Young’s
Density | Conductivity Specific of Thermal | Modulus | Poisson’s
Material (kg/m?) (W/m:-K) Heat Expansion (MPa) Ration
(J/kg-K)
Resco RS-17E 2192 1.07 750 12.3e-6 70 0.22
Aluminum 2800 155.0 883 23.2e-6 72 0.33
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Figure 4. Two-dimensional fluid domain and extent of the three-dimensional domain (white
outline) for the Glass and Hunt validation case.

.

Figure 5. Structural domain showing surface mesh and zoomed-in view of through-thickness
mesh

Figure 6. Fluid domain for the Glass and Hunt validation case.
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Transient aerothermoelastic co-simulations were run for the panel assembly inserted into a Mach
6.59 freestream corresponding to the 1986 Run 14 conditions. For these types of simulations
involving hypersonic flows, the ratio of time scales between the pertinent structural and fluid
physics are on the order of O(103). Because of the disparate time scales between the structural and
fluid domains, the temporal coupling is done in a quasi-static manner. Recall that the goal of the
experiments and thus the current work is to determine the transient thermal response of a structure
in the hypersonic environment with a laminar boundary layer; thus it is not necessary to resolve
the small time scales in the fluid solution. Following the approach of previous work (Ostoich,
2011, 2012), the time-accurate solution for the structural domain at the » + 1 time step is found by
integrating the solution given the mechanical load and heat flux provided by the fluid solution at
time step n. The interface temperature is given as a boundary condition in the fluid domain, and
the fluid is marched from time step n to the steady-state solution consistent with the » + 1 interface
temperature. A convergence study was performed over the initial 0.1 seconds, and it was found
that 200 fluid iterations using local time stepping were sufficient to achieve a steady-state fluid
solution. Thus, time-accurate simulations were run for 5 seconds using a time step of 0.01 seconds
for the structural domain, and the fluid domain performed 200 steady-state iterations for every
structural time step.

The first quantitative comparison made was the instantaneous heat flux into the panel at a short
time after insertion. The exact time was not specified in the Glass and Hunt reports other than as
“a short time after insertion, but for comparison to past work, the heat flux was computed at 0.1
seconds (Ostoich, 2011). Glass and Hunt estimated the local heat flux, ¢, using the equation

q= pCpZ'(AT/At) under the assumption of one-dimensional heating under perfectly insulated

conditions on the back side of the dome and constant through-thickness. They constructed a
central differenced approximation to the rate of temperature increase, A7/A¢, and combined this
with the dome properties (density, p, thickness, z, and specific heat, C,) to come up with a heat
flux value. As shown in Table 3, the results compare well with previous works (Ostoich, 2011),
though the two computational approaches may lead to modest differences (aerothermoelastic vs.
aerothermal only). Also worth noting is that the largest discrepancy from the experiment occurs at
the same sensor locations on the periphery of the dome model (see red circles in Figure 7). In the
current analysis, the temperature-time histories are taken from the nearest cell center of the CFD
solution, interpolated from the structural domain, so that may explain some discrepancy.
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Additionally, the heat-flux estimator assumes no net in-plane heat transfer, which may become

more important at the periphery of the dome panel.

Table 3. Computed heat fluxes
compared to experiment and
Ostoich et al.’s computations

Ref Error!

Reference

source not
found.

Current |(aerothermal
Thermo- | Result only)
couple % Diff % Diff
2 -11.933 -7.19
3 1.309 -0.91
4 1.447 +7.47
7 2.040 +11.86
10 3.734 +11.01
12 —-25.290 -19.40
19 —7.841 -1.74
21 —25.494 -18.96
28 -3.587 +2.33
30 -16.697 -5.29
37 -6.171 +1.26
39 —9.399 +1.54
41 —4.340 +4.51

Flow

D =2R

Figure 7. Selected probe locations for heat flux reporting at

0.1 seconds into simulation

Figure 8 presents CFD solution contours on the dome panel and tunnel wall surface and on the
symmetry plane at one second into the simulation. The spherical shape of the dome generates a

local shock structure that can be seen in both the Mach number and temperature contours. The

flow creates an upstream compression and downstream expansion that result in higher pressure
and heat fluxes on the forward portion of the dome. Evidence of secondary flow in the form of a

horseshoe vortex is also seen in the surface heat transfer contours plot as a streak on the side of the

dome.
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Figure 9 presents surface temperatures at 1, 3, and 5 seconds into the aerothermoelastic co-
simulation. The peak deflection at 5 seconds is 1.5 mm and occurs at the center of the panel. In
general, the results are comparable to previous works, suggesting that during the first 5 seconds,
the elasticity of the dome panel is not critical to the heat flux estimation (Ostoich, 2012). It should
be noted, however, that the dome deformation of 1.5 mm at 5 seconds is not trivial, as shown in
the time evolution of the coupled temperature-displacement model’s through-thickness
temperature on the symmetry plane of Figure 10. Note that the images in the figure have been
anisotropically scaled in the vertical direction by a factor of 3 to better show the through-thickness
temperature. The figure validates the assumption of no through-thickness temperature gradient
used in the heat flux estimation (comparison to experiment) at 0.1 seconds. While not critical at 5
seconds, the inclusion of an elastic component to the co-simulation was acknowledged as a
possible means to improve accuracy over longer time scales (e.g., 50 seconds) when the
deflections are more significant and will have a greater impact on the local surface pressure and
heating rates (Ostoich, 2012).

(a) Surface pressure and symmetry plane Mach (b) Surface heat flux and symmetry plane
number temperature

Figure 8. CFD solution contours at time t = 1 seconds
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(d) Same as (b) with pressure contours
Figure 10. Side view of temperature
through FEM during first five seconds.
Vertical scale stretched by 3:1 to better
illustrate through-thickness temperature
and aerothermoelastic deformation

(c)t=5s
Figure 9. Top-down view of surface
temperature evolution during first five seconds

The aerothermoelastic validation of the Glass and Hunt case demonstrates that the computational
framework and analysis methods are suitable to a coupled modeling of a realistic flight panel in a
similar hypersonic regime. This is discussed in the next section.
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5. Hypersonic Flight Panel Simulation

A hypersonic flight panel simulation was performed to demonstrate the capability of the analysis
method on realistic structure subjected to a realistic incoming hypersonic flowfield, including
boundary layer. Two panels were defined to have wetted surfaces coincident with different
portions of the vehicle. As shown in Figure 11, ATA developed a notional hypersonic vehicle
(NHV) geometry by combining its previous forebody (Blades, 2011) with a representative
aftbody definition. In general, the ATA vehicle’s outer mold line (OML) was designed to be
smooth and included a delta wing and a single vertical tail similar to the notional vehicle found in
the literature (Zuchowski, 2012). The overall length of the vehicle was 31.3 m (102.5 ft), with a
wingspan of 11.2 m (36.6 ft). No propulsion system was modeled on the underside of the vehicle
since the two panels of interest were on the upper vehicle surface.

A panel with modest curvature was located on the upper side of the vehicle about 18.2 m (59.7 ft)
from the nose, and a second panel with significant curvature was located near the aft of the upper
side of the vehicle about 26.5 m (86.9 ft) from the nose. The goal of the vehicle OML definition
was to provide a reasonably realistic flow environment for the purposes of coupled analysis, but it
was not intended to satisfy any aerodynamic design or performance objective. The panel
definitions were based on the notional Boeing and Lockheed Martin panels shown in their
respective contractor reports. Because the actual panels were not exactly coincident with ATA’s
NHV, these panel models were adapted to the NHV OML,; therefore, direct comparison between
the studies is not possible. In general, the results shown here represent more of a demonstration of
the ability to perform such coupled analyses using realistic geometries and vehicle definition
rather than a coupled analysis to complement the previous industry analyses that are based on
superposition of various load cases such as thermal loading, maneuvering, acoustics, etc. To
perform the latter requires a close coordination of a multidisciplinary team from the onset of the
program to ensure that the assumptions made to each individual analysis may be reconciled for a
meaningful co-simulation.

A single cruise condition of Mach 5.2, 71,500 ft, was selected as the operating condition
(Zuchowski, 2012). The Reynolds number based on vehicle length was above 2x108, so the
Reynolds-Averaged Navier-Stokes equations were selected for the CFD module using the
Menter’s SST turbulence model. Radiative equilibrium to 0 K was modeled as the surface
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temperature boundary condition over the entire vehicle, and the aircraft angle of attack was kept at
0 degrees for the case shown in the present study.

Figure 11. ATA NHYV showing panels 1 (forward) and 2 (aft) in dark blue.

Rigid CFD was first run as a half-symmetry model. The surface was finely meshed with additional
resolution at the two panel locations to allow subdomains to be easily extracted for co-simulation.
The total vehicle solution mesh had 26 million cells, with y+ less than 0.5 everywhere on the
vehicle. The mesh consisted of prismatic volumes in the near-wall region and unstructured
tetrahedral volumes elsewhere. Figure 12 presents the rigid CFD solution, showing the radiative
equilibrium temperature on the vehicle surface and the Mach number on the symmetry plane. In
general, the surface temperature in the undeformed regions of panels 1 and 2 is found to be around
750 K on this vehicle.

Figure 12. Rigid CFD solution on ATA NHV at Mach 5.2, 71,500 ft. Radiative equilibrium
temperature shown on vehicle surface and Mach number shown on symmetry plane. Panels
1 and 2 darkened for emphasis.
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5.1 Structural Models

Panel 1 was nominally based on the orthogrid design of Panel 862 by Boeing, Research and
Technology (Quiroz, 2012). ATA’s model consists of 9,812 nodes and 10,125 elements and is
pictured in Figure 14. Similar to Boeing’s Panel 862 design, the panel is an orthogrid stiffened
panel utilizing a 0.762 m x 0.762 m (3 inch x 3 inch) stiffener spacing; it has eighteen stiffeners on
its longer side and ten stiffeners on its shorter side. ATA projected the notionally flat 1.355 m x
0.701 m panel described by Boeing to fit on the curved upper surface of the NHV, thereby
fundamentally altering its stiffness. The shorter panel dimension was roughly oriented with the
flow, while the longer dimension was roughly spanwise.

Figure 13. Curved panel finite element model.

5.2 Computational Fluid Dynamics Models

To reduce the computational expense, a subdomain model for the volume surrounding the panel
was extracted directly from the original volume mesh. The extracted subdomain mesh contained
4.56M cells. Boundary conditions data was extracted from the rigid CFD solution in the spherical
region around the panel, as shown in Figure 14. The radius of the spherical region was
approximately three panel lengths. Extracted data included all CFD variables required to simulate
the local flow around the panel and thereby reduce the overall size of the co-simulation domain.
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Figure 14. Point cloud data from full CFD simulation, colored by Mach number.

5.3 Multiphysics Simulations

The CFD solution was run as a co-simulation in a steady-state mode to achieve a deformed quasi-
steady panel shape. The structural model was solved in Abaqus/Standard using the implicit
“coupled-temperature displacement” solver. Radiative equilibrium from the panel was handled by
Abaqus, so the CFD code could pass heat fluxes and Abaqus would return surface temperatures.
The CFD code was allowed to subcycle, and the information exchange between the two domains
occurred every fifth fluid iteration. The panel boundary conditions were pinned for simplicity, and
an internal pressure of 13789.5 Pa (2 psi) was applied to simulate a pressurized compartment.
Again, these loads and pinned boundary conditions were not intended to capture the true time-
dependent state of growth of the panel relative to the vehicle but were used for the purpose of
demonstration, and they represent an extreme-environments example of high thermally induced
stress relative to a more compliant substructure.

The converged Abaqus solution is shown in Figure 15. In the left figure, the deformed curved
panel is shown to scale, while in the right figure, the deformation relative the curved unloaded
geometry is exaggerated by a factor of 10. Due to the vehicle curvature and the flowfield
nonuniformity, the panel does not deform with bidirectional symmetry as would the first mode of
a flat panel under uniform loading. The maximum displacement is about 3.2 cm, or just less than
5% of the panel length in the streamwise direction, and occurs closer to the vehicle symmetry
plane. The Abaqus solution indicates that in addition to the large-scale deformation there is also
bowing (principally outward) of the skin on individual orthogrid cells, revealing an “egg-crate”
pattern when the deformation is exaggerated.
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Figure 16 presents the converged solution from the CFD solver. In the left figure, the surface
temperature is shown on the vehicle surface, revealing regions of elevated temperature on the
forward side of the deformed panel followed by regions of reduced temperatures on the aft side.
The Mach number contours in the left figure are shown on a constant spanwise plane that cuts
through the hottest orthogrid cell on the panel leading edge, about 42% of the spanwise panel
length from the rigid vehicle’s symmetry plane. This reveals a shock structure that is created by
the panel’s leading edge deformation. The pressure plots on the right indicate regions of high and
low pressure relative to local values in the flow (away from the panel) that are caused by the
deformation into the flow. Temperature and pressure contours reveal that the local deformations
seen in Figure 15 are correlated to local changes in the flowfield.

An alternate view of the flowfield due to the deformed panel is shown in Figure 17. As viewed
from the other side of the vehicle, it is clear that at the leading edge there are certain orthogrid
cells that do not heat up as much as their neighbors on the leading edge. In some cases, inward
bowing was seen on the corners. It is not clear whether this is a result of the somewhat unrealistic
simple pinned boundary conditions. The figure reveals that the shock is actually detached
upstream of the panel leading edge, as seen by the shock line and the location of rapid growth of
the thermal boundary layer, but there is a local deviation from this feature at the symmetry plane
where the corner orthogrid cell appears to have bowed inward and local expansion inhibits the
formation of a shock. Shear stress contours on the right figure also suggest that there can be some
secondary flows generated in these cells. Figure 18 uses an enhanced color scale to show pressure
contours on the vehicle surface and symmetry plane. The additional contrast clearly reveals
localized individual shocks forming on each orthogrid panel and in some cases coalescing at some
distance above the vehicle surface.

Figure 19 plots the normalized convergence history of the three components of force and the
integrated heat load on the panel. The plot clearly demonstrates that the co-simulations have
converged, though there occasionally appear to be impulsive spikes in the heat load, especially
early during convergence. Monitoring of select nodes at the leading edge suggests some locally
isolated but erratic temperature history that is hypothesized to occur because the radiative
equilibrium boundary condition is being handled by two different codes. This fluctuation in local
behavior may also improve if the pinned boundary conditions are relaxed to simulate an equivalent
compliant substructure. This is a topic of ongoing work. Taken in toto, the converged quasi-static
aerothermoelastic simulation of the stiffened panel under a realistic hypersonic flowfield suggests
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that the coupled multiphysics can provide additional insight into failure mechanisms and a more
realistic understanding of design margins than simple uncoupled analyses where CFD is done in a
rigid manner to pass loads to CSD tools in a one-way coupling only.
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(a) Panel deformation contours (in meters) with (b) Panel deformation contours with 10x

Figure 15. Panel deformation.
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Figure 16. CFD solution over panel with pinned boundary conditions. Flow from left to right
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(a) Surface temperature on vehicle surface, 42- (b) Same as (a) with streamwise plane

percent-panel-span cutting plane, and streamwise removed and shear stress vectors shown in
cutting plane. vehicle surface plane.

Figure 17. CFD solution over panel with pinned boundary conditions, viewed from vehicle

starboard side. Flow from right to left
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Figure 18. Static pressure on surface and
vehicle symmetry plane. Enhanced color scale Figure 19. Convergence history of

emphasizes local shock formation due to normalized panel forces and heat load
individual orthogrid deformation

6. Conclusions

Two computational aerothermoelastic studies have been performed in the Mach 5-7 flow regime
using the Co-Simulation Engine to create a coupled CFD/CSD framework. An aerothermoelastic
validation and verification simulation on a Mach 6.5+ protuberance that was tested in NASA’s
High Temperature Tunnel demonstrates the ability of the current tools to accurately model the heat
transfer in the hypersonic boundary layer. The results show good comparison to computed heat
flux data from the original NASA study, as well as good comparison to previous validation studies
(Ostoich, 2011, 2012). Because the current simulation included the aeroelasticity of the dome, the
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result is expected to be useful over longer times where deformations may grow to levels where a
significant coupled fluid-thermal-structural interaction occurs.

The second study was for a quasi-static panel-level aerothermoelastic analysis over ATA’s NHV.
This curved stiffened panel revealed that, under an appropriate set of boundary conditions and
external flow, there is a strong coupling that requires multiphysics analysis to improve accuracy
and avoid unnecessary conservatism due to superposition of loads. Additionally, the local
subdomain approach used in the analysis framework is a powerful means to quickly and efficiently
reduce problem size without having to reinterpolate boundary conditions from the full rigid
vehicle CFD domain. Finally, the results shown in the current work represent a demonstration, so
no comparison to previous results generated by industry is suggested.

There are several lessons learned that may be applied to the future incorporation of such analysis
techniques into the design and analysis process. In the future, if engineering organizations are to
perform such multiphysics analyses, it is recommended that communication between disciplines
begin early to address some of the differences between modeling assumptions made by fluid,
thermal, and structural analysts. For example, the abstraction to mid-surface shell models by
thermal and structural analysts must be planned for when communication to a wetted CFD surface
is required in co-simulation. Additionally, effort must be expended to properly account for thermal
growth and appropriate boundary conditions in the vehicle substructure if a local panel analysis is
to be peformed. Finally, the use of a local CFD subdomain is found to greatly speed up
computational effort, which is particularly important for dynamic, time-accurate simulations of
panel response.
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