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Abstract

A finita element approach for integrated fluid-
thermal-structural analysis of aerodynamically heated
leading edges is presented. The Navier-Stokes
equations for high speed compressible flow, the
energy equation, and the quasi-static equilibrium
equations for the leading edge are solved using a
single finite elemant approach in one integrated,
vactorized computer program called LIFTS. The fluid-
thermal-structural coupling is studied for Mach 6.47
flow over a 3-inch diameter cylinder for which the flow
behavior and the aerothermal loads are calibrated by
experimental data. Issues of the thermal-structural
response are studied for hydrogen cooled, super
thermal conducting leading edges subjected to intense
aerodynamic heating.

Nomenciature

A coolant passage area, eq. (5), or finite
element area, eq. (11)

c specific heat, egs. (4) and (5) or fictitious
damping constant, eq. (7)

EF x and y flux components

H load vector, eq. (5)

h convective heat transfer coefficient

k thermal conductivity

I,m components of unit normal vector

m coolant mass flow rate

M) mass matrix

[N] element interpolation function
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Subscripts

F

T
s
Superscript

n

coolant passage perimeter

pressure

heat flux

load vector

temperature

referance temperature for zero stress
surrounding medium temperature

time

time step
conservation variable

flow velocity components, eq. (2), or
displacement components, eq. (7)

coordinate directions
density

flow total energy, eq. (2), or strain
components, eq. (18), or emissivity, eq.
(19)

Stefan-Boltzmann constant

fluid stress components, eq. (2), or solid
stress components, eq. (7)

fluid

thermal

structural

time step index



Introduction

Design of lightweight structures and thermal
protection systems for hypersonic cruise and reentry
vehicles depends on accurate prediction of the
aerothermal loads, structural temperatures and their
gradients, and the structural deformations and
stresses. Traditionally, an aerodynamicist will predict
the surface pressures and heating rates assuming a
rigid isothermal body. These aerodynamic heating
rates are used by a structural heat transfer analyst to
predict the structural temperature distribution. Finally,
a structural analyst uses the temperature distribution
and aerodynamic pressures to predict the structural
detormations and stresses. Such traditional
independent approaches require several iterations
between the different analysis methods and analysts.
The approach is relatively inefficient because the
incompatible mathematical models require extensive
postprocessing to transfer data. Moreover, the
interdisciplinary coupling and interactions, which are
not insignificant, are rarely attempted because the
iterative process not only requires several additional
solutions but also remodeling in each analysis. The
coupling occurs primarily through the thermal
response of the structure because: (1) the surface
temperature affects the external flow by changing the
amount of energy absorbed by the structure, and (2)
the temperature gradients in the structure result in
structural deformations which alter the asrodynamic
surface and hence the flow field and attendant surface
pressures and heating rates. Hence, an integrated
interdisciplinary analysis procedure that would provide
accurate, timely prediction of the coupled response is
highly desirable.

The interdisciplinary coupling and interaction has
been demonstrated in the design of high speed
vehicle structures. One such structure, a metallic
Thermal Protection System (TPS) panel! for reentry
vehicles, thermally bows into the airstream to relieve
thermal stresses. The bowing creates an aerodynamic
surface consisting of arrays of spherical like
protuberances. As a first step to understanding the
effact of the structural deformation on a hypersonic
flow field caused by the interactions, the aerothermal
loads on a dome surface in a Mach 6.5 stream were
predicted computationally?2 and measured
experimentally3. These studies showed that the dome
configuration caused complex shock and expansion
waves and attendant localized heating rates that were
2 to 6 times higher than those for a uniform flat surface.
The existance of the high localized heating rates
indicates that several more iterations between
interdisciplinary analyses would be required to
converge the aerothermostructural response of the
TPS. Typically, these additional calculations were
never performed.

To further understand the coupled fluid-thermal-
structural interactions, a thin panel representing a
typical sidewall of an actively cooled engine structure
has been analyzed with an integrated fluid-thermal-
structural procedure4.5. The coupled analysis showed
that the aerodynamic fiow field was altered: (1) as the
initial uniform wall temperature became nonlinear, and

(2) as the panel deformed. The nonlinear temperature
distribution and panel deformation not only changed
the stress distribution in the panel, but also induced a
complex external flow phenomena consisting of
separated flow with shocks and flow expansions. The
study confirmed that the interactions of the flow
behavior, the panel temperature, and the panel
deformation should not be neglected and that the
intaractions between the three disciplines could be
coupled into a single analysis method.

Leading’ edges for hypersonic vehicles that
experience intense stagnation point pressures and
heating rates are often a challenge to the designer.
For engine leading edges, such as cowls or the fuel
injection strut shown in Fig. 1, the intense loads can be
amplified by an order of magnitude® when the leading
edge bow shock is impinged upon by an oblique
shock wave. The intense localized heating causes
severe temperature levels and gradients. This makes
the analytical prediction difficuit because of the strong
nonlinearity that is present in all phases of the thermal
and structural analyses. The strong nonlinearity raises
uncenrtainity in applying the existing analysis approach
to such highly nonlinear thermal-structural problems.
However, nonlinear behavior is important in the design
of a viable structure under such severe conditions,
hence the requirements of such an analysis procedure
needs to be better defined.

The purposes of this paper are to: (1) study the
coupled fluid-thermal-structural behavior for
aerodynamically heated leading edges using the
technique developed for the heated panels, and (2)
identify the critical issues or requirements for
integrated fluid-thermal-structural anaiysis. The
solution of the Navier-Stokes equations for predicting
aerodynamic heating and the solution for the
associated thermal-structural equations are obtained
using a Taylor-Galerkin aigorithm in one integrated,
vectorized computer program called LIFTS (the
Langley Integrated Eluid Thermal Structural analyzer).

The fluid-thermal-structural formulation used in
LIFTS and the solution approach are described. The
integrated analysis will be demonstrated on a three
inch diameter cylinder used to obtain the experimental
pressures and heat transfer rates to which the
predictions will be compared. The issues associated
with nonlinear thermal-structural response due to
intense aerodynamic heating will be demonstrated by
studies of a hydrogen cooled leading edge subjected
to shock wave interference heating. The latter
example will include the issues associated with the
effects of severe temperature gradients on material
property variations and thermal stresses.

Fluid-Thermal-Structural Formulation
Aerodynamic Flow

The equations for aerodynamic flow are described
by the conservation of mass, momentum, and energy
equations. These equations can be written in the
conservation torm
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where the subscript F denotes the flow analysis, {Ug} is
the vector of the conservation variables; {Eg} and {Fg}
are vectors of the flux components in the x and y
directions. These vectors are given by
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{(EF}T =[pu pu2+p puv  pue+pu ]
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where p is the fluid density, u and v are velocity

components, and ¢ is the total energy. Each of the flux
vectors contains two vectors of flux components
representing the inviscid and viscous flux components.
In the inviscid flux components, the pressure p is
related to the total energy assuming a calorically
pertect gas (constant ratio of specific heats). In the
viscous flux components, the stresses oy, 6, and 1y,
are related to the velocity gradients assuming Stokes'
hypothesis’. The heat fluxes q, and qy are related to
the temparature gradients by Fourier's law. The
temperature-dependent viscosity is computed from
Sutherland's law? and the thermal conductivity is
computed assuming a constant Prandtl number of
0.72.

Structural Heat Transfer

The thermal response of the structure is described
by the anergy equation which can be written in
conservation form

2 W+ L E)+ L (F)=H
x T axEr 3y T T (3)

where the subscript T denotes the thermal analysis, Ut
is the conservation variable, Ey and Fy are the flux
componsants, and Hy is the heat lcad. For transient
heat conduction without internal heat source, these
quantities are

Ut =psCsTs

E1=0x

Fr=aqy

Hr=0 4

where pg is the material density, g is the material
specific heat, and Tg is the temperature. The heat
fluxes gy and qy are related to temperature gradients
by Fourier's law.

For a convectively cooled structure, the thermal
mass transport by the coolant is prescribed by an
energy conservation equation based on: (1) a bulk

coolant temperature, (2) a convective heat transfer
coefficient that represents the thermal conductance
between the structure and the coolant, and (3) the
coolant mass flow rate8. The energy equation for the
coolant flow in the local x direction can be written in
the form of eq. (3) where

Up = pgeTy

Ep = feT/A - kATRx

Fr=0 (5)
H, = hP(T,- T)

In this equation, py is the coolant density, ¢ is the
coolant specific heat, T; is the coolant bulk
temperature, m is the coolant mass flow rate, and ki is
the coolant thermal conductivity.  Therefore, Et
consists of the energy transport by convection (1st
term) and conduction (2nd term), and Hy represents
the heat transfer between the structure and the
coolant.

Structural Response

The structural response is described by the quasi-
static equations of motion which can be written in
conservation form

2 @u)+L(E)+L(F)=0 (6)
& ax ay

where the subscript s denotes the structural analysis,
{Ug} is the displacement vector; {Eg} and {Fg} are
vectors of the stress components and are given by

(U} =[cu ev]
(E) =Fo, -5 @)
(F)'=ft,  -o,1

where u and v are displacement components in the x
and y directions respectively; ¢ is a psuedo-damping
constant used to facilitate marching to a steady-state

quasi-static solution. The panel stress components oy,

oy, and 1,y are related to the displacement gradients
and the temperature by the generalized Hooke's law.

Solution Procedure

An explicit time marching finite element schema,
the Taylor-Galerkin algorithm, described in Refs. [4-5]
is used to solve the fiuid thermal structural equations
(1) - (7). For brevity, only the essential features of the
algorithm are highlighted herein.

Taylor-Galerkin Algorithm

The basic concept of the Taylor-Galerkin algorithm
is to use: (1) Taylor series expansion in time to



establish recurrence relations for time marching, and
(2) the method of weighted residuals with Galerkin's
criterion for spatial discretization. The fluid, thermal,
and structural conservation equations are written in the
form of a scalar equation,

U oJE JF
E I ®
The key feature of the algorithm is to express the

variation of the element fluxes E and F in the same
form as the element dependent variable U, that is

Uy ) = IN&k)HU®)
Exy.0 = INKYIE®) (9)
F(x,y.t) = [N(x,y){F(1))

i

[}

whare [N(x,y)] denotes the element interpolation
functions, and {U}, {E}, and {F} are the vectors of the
element nodal quantities.

For flow analysis, the computation proceeds
through two time levels, t,,4/2 and t,,.4. At time level
th, /2. Values of U are assumed constant within each
element. At time level t,, 4, the nodal values of U are
computed assuming a linear element variation. The
final equations are in the form,

n+! n + (R

[M] (AU ) Nk

=(R + (R (10)
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where AUR+! = Un+1
matrix,

- Un and {M] denotes the mass

M1 = [ (N) (N1 d (1)
A

The first two vectors on the right hand side of eq. (10)
represent the viscous flux over the element area and
along the element boundary,

(R,)" = -a¢ (j(—}lN}dA[El
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whare At is the timestep and the coefficients | and m
are the components of a unit vector normal to the
boundary. The last vector on the right hand side of eq.
(10) represents both the inviscid and viscous fluxes
evaluated at time level t,,1/2. All matrices in egs. (11)
- (13) are evaluated in closed form®. To produce an
explicit algorithm, the mass matrix [M] in eq. (11) is
diagonalized.

For thermal analysis, a single time level version of
the algorithm is used!0. Derivation of the element
equations proceeds in the same fashion as described
for the flow analysis. The final element equations are
in the form,

M] {AU,}

n+

"= R+ (Ry)] (14)
where
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The vectors {E1} and {Fy} contain the element nodal
heat flux components. The vector {q} in eq. (16)
represents nodal heat fluxes normal to the element
surface boundary. Typical nodal heat flux
components, for an isotropic material as an example,
are computed from Fourier's law,

Er=q, = kM 2
ox (17)

oT
FT = qy =-k(T) ‘a—'

y

The nodal temperature gradients dT/ox and oT/dy
depend on element types and element nodal
temperatures, and can be computed explicitly.
Benefits of the Taylor-Galerkin algorithm include: (1)
all element matrices and element nodal quantities can
be evaluated in closed form, i.e., numerical integration
is not required, even for quadrilateral elements, (2)
material nonlinearity such as temperature dependent
thermal conductivity can be included directly (eq. (17)),
(3) nonlinear boundary conditions which will be
described in the subsequent section can be
implemented easily, and (4) an explicit time marching
scheme can be used for transient nonlinear analysis, if
preferred, thus avoiding the iterative solution of a set
of simultaneous equations.

The same approach used for the thermal analysis
is applied to derive the finite element equations for the
structural analysis0. The equations are identical to
eqs. (14) to (16) except that the subscript T is
replaced by the subscript s everywhere. The vectors
{Eg} and {Fs} now represent the element nodal stress
components. For an elastic orthotropic material,
typical nodal stress components in two dimensions are
obtained using constitutive relations,

O, =Cy& + B,(T-T) ij=1,23 (18)



where T, is the reference temperature for zero thermal
stress. The material elastic constants c; and the

thermal expansion parameters f; may be temperature
dependent. Large-strain displacement relations are
available in LIFTS and can be included in the

computation of the strain components g;.

The explicit Taylor-Galerkin procedure described
herein is conditionally stable. The aliowable time
steps depend on the size of elements and the
characteristics of the problem. Guidelines for
determining allowable time steps have been
established and can be found in Refs. 10-11.

Initial and Boundary Conditions

The fluid, thermal, and structural egs. (1), (3), and
(6) are solved subject to appropriate initial and
boundary conditions. The initial conditions for these
problems consist of specifying the distributions of the
conservation variables {U} at time zero.

The boundary conditions for supersonic flow
consist of specifying all conservation variables along
the in-flow surfaces. On supersonic outflow surfaces,
the finite element formulation provides appropriate
boundary conditions. A no slip condition (velocities set
to zero) is specified at the solid surface.

The boundary conditions for the thermal analysis
are applied via the vector shown in eq. (14) and
expressed in eq. (16). The surface nodal heat flux q is
replaced by the quantities representing ditferent types
of thermal boundary conditions,

0 (insulated)
(specified heating)
- PR )
h (T‘ -T_) (surface convection)
L €0 (T‘:-T‘_‘_) (surface radiation)

The boundary conditions for the structural analysis,
such as the applied pressure, can be added into the
structural equations via the surface boundary vector.
The procedure is identical to that for the thermal
analysis previously described and is therefore omitted.

For fully integrated analysis, the aerodynamic
pressure and surface heating rate are integral parts of
the analysis and are not boundary conditions. The
Taylor-Galerkin approach permits the different
disciplines to be combined easily for the coupled
analysis. As an example, the coupled solution for the
flow and the structure temperature can be obtained by
solving the equation that combines the flow energy eq.
(10) and the structure energy eq. (14). The result
contains an interface temperature distribution valid for
both the flow field and the structure and provides the
continuity of heat flux across the boundary.

Two applications are presented to study the fluid-
thermal-structural behavior of aerodynamically heated
leading edges. A three inch diameter stainiess steel
cylinder subjected to aerodynamic heating from a
Mach 6.47 flow is used as the first example to
demonstrate the integrated analysis and validate
predicted surface pressure and heating rates with
experiment. The second example is a study of the
thermal-structural response of a 0.25 inch diameter
hydrogen cooled leading edge subjected to intense
shock wave interference heating. Critical issues for
integrated fluid-thermal-structural analysis and design
of the leading edges are identified.

Mach 6.47 Fiow Over a Cviinder

The solution to Mach 6.47 flow over a cylinder is
used to demonstrate the integrated flow-thermal-
structural analysis approach and validate the
analytical prediction of the aerothermal loads. A
schematic of the experiment, performed in the NASA
Langley 8-foot High Temperature Tunnel, is shown in
Fig. 2. A 3-inch diameter, 0.5 inch thick, stainless steel
cylinder was mounted on the panel holder and
subjected to a uniform high enthalpy Mach 6.47 fiow.
Approximately 50 pressure taps and coaxial
thermocouples were placed circumferentially along the
cylinder surface to accurately determine the
aerodynamic pressure and heating rate distribution.
Details of the experimental configurations, the tunnel
flow conditions, and the experimental results are given
in Ref. 6.

The finite element model representing the flow
domain and the cylinder is shown in Fig. 3. Due to
symmaetry, only one-half of the incoming flow domain
and one-fourth of the cylinder are modeled. The flow
field is characterized by the bow shock that stands oft
the cylinder and the thin boundary layer at the cylinder
surface. Sharp gradients in the flow variables occur in
these regions, hence closely spaced elements are
required for resolution. In the remaining area between
the body and bow shock, flow gradients are
significantly smaller hence element spacing can pe
larger. Since the flow structure is known apriori the
flow field mesh is constructed to space elements
closely together in the shock region ana boundary
layer. The elements are also densely packec aiong
the stagnation ling@ (y=0). In this region close to tne
cylinder surface, the flow velocities are very smail ana
become zero at the stagnation point. Away from the
flow symmetry line, the subsonic flow accelerates
nonuniformally to sonic speeds.

The finite element model consists of 12,000
quadrilateral elements in the flow domain ana 3,000
quadrilateral elements for the cylinder with the same
discretization along the flow-cylinder interface. A
graded radial spacing was used in the cylinder. About
35% of the fluid elements lis in the 0.02 inch thick
boundary layer. The boundary layer mesh is
graduated normal to the cylinder surface by an
incremental factor of 1.1. The smallest element is at
the flow stagnation point and is only 0.0004 inch long



in the direction normal to the cylinder surface. This
extremely small element dimension is necessary to
capture the temperature gradient and hence the
aerodynamic heating rate.

Typical flow solutions are shown in Figs. 4-7.
Predicted density contours are compared in Fig. 4 with
an experimental schlieren photograph® which is also a
measure of flow density. The comparison of the shock
shape and position indicates the global flow field is
reasonably well predicted. Fig. 5 shows the excellent
agreement between the computed aerodynamic
pressure distribution aiong the cylinder surface and
the experimental data®. The predicted and
experimental pressures are normalized by their
respective stagnation point pressures which were
within 5% of each other.

The major difficulty in the fluid analysis is the
prediction of the aerodynamic heating rates because a
vary accurate resolution of the flow temperature
gradient normal to the cylinder surface is required.
The computed flow temperature distribution (Fig. 6)
along the flow symmetry line (y=0) clearly illustrates
the sharp gradients that must be resolved. The free-
stream temperature increases abruptly from 435°R to
about 3,900°R across the bow shock. Within a very
thin layer at the flow stagnation point, the temperature
drops sharply from 3,900°R to the surface temperature
of 530°R. This steep temperature gradient within the
thin layer, which is about 3% of the shock layer
thickness, produces a high stagnation point heating
rate. The predicted bow shock location compares well
with the location predicted by empirical formulae!2
and the schlieren photograph (Fig. 4). The predicted
heating rate distribution normalized to the stagnation
point heating rate at time zero compares well with the
experimental results® as shown in Fig. 7. The
predicted stagnation point heating rate (42.5 Btu/ft2-
sec) is in excellent agreement with the Fay and Riddell
solution13 (42.5 Btu/ft2-sec) and a viscous shock layer
solution14 (41.4 Btu/ft2-sec) but is quite lower than the
experiment® (61.7 Btu/ft2-sec). The difference
between the predicted and the experimental heating
rate has not been resolved, but it could result from high
temperature effects not taken into account by the
analysis or from free stream turbulence in the test
stream.

Since the flow field reaches equilibrium
instantaneously compared to the thermal response of
the cylinder, this aerodynamic analysis was updated at
two second intervals. The cylinder temperature
contours at two seconds are shown in Fig. 8. The
figure shows the maximum temperature of about
700°R occurs at the stagnation point whereas the
temperature along the back side of the cylinder
remains at the ambient temperature of 530°R. The
structure responds instantly to the pressure and
temperature field hence a quasi-static structural
analysis is adequate to predict the cylinder
deformations and thermal stresses. The structural
boundary conditions and the resulting circumferential
thermal stress distribution on the cylinder are shown in
Fig. 9. A maximum compressive stress of 32 ksi occurs

on the cylinder outer surface near the stagnation poini
due to the high temperature gradients in that region
The cylinder deformation is negligible compared to tne
cylinder diameter due to the relatively low temperatur«
change and hence has a neglible effect on tne
aerodynamic flow. However, the change in the surtace
temperature has a moderate effect on the flow fisic
The aerodynamic heating rate is reduced in the regior
where the surface temperature has increased as
shown in Fig. 7, due to a thickening of the therma:
boundary layer and a lower fluid temperature gradien
at the cylinder surface. The stagnation point heating
rate decreased nearly 8% from the initiai ievel witn the
cylinder temperature at 530°R.

The coupling in this problem is moderats 1¢ weak
and occurs primarily between the flow ana therma
analyses. Since the flow and stress fieids are nut
coupled and develop instantaneously compared to tre
structural temperature field, an iterative soiution
between disciplinary solutions would be adequate Ot
course, the integrated analysis significantly sasec aata
transfer between disciplinary analyses.

A major difficulty encountered in the flow fiela
solution was the convergence of the aeroaynamic
heating rate. The aerodynamic heating rate.
especially in the flow stagnation zone, convergea
slowly because the small mesh needed to capture: the
high temperature gradient required a very smali tme
step to satisfy the computational stability criterion
Hence, coupled with low flow velocities, perurbations
take a large number of time steps to convect out ot the
flow domain.

To increase the convergence rate of the
aerodynamic heating and reduce the anaiysis
computational time, the current analysis approacn
must be modified. This may be done by appiying an
implicit solution technique for the flow poundary rayer
region to alleviate the computational stability constraint
and thus increase the convergence rate The
computational intensity can be further reduced oy
reducing the number of unknowns (i.e. gria points ana
elements). This is achieved by adapting the
computational domain to the physics o7 rhe
phenomena creating an unstructured computationat
domain.

These modifications were developea recently ar
the Aerothermal Loads Branch, NASA Langley
Research Center, in a program called LARCNESS'>
(Langley Adaptive Bemeshing Code ana Navifrs
Stokes Solver). The approach employs an
implicit/explicit upwind finite elemant algorithm
combined with an adaptive unstructureg mesn
refinement technique. The approach has been
applied with excellent resuits to the flow problems
described herein15. To demonstrate an application o’
the adaptive unstructured mesh refinement technique.
a more complex flow behavior representing rhe
second example where an oblique shock intersects
the cylinder bow shock is described in Fig. 10{a). The
intersaection creates a supersonic jet that impinges on
the cylinder8. The adaptive unstructured finite elemant
model is shown in Fig. 10(b). The eiements are



adaptively clustered to accurately capture the shock
interaction phenomena and the flow soilution in the
boundary layer. The adaptive procedure, based on
density gradients in the flow field, significantly reduced
the number of grid points. This more complex flow
field was resolved with 9000 grid points compared to
12000 grid points used in this study for the simpier
symmetric flow field. Similar adaptive procedures
could be developed for the thermal and structural
analysis. Howaever, since the thermal analysis is
transient the mesh would have to move with time to
-track the thermal response. The aerodynamic heating
rate along the cylinder surface is compared with
experimental results in Fig. 10(c). This new analysis
approach for predicting complex flow behavior will be
implemeanted as an alternative fluid module in LIFTS.

Convectively Cooled Leading Edge

A 0.25 inch diameter leading edge is used in the
second example to study and identify the issues
related to the thermal-structural analysis and the
design of convectively cooled leading edges subjected
to intense aerodynamic heating. The example
represents the acceleration of a hypersonic vehicle
through Mach 16 which causes the vehicle nose bow
shock to sweep across the engine cowl leading edge
from an outboard to an inboard position. The
sequence of events is classified into the three
conditions shown in Fig. 11. For condition |, the
oblique shock, representing the vehicle nose bow
shock and created by the Mach 16 free stream flow,
passes outboard of the cowl leading edge. At this
condition, the cowl leading edge is exposed to the
Mach B8 flow behind the Mach 16 shock wave. It
should be noted that the aerodynamic heating rate on
the leading edge at this Mach 8 flow (condition ) is
higher than that at the Mach 16 flow (condition Iill) due
to the additional compression of the flow as it passes
through the oblique shock wave. As the vehicle
continues to accelerate through Mach 16, the vehicle
oblique shock wave moves across the cowl leading
edge (condition Il) intersecting with the leading edge
bow shock to produce transient shock wave
interference heating. This interference heating results
in a significant amplification of the heating rate on the
leading edge as shown at typical times in Fig. 12. The
envelope for the peak values and the distributions are
idealizations of the experimental distributions given in
Ref. 16. This idealization was used because the
Taylor-Galerkin explicit flow algorithm would have
been prohibitively expensive to perform the analyses.
The interference heating rate reaches a peak value
about 22° below the horizontal centerline of the
leading edge. The oblique shock is assumed to move
at a speed of two inches per second and passes the
leading edge in 0.125 seconds. After the oblique
shock passes, the leading edge is heated by the Mach
16 flow (condition Ii1).

The leading edge geometry, boundary conditions,
and a schematic of the finite element thermal-structural
mode! are shown in Fig. 13. The leading edge outer
surface is subjected to the transient aerodynamic
heating given in Fig. 12 and emits radiant energy to
space. The inner surface is convectively cooled by the

direct impingement of a sonic hydrogen jet stream with
an inlet temperature of 50°R. The hydrogen flow rate
is 0.104 Ibm/sec and the coolant film coefficient is 8
BTU/ft2s. The finite element model consists of 1440
quadrilateral elements for the leading edge and 90
mass-transport conduction/surface convection
elements representing the hydrogen coolant flow. The
leading edge mesh is graded in the radial direction
similar to the cylinder mesh shown in Fig. 3 but is
uniform in the circumferential direction. An adaptive
unstructured mesh based on the temperature
gradients would significantly reduce the number of grid
points and elements.

Nickel-200 was first selected as the leading edge
material because of its high ductility, high meiting
temperature, relatively low thermal expansion, and
ease of fabrication. The nickel material properties
used in the analysis are temperature dependent and
can be found in Ref. 17. Since the structure will be
brought to thermal equilibrium at condition |, the initial
structural temperature was assumed to be equal to the
coolant temperature of 50°R. Figure 14 shows the
structure and coolant temperature histories at the
selected locations shown in the inset during the
sequence of events. At the early time, the leading
edge is first subjected to the Mach 8 flow (condition I)
for0 s <t< 0.06 s. The figure shows that the steady-
state condition is reached at the end of this time
interval and the maximum temperature of about 700°R
occurs at the horizontal centerline on the outer surface
of the leading edge (location A). The inner surface
(location B) remains at a relatively low temperature of
350°R due to heat convection to the hydrogen coolant.
As the hydrogen coolant flows along the coolant
passage, its temperature increases from the inlet
temperature of 50°R to 77°R at the exit (location C).

During the transient interference heating (condition
I, 0.06 s <t < 0.185 s), the outer surface temperature
at the centerline (location A) peaks at 1500°R at the
time of the oblique shock impingement (t = 0.12 s).
The maximum surface temperature of approximately
2500°R occurs at 22° below the centerline (location D)
due to the maximum localized heating at t = 0.14 s.
The predicted peak temperature is close to the melting
temperature of the nicke! indicating the current design
concept is not acceptable. As the oblique shock
passes ( t > 0.185 s), the leading edge is heated by the
Mach 16 flow (condition Hlll). The leading edge
temperature drops due to the lower aerodynamic
heating at this condition.

To reduce leading edge temperatures which occur
during the sequence of events just described, internal
fins can be added to the convectively cooled area to
increase the amount of energy absorbed by the
coolant. Materials with "super® thermal conductivity
can be used to reduce thermal gradients through the
thickness and increase circumferential diffusion of the
heat load. Copper and beryllium are the candidate
materials because they provide higher thermal
conductivity than nickel as shown in Fig. 15. The
thermal conductivity of these two materials are
reported to be exceptionally high at low temperature18,
The peaks of the thermal conductivity for copper and



beryllium, which occur at 20°R and 70°R, are
approximately 300 and 80 times higher than nickel,
respectively. However the increased conductivity
occurs over a very smail temperature range offering a
significant challenge to the computational procedure.

The analysis is first repeated for a beryllium
leading edge to investigate the reduction of the peak
temperature response using a super thermal
conductivity material. Internal tapered fins (~10 fins
per inch) around the circumference of the leading
edge are used to increase the convectively cooled
area by a factor of five. However, an elementary
analysis for the fin heat transfer efficiency shows that
the fins increase the effective convection area by a
factor of 2.5. In the analysis, the fins are taken into
account by increasing the surface convection
perimeter (P in eq. (5)) by a factor of 2.5. The
circumfarential conduction in the fin and the fin
structural stiffness are not taken into account.

The beryllium ieading edge temperature history for
the same locations previously shown for the nickel
leading edge are shown in Fig. 16. The temperature
contours at the Mach 8 flow condition | and at the time
of the maximum interference heating are shown in Fig.
17. Fig. 17(a) indicates that the entire leading edge
acts as a super thermal conductor (illustrated by
shaded area) with very low temperature rise at the
Mach 8 flow condition I. As the oblique shock moves
across the leading edge, the interference heating
intensity increases, particularly in the shock
impingement region, resulting in the localized high
temperature zone shown in Fig. 17(b). This high
temperature locally degrades the thermal conductivity
and thus reduces the capability of conducting the high
local heat flux from the leading edge outer surface to
the hydrogen coolant. A maximum temperature of
about 1000 °R occurs at the same time and location as
for the case of the nickel leading edge. Details of the
temperature response throughout the sequence of
events indicate that the entire beryllium leading edge
acts as a super thermal conductor at all times except
during the short period of very intense aerodynamic
heating shown in Fig. 17(b). No difficulties were
experienced with the analysis procedure due to the
extreme thermal property variation.

Since copper has a higher thermal conductivity
than beryllium at temperatures above 300°R, the
analysis for the copper leading edge is performed to
investigate further reduction of the maximum
temperature at the time of the peak aerodynamic
heating. The temperature history for the same
locations previously shown for the nickel and beryllium
leading edges are shown in Fig. 18. The maximum
temperature is reduced to 766°R. Details of the copper
leading edge temperature distributions as the shock
sweeps across the leading edge are shown at the
selected times in Figs. 19(a)-(d). It is interesting to
note that under the Mach 8 flow condition, the
maximum temperature of the copper leading edge
(207°R in Fig. 19(a)) is higher than the beryllium
leading edge (183°R in Fig. 17(a)). This is because
copper has a lower thermal conductivity than beryllium
in the narrow range of temperature near 200°R.

The most severe thermal load on the copper
leading edge, which occurs at the time of the peak
aerodynamic heating (t=.14 s in Fig. 19(c)), is used in
the structural analysis to study the leading edge
response. Since the thermal and structural models
were indentical the transfer of nodal temperatures to
the structural analysis was straight forward.
Temperature dependent material strength properties
for copper'7 are included in the analysis. A hydrogen
coolant pressure of 1000 psi is assumed to apply
uniformly along the leading edge inner surface. Along
the outer surface, the aerodynamic pressure
distribution is assumed to be the same shape as the
aerodynamic heating!6 with a peak pressure of 1000
psi. These pressure distributions and the structural
boundary conditions are superimposed on the
predicted leading edge structural response shown in
Fig. 20. The figure shows the circumferential stress
distribution on the deformed leading edge. The
deformed leading edge shown in this figure is greatly
exaggerated to highlight the detail of the deformed
shape. At the oblique shock impingement location
where the peak temperature and temperature
gradients occur, the deformation is 0.0005 inches and
the maximum compressive stress is 25 ksi. In other
regions of the leading edge, the circumferential stress
is moderate varying from 10 ksi in tension to 10 ksi in
compression.

The structural analysis was performed in two
dimensions using the plane strain assumption.
Although this is a conservative assumption, it clearly
indicates the extreme axial compressive stresses
(~100 ksi) that occur in the leading edge due to the
extreme circumferential temperature gradient. The
analysis suggests that the axial stresses for a three
dimensional model of the leading edge may exceed
the elastic limit of the material indicating a requirement
for a nonlinear structural analysis. The current
algorithm, which was derived for the inherently
nonlinear fluid analysis, may be extended to three-
dimensional nonlinear structural behavior with
appropriate constitutive relationships. The ability to
handle temperature dependent material properties
and large deformations for two-dimensional problems
has aiready been demonstrated!®. The explicit
aigorithm with its restrictive stability criterion increases
computational effort for quasi-static structural analysis,
hence development of an acceleration procedure or a
more efficient time marching scheme is needed.

The structural response shows that the peak
circumferential stress occurs at the oblique shock
impingement location where the temperature and its
gradients are maximum. The very high temperature
and stresses could resuit in the failure of the leading
edge, hence a more sophisticated structural analysis
may be needed to include the capability to predict the
permanent localized deformation including time
dependency effects, such as cyclic loading and creep,
as the oblique shock moves across the leading edge.
LIFTS currently has the capability for the loading part
of the cycle but not the unloading. The integrated
approach of the LIFTS analyzer reduced the time and
effort to perform the complete fluid-thermal-structural



analysis of the leading edges. Of course, in cases of
strong interdisciplinary coupling the reduction in the
effort woukil be even more substantial.

Conciuding Remarks

A finite element approach for integrated fluid-
thermal-structural analysis of aerodynamically heated
leading eciges was presented. The Navier-Stokes
equations for high speed compressible flow and the
associated thermal-structural equations were solved
-using a single finite element approach in one
integrated, vectorized computer program called LIFTS
(Langley Integrated Eluid Thermal Structural analyzer).

The approach was used to study and validate the
prediction of the flow behavior and the aerothermal
loads by comparing with experimental data for Mach
6.47 fiow over a three inch diameter stainless steel
cylinder. Comparison with experimental pressure and
heat flux distributions is excellent. The thermal and
structural analyses for the cylinder were performed
and the response was examined to investigate
benefits of the integrated interdisciplinary analysis and
coupling. The coupling caused by the cylinder
deformation that could alter the flow field was
negligible. The fluid-thermal coupling from the
increase in the cylinder temperature, which results in a
reduction of the aerodynamic heating, was moderate
but significant. The procedure automatically applies
the true interface conditions (boundary conditions in a
non-integrated procedure) as the solution is marched
in time, thus avoiding the time and effort to interpolate
data between ditferent disciplinary models. The
aerodynamic heating using the explicit Taylor-Galerkin
algorithm converged very slowly because of the small
time steps required for computational stability.
Adaptive unstructured remeshing is required to reduce
the computational effort. A new approach with a more
efficient aerodynamic fluid algorithm and adaptive
unstructured remeshing was described and will be
incorporated into LIFTS as an alternative approach for
the fluid analysis.

Critical issues for the thermal-structural analysis
were demonstrated by the analyses of a hydrogen
cooled leading edge subjected to intense
aerodynamic heating. The use of super thermal
conductivity materials alleviates the elevated leading
edge temperatures and gradients and hence the stress
levels. The approach clearly demonstrates the ability
to perform transient nonlinear thermal analysis for
problems with highly nonlinear temperature
dependent material properties and various boundary
conditions. Under severe aerothermal loads which
can cause intense localized leading edge
temperatures, the present analysis indicates the need
for more efficient algorithm with capability to predict the
nonlinear, time dependent structural response.

The applications have demonstrated the
fundamental capability of the integrated analysis
approach and provided insight into the features of the
hypersonic flow over the leading edge, the leading
edge thermal-structural response, and their
interactions. Future analyses will study the flow-

thermal-structural interactions for a more complex flow
field that is altered by a larger structural deformation to
further demonstrate the applicability and benefits of the
approach for coupled interdisciplinary problems.
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Fig. 2 Experimental configuration for flow over a
three inch diameter cylinder in the 8-Foot High
Temperature Tunnel.

Flow domain

12,000 quads

Cylinder

Mach 6.47 3,000 quads

D

Reynolds number
400,000/t

y | 15"

X

Fig. 3 Fluid-thermal-structural finite element model
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Fig. 4 Comparison of density contours with
Schiieren photograph for Mach 6.47 flow over
a three inch diameter cylinder.
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Fig. 5 Comparative surface pressure distributions
on a three inch diameter cylinder subjected
to Mach 6.47 flow.
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Fig. 6 Fluid temperature distribution along the

centerline of a three inch diameter cylinder for
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Fig. 7 Comparative surface heating rate
distributions on a three inch diameter cylinder
subjected to Mach 6.47 flow.
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Fig. 9 Circumferential stress contours on a three
inch diameter cylinder at 2 seconds.



Fig. 10 Adaptive mesh refinement flow model and
aerodynamic heating for cylinder with
impinging oblique shock and bow shock

a) Oblique shock and bow shock interaction
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Fig. 11 A 0.25 inch diameter hydrogen cooled leading
edge with shock wave interference heating.
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