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EVALUATION OF AN ADAPTIVE UNSTRUCTURED REMESHING TECHNIQUE
FOR INTEGRATED FLUID-THERMAL-STRUCTURAL ANALYSIS

Pramote Dechaumphal*
NASA Langley Research Center
Hampton, Virginia

Abstract

An adaptive unstructured remeshing technique is
evaluated for integrated fluld-thermal-structural analysis.
The technique I8 combined with the finite element
method to solve: (1) the Navier-Stokes equations for
high-speed compressible flow, (2) the energy equation
for the structural-thermal response, and (3) the quasi-
static equilibrium equations for the structural response.
The remeshing technique and the analysis solution
procedure are described. The effoctiveness of the
approach is evaluated with two application studies. The
flow analysis of Mach 8 shock-shock interference on a
three-inch-diameter cylinder Is used as the first
application study to demonstrate the capability of the
remeshing technique and to examine proper remeshing
Indicators for the Inviscid and boundary layer reglons.

The applicablility of the approach for the thermal and

structural analyses of the structure is evaluated In the
second application study of a 0.25-Inch-diameter
convectively cooled leading edge subjected to intense
aarodynamic healing. Issues assoclated with remeshing
indicators for thermal stress problems are identified.

Nomenclature

A coolant passage area, Eq. (5), or finite
element area, Eq. (10)

A" Jacoblan matrix, Eq. (8)

[8} viscous flux matrix, Eq. (11)

c specific heat, Eq. (4), or material glastic
constants, Eq. (18)

E,F x and y flux components

H load vector, Eq. (3)

h convaclive heat transter coefficlent, Eq. (5),

or element spacing parameter, Eq. (22)
identity matrix

]
-
St

K] sliffness matrix

k thermal conductivity

l! m components of unit normal veclor

m coolant mass flow rate

M) mass matrix

[N] element interpolation or weighting function
n unit normal vector

P coolant passage perimeter

P ressure

q eat flux

{R} load vector

s adge length of finite element

T lemperature

To reference temperature for zero stress
t time

U conservation variable

u,v

flow velocity components, Eg. (2), or
displacement components, Eq. {19)

*Aerospace Technologist, Aerothermal Loads Branch, Structural
Mechanics Division, Member AIAA

X,y coordinate directions

XY principal coordinate directions

At fime step

AU un+t.yn

B thermal expanslon parameter

5 boundary layer thickness

€ flow total energy, Eq. {2, or strain
components, Eq. (18)

A elgenvalues

¢ key parameter for remeshing, Eq. (20)

P density

Ox. Oy, Txy fluid stress components, Eq. (2), or solid
stress components, Eq. (7)

Subscripts

F fluld

L left element

A right element

T thermal

s structural

1 element internal flux

2 flux across element boundary

Superscripts

| inviscid

v viscous

T transpose

L summation Indices

n time step index, t = nAt

introduction

Design of lightwelght structures and thermal
protection systems for hypersonic vehicles depends on
accurate pradiction of aerothermal loads, structural
temperaluras and their gradients, and structural
deformations and stresses. Adaptive unstructured
remeshing techniques combined with the finite element
method have been shown to improve significantly the
efticlency and accuracy of the flow analysls. These
benefits should accrue for both the thermal and structural
analyses of struclures. In addition, a unlversal
remeshing procedure is needed for the development of
an Integrated fluid-thermal-structural analysis capability.

Research Is currently underway at NASA Langley
Research Center to develop an integrated analysis
approach for accurately predicting each disciplinary
behavior and thelr Interactions. The approach uses the
finlte element method to solve: (1) the Navier-Stokes
equations for the aerodynamic flow field and the
aerothermal loads; (2) the structural energy equation for
heat transfer and temperature distribution; and (3) the
structural equilibrium equations for delormation and
stresses. The capability of the approach was
demonstrated for an undisturbed Mach 6 flow over a



three-inch-diameter stainless stesl cylinder! for which
the experimental data? were avallable for comparison.
The flow Tigld Is characterized by the bow shock that
stands-off the cylinder and the thin boundary layer at the
cylinder surface. Sharp gradients in the fiow variables
occur In these reglons and closely spaced elements
were generated manually 1o model these flow features.
The tlow solulion compares well with the experimental
data demonstrating the effectivaness of the finite element
method used.

For a more complex problem, where a priori
knowledge of the flow physics does not exist, an
appropriate finite element mesh may not be constructed
easily. An adaptive mesh generation technique Is
required not only to construct and adapt the mesh
automatically to represant the flow field but also to
reduce the number of unknowns and the analysls
computational time. Thus the current focus on the
Improvement of the Integrated analysis approach is to
develop efficient adaptive unstructured mesh generation
techniques for each analysls discipline considered
including their interfaca requirements.

Adaplive mesh generalion techniques may be
classified Into two major categories: (1)
refinement/derefinament, and (2) remeshing. The first
category, the adaptive reflnement/derefinemant
technique, can be further classified into three
subcategories: (a) the h method, (b) the p method, and
{c) the r method. In the h method, the elements in the
initlal mesh are refined into smaller elements or
derefined into larger elements3. The p method maintains
the geometry of the elements of the Initlal mesh but
increases (or decreases) the order of the polynomial
used for the element interpolation functiond. Ther
method keeps the number of slements and thelr
conneclivities the same but relocates the nodes5. These
methods help increase the analysis solution accuracy but
each has limitations. Even though nodes could be
added or removed by the h method, the orlentation of the
original and new elements doas not change. Orientation
of element sides along principal flow gradienis increasas
solution accuracy and reduces the number of elements8,
Even though the r mathod can move the nodes for belter
alignment, the method may generate highly distorted
elements If the number of elements is fixed. The p
method may allaviate these restrictions because of the
flexibility in_selscling the order of polynomials on the
elamant sides. Howaver, the use of such higher order

olynomlals in combination with the hierarchical concept
eads to complexities in the formulation of finite slemeant
equations and implementation In computer programs.

The abova considerations led to the davelopment
of the second adaptive mesh category, the rameshing
technique?. The technique generates an entirely new
mesh based on the solution obtained from the earliar
mesh. The technique combined with the finite elemant
method has been applied successfully to several
comprassible flow problems with complex flow
behavior8.9. The purpose of this paper Is to extend the
adaptive remeshing technique to both the thermal and
structural analyses of siructures. The adaptive
remeshing technique will be svaluated 1o assess ils
effectiveness for the integrated fluid-thermal-structural
analysis. The governing squations for the asrodynamic
flow, structural heat transter, and structural response will
be introduced first. The finite elemant solution algorithms
for solving these equations will be described. The

basic concepts of the adaptive remeshing technique will
then be explained. Selection of indicators used for
construction of new meshes for the thres analysis
disciplines wlill be discussed. Finally the adaptive
remeshing technique will be evaluated for: (1) the fluid
analysis of Mach 8 shock-shock Interference on a three-
Inch-dlameter cylinder where the experimental data Is
avallable, and (2) the thermal-structural analysis of a
0.25-Inch-dlametar convactively cooled leading edge
subjected to Intense aerodynamic heating simulating
Mach 16 flight condition. The Issues of mesh conlinuity
along the fluld/structure interface and between thermal
and structural analyses for direct interdisciplinary data
transfar will also be discussed.

Iintegrated Fluld-Thermal-Structural Procedure

Governing Equations

Aerodynamic Flow. The equations for a laminar
compressible flow are governed by the conservation of
mass, momentum, and energy. These equations are
written in conservation form as

U + ZiED + %{FF) = 0 ")

where the subscrigl f denoles the fluld analysis. The
consarvation variables vector, {Ug), and the flux vectors
In the x and y directions, {E¢) and {F¢}, are given by

Ut = b pu pv pe ]
ET = [Ef + [ErV

= lpu pu+p  puv puetpu |

- [0 Ox Ty UG +VTxy-Gx]
FIT = [Fel' + [FelY

= lpv puv pv2ap  pveipv I

- [0 Txy Oy Utxy+voy-ay] (2)
Superscripts 1 and Vv represent the Inviscid and viscous
flux veclor components, respectively. The pressure p Is
ralated to the total energy assuming a calorically parfect
gas (constant ratio of spacific heats). Thae stresses oy,

ay, and 1,y are related to the velocity gradients by
Stokes' hypothesis. The heat fluxes q, and qy, are
ralated {o the temperatura gradients by Fourlers law.
The temperature-dependent viscosity is computed from
Sutherland's law and the thermal conductivity Is
computed assuming a constant Prandli number of 0.72.

Structural Heat Transfer. The thermal response of
the structure Is governed by the energy equation which
Is written In conservation form as

LuprZE)+EE) = M, @)

where the subscript T denotes thermal analysis. For
translent heat conduction, the conservation variable, Ur,
and the heat flux components, Evr and Fr, are
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du = PsCelT,
E = a,

oT
-k‘ﬁr
FFo= @q = 'k,g% (@)

and Ht Is the heat source. The structural heat flux
components qy and qy are related to the temperature
gradients by Fourler's law.

For a struclure with internal convection cooling,
the energy equation for the coolant flow in the local x-
direction based on assumed uniform cross-sectional or
bulk temperature! can also be written In the
conservation form of Eq. (3) where

du - p.C.dT

T FFF
E, = e T/A - k 3TAx

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

The flux Ey consists of the energy transporl by
convection {1st term) and conduction (2nd term), and the
flux Hy represents the heat transfer between the
structura and the coolant.

Structural Response. The structural response Is
governed by the quasi-static equilibrium equations

assuming that the inerlia effect is negligible. These
equations are writlen in conservation form as

SE)+ 2 = 0 (6)
The flux vector components, (Eg) and {F¢}, are

ES = [0, 1]

T

F = [y o, | 7

where the stress components, oy, oy, and t,, are related
to the displacement gradients and the temperalure by
generalized Hooke's law.

Finite Element Solution Algorithms

An Implicit/explicit upwind cell-centered algo-

~ rithm9.10 is used to solve the Navier-Stokes equations,

Eqs. (1)-(2). A flux-based Taylor-Galerkin finite element
algorithm3.11 Is used to solve the thermal and structural
equations, Eqgs. (3)-(7). For brevity, only essential
features of the algorithms are highlighted herein.

Upwind Fluld Algorithm. The basic concept behind
the upwind cell-centeraed algorithm Is to determine the
flux across element Interfaces by Roe's averaging

I
procedure’2. The average Inviscid flux E (the
"overbar" denotes an average quantity normal to the
element Interface belween the left element, L, and the
right element, R) Is given by

£ . -,}(EiL + E:, s 1At - ui @)

where |A*| denotes the absolute Jacobian malrix
assoclated with the element fiow veloclt{ components
and the local speed of sound. Dstalls of the Jacobian
matrix A* are given in Ref. [12].

In the computation of viscous {lux components
such as the heat flux In the x-direction (qy = -k¢ 9T/dx%),
the element teamperature gradient is computed from

TN eI ©)

X

where [N(x,y)] is a matrix of finite element interpolation
functions. The vector on the right hand side of the
equation contains the nodal temperature gradients,
determined at node K, by

aN
a7 A = R K
a, - W (.J.nTNde JT K dA) (10

where N is the unit normal vector along the element
interface s and M Is the lumped mass at node K.
Increments in time of the element conservation

variables, AU = Un+! . Un_ are determined from
A 18 .
({1 + A ?(IAIZ (B])] AU
1V
- -%l;:s{E+E] (1)

The matrix [B], which Is associated with the viscous
fluxes is given in Ref. [10], accelerates the solution
convergence In the viscous dominated regions. This
fluld algorithm provides first order of accuracy (O(h)) in
the Inviscid flow dominated reglon but the order of
accuracy Is close to 1.5 (O(h!-3)) in the viscous flow

dominated region0,

Flux-Based Taylor-Galerkin Algorithm. The basic
concept of the flux-based Taylor-Galerkin 2!3orithm is to
expross the element flux components E and F in the
form

E(xyt) = {N(X»Y)‘(E(f)}
Fixyt) = [N(xy)H{F(1))

where (E), and {F} are vectors of tha element nodal flux
quantities.

For the thermal analysls, the final finite element
equations are in the form

(12)

[M] (AU )™ = (R,)} + (R} (13)

where at time n+1, AUN+! = Un+1 . yn, The mass
matrix, [M], Is determined from

(M) = j{m [N] dA (14)

A
The two vectors on the right hand side of Eq. (13) are
associated with the fluxes within the element {subscript



1) and across the element boundary (subscript 2).
These vectors are defined by

(Rely = A (ftgh Ny A (E N
A

+ f1ghingea (F ") (15)
A

(R}, = -At j{N)[Nlds (HE )"+ m{F)")

= -8t [(N)[N]ds (q)" (16)

] !
The vectors {Ey) and {Fy} contain nodal heat {luxes
which depend on the nodal temperalura gradients. The

element nodal temperature gradients aT/dx and aT/dy,
and all the finite element matrices (Eqs. (13)-(16)) can
be avaluated in closed form (i.e., numerical integration Is
not required) for any type of finite elements including the
4-node quadrilateral and the 8-node hexahedral
elements.

For the structural analysls, the final finite element
equations are in the same form as the thermal equation,
Eq. (13), but without the transient term,

(R}, + (Ry), = 0 (17)
where these veclors are identical to Eqs. (15)-(18)
except that tha subscript T Is replaced by the subscript s
everywhere. The element nodal flux vectors {cg} and
{Fs} (similar to {Et} and {F1} In Eq. (15)) now consist of

the stress components o,, o, and 1,y. By using the
thermal siress-strain constilutive retations,
1j=123

o = ¢ + B (T-T,) (18)

and the strain-displacement relations, these noda! stress
components associated with the {R,}y veclor can be
written in terms of the nodal displacement components.
Further algebralc manipulation of the finite element
equation, Eq. (17), results in the standard form of
(R, + (R}

[KI{U} = (19)

where {U} consists of the unknowns of the nodal
displacement components, [K] is the elemant stiffness
matrix, and {Ry} Is the thermal load vector. These
matrices are evaluated in closed form and the delalls
are given in Rel. [11].

Adaptive Remeshing Procedure
Remsshing Concept

The basic idea of adaptive remashing Is to
construct a completely new mesh based on the solution
obtained from the previous mesh. The new mesh will
consist of clusterad elements in regions with large
solution gradients and few elements in the regions where
the gradients ara small. Element orientations are In
princlpal directions to provide the most accurate solution
with a minimum number of elements. As an example, the
shorter element side is In the direction normal to the
shock line or through the boundary layer thickness to

model large solution gradients. Based on these ideas,
the adaptive remeshing technique consists of two steps:
(1) the determination of the new elemant sizes and their
orlentations, and (2) the construction of the new mesh.

in the determination of the element size and
orientation, the solid mechanics concept of determining
the principal stresses and their directions from a given
state of siress at a point is employed. For example in the
thermal analysls, small and clustered elements are
needed In regions of large temperature gradients. The
temperature is thus considered as a key parameter to
indicate where clustered elements are needed. Al a
typlcal node In the old mesh, the second derivative!0 of
tKa key parameter with respect to the global coordinates
x and y are first computed,

o —

a? a?O
(20)
% Y

where ¢ denotes the key parameter used for remeshing.
Then the elgenvalues which represent the principal
quantities in the principal directions X and Y where the
cross derivatives vanish are determined,

2%

EXS EX)
oy’

A = (21)
a

. and A,‘, -

These eigenvalues are the remeshing indicators and are
used to determine the elament spacings hy and h in the
two principal directions using the condition of

2 2
h' k1 = hz": = constant {22)

which has bean shown to distribute the solution error

equally, a condition for an optimal mesh!3. This process
Is performed for all the nodes In the old mesh leading to

the final condition” of

2 2 2
hiA, = hA, = constant = h A, (23)

Using this condition and specilying the required
minimum element spacing hmia, the new element
spacings based on the solution of the old mesh are
obtained and the new mesh is constructed.

Mesh construction is based on an advancing front

technique?. Nodes are first placed along the domain
boundary. Spacings between these nodes are dictated
by the element spacing parameter h obtained earlier. At
this instance, the front consists of a sequence of straight
line segments which connect consecutive boundary
nodes, |.e., the domain boundary. Elements adjacent to
the domaln boundary are then constructed. The sizes
and orlentations of these elements are guided by the
computed element spacing parameter h and the principal
diractions. As naw elements are consirucled from ths
domalin boundary, the front is updated and represenied
by the new element sides. As the mesh construction
goes on, the front changes Its shape continuously and
propagates toward the domalin interior. The generation



process Is terminated when the domain is filled
completely with elements and the front vanishes.

Based on the condition shown In Eq. (23), the
element size Is generated according to the given
minimum element spacing hgin. Specifying too small a
spacing hyn could result in a model with a large number
of elements which may be impractical to perform the
analysis. On the other hand, spacifying too large a
spacing hmin may result In an inadequate analysis
solution accuracy, or excaessive analysis and remashing
cycles 1o achleve the required solution accuracy. These
factors must be considered prior to generating a new
mash. Nole that, because the technique generates an
entirely new mesh with different nodal locations from the
old mesh, Interpolation of the solution from the old to the
new mesh is necessary. The Interpolated nodal
quantities are used as the Initial conditions for the new
mesh to increase the analysis solution convergence.

Fluld-Thermal-Structural Remeshing Parameters

The adaptive remashing technique described

requires a selection of proper key parameters (¢ In Eq.
(20)) for remeshing so that generated elements are
clustered where needed. Selection of the key
paramelers depends on the analysis discipline and its
applications. For thermal problems, it is obvious that the
temperature should bs used as the key parameter so that
the mesh generated can represent steep temperature
gradients. For structural problems, stress Is an
appropriate cholce for the key parameter so that regions
with high stress concentration will be represented.
However, the key parameter representing the stress
should be a scalar quantily such as the Von Mises siress
defined by,

Ovon Mises ™ "JL;J(O‘-GY)2+ 05 + Os + 6"2" (24)

Note that the key parameter selected for remeshing may
vary with applications. For problems that require
accurate deformations rather than the stresses, an
absolute displacement quantity may be preferred as the
key parameler. i

For high-speed compressible flow problems,
selection of the proper key parameters for remeshing
may be more difficult. In the inviscid flow field, the fluld
density Is normally selected as the key parameterd
because densily exhibits high gradients across shock
and flow expansion waves. In the viscous dominated
flow regions, such as the boundary layer, other key
paramaters may be more appropriate. Key paramelers of
heating rale and skin friction may be used {or more
accurate analysis prediction of the aerothermal loads.
The selaection of these key parameters for remeshing in
the three different analysis disciplines will be discussed
in detall in the next section.

Evaluation of Integrated Analysis and
Adaptive Remeshing Procedures

Two applications are presented to assess the
adaptive unstructured remeshing procedures for
integrated fluid-thermal-structural finite element analysis.
The fluid analysls of Mach 8 shock-shock Interference on
a three-inch-diameter cylinder Is used as the first
application to illustrate the successful implementation of

the adaptive remeshing technique for complex flow and
fo Investigate the meshing issues for the integrated fluid-
thermal-structural model. The applicability of the
remeshing technique for thermal and structural problems
Is demonstrated in the second application for a 0.25-
inch-diameter convectively cooled leading edge
subjected to Intense aerodynamic heating. Remeshing
parameters for thermal and maechanical stress
predictions are Identified.

Mach 8 Shock-Shock Interference On a Cylinder

Leading edges of hypersonic vehicles that
experience intanse stagnation point pressures and
heating rates are a significant challenge to the designer.
For engine leading edges, such as the cowl shown in
Flg. 1, intense aerothermal loads occur when the cowl
bow shock Is Intersected by an oblique shock resulting in
a supersonic jet that impinges on the leading edge
surface. The experimental configuration (lower left of Fig.
1), which simulates the vehicle forebody and cowl
leading edge, was used to define the aerothermal
loads2.14. The experimental configuration is rotated

180° relative to the vehicle. The schlieren photograph
shows the suparsonic Jet interference pattern impinging
on the surface of the cylinder. The interference pattern
produces intense local amplification of the pressure and
heat transfer rate in the viclnity of the Jet Impingement,
The undisturbed (absence of Incident oblique shock and
interference pattern) stagnation pressure and heating
rate can be amplilied by factors from 6 to 30 depending
on the shock strength and the free stream Mach
number2.14,

The flow interaction pattern superimposed on the
flow computational domain and the three-inch-diameter
cylinder is shown schematically In Fig. 2. The inflow
conditions above and below the oblique shock are: (1)
Mach 8.03 flow at an angle of attack of zero degrees

(a=0°) and static temperature of 200 °R, and (2) Mach

5.25 flow at an angle of altack of 12.5 degrees (a=12.5°)
and a statlc temperature of 430 °R. The supersonic Jel
impinges on the cylinder surface approximately 22
degrees below the cylinder horizontal center line.

A first mesh shown in Fig. 3 Is generated using a
background maesh concept described in Ref. {7]. A total of
4192 trlangles are generated in the inviscid region and
1568 quadrilateral elements in the boundary layer. The
reasons for using quadrilateral elements in the boundary
layer will be described in detail below. Using this mesh,
the fluid analysis Is performed to obtain a flow solution as
iustrated by the Mach number contours shown in Fig. 4.
Based on this flow solution and the use of the fluid
density as the key parameter for remeshing, the second
mesh Is created as shown in Fig. 3. The flow solution
obtained from the first mesh is then interpolated and
used as the Initial condition for the second mesh. The
same procedure Is repaated on the subsequent meshes
until the converged flow solution Is achieved (a total of
three mashes In this case).

The Mach number contours shown in Fig. 4
demonstrate the Improvement of the solution guality with
the adapted meshes. The Mach number distribution
obtained from the third mesh shows improved sharpness
of the shock Interference pattern. The contours show a

supersonic Jet (Mach number ~ 2) submerged within the

subsonic regions between the bow shock and the
cylinder, The supersonic flow In the jet terminates



through a nearly normal shock prior {o impinging on the
cylinder surface.

The analytically predicted surface pressure
distribution from the third mesh Is compared with the
exparimentally measured prassures2 in Fig. 5. The
predicted and experimental pressures are normalized by
the undisturbed stagnation pressure (po = 10.61 psia).
Good agreemant between the analytical and
oxparimental resuits are obtained for the pressure
distribution, the peak pressure and its locations. Details
of the finite elemsnt mesh and the flow temperature In the
interaction region are shown in Fig. 6. On both sides of
the supersonic jet, the fluid temperature increasss
abruptly across the bow shocks from a relatively low
temperature (200 °R and 430 °R) to approximately 2,700
°R. The temperature gradients In the shock iayer (reglon
betwean the bow shock and the cylinder) are relatively
small except in the thin boundary layer where the
temperature drops sharply to the cylinder surface
temparature of 530 °R. Inside the supersonic jet, the fluld
temperature increases slightly from the free stream
temperature to approximately 1,000 °R. As the Jel siream
approaches the cylinder surface, the fluld temperature
Increases abruptly across the Jet normal shock to
approximately 3,000 °R in a small stagnation reglon noxt
to the cylinder surface and drops sharply to the cylinder
temperature of 530 °R resulting In high aerodynamic
healing rates.

The major difficulty in the fluid analysis is the
prediction of the asrodynamic healing rates because a
vary accurate resolution of the flow temperature gradient
normal to the cylinder surface Is required. For the
undisturbed Mach 8 flow, the predicted stagnation
heating rate of approximately 42 Btu/i2-sec, which was
obtained from a finite element solution! and a viscous
shock layer solution15, is lower than the experimental
value of 61.7 Btu/ft2-sec (Rel. [2]). The predicted and the
experimental Interference healing rates are, therefore,
normalized by their respactive undisturbed stagnation
ﬁoim heating rates and are compared in Fig. 7. The

eating rate distributions are similar and the peak
heating rate locations agres. However the predicted
peak heating rate amplification Is about 60% of that
measured from the experiment. This difference may be
attributed to several sources Including the finite elemant
mesh, the analysis algorithm, and the mathematical
model. The finite element mesh near the boundary layer
may be Inadequate to represent the steep temperature
gradients accurately. The flow analysis algorithm, Eqs.
(8)-(11), provides an accuracy on the order of the
element characteristic length h ralsed to the 1.5 power
(O(h1-5)). In addition, the fiuid flow mathematical modal
does not account for any turbulence. As discussed In
Ref. 2, the higher experimental heating rate may be
attributed to free stream turbulence In the test stream
which emanates from (1) the turbulent boundary layer on
the nozzle and/or {2) shear layers that separate the
supersonic Jel from the subsonic reglons.

As mentioned earlier, layars of quadrilateral
elements are used In the boundary layer. Detall of these
quadrilateral elemeants are shown In Fig. 8. The use of a
structurad mesh of quadrilateral elements in the
boundary layer provides sevaral advantages in the flow
analysis. One advaniage Is that slender (high aspect
ratio) elements can be used with thelr longer sides in the
flow direction where the solution gradients are small and
their shorter sides normal to the surface to modsl steep
solution gradients through the boundary layer thickness.

A second advantage Is that the adificial dissipation
required for the numarical stability, which could smear
the solution gradients, can be controlled easily or turned
off completely!6. Although the boundary layer thickness
varles along the cylinder, the thickness (5 = 0.06 inches
in Flg. 8) is assumed constant for the purpose of
constructing the boundary layer mesh. Across the
boundary layer thickness, 32 layers of gradualed
quadrilateral elements are used with a geometric
stratching factor of 1.25. The thicknaess of the first
element at the surface Is 1.x105 inches and was chosen
such that It should model the temparature gradient
expected from the experimental heating rate2.

For general problems, the boundary layer
thickness Is not known and varles in the flow diraction.
An approach to estimate the boundary layer thickness
using the fluld heat transfer as the key parameler for
remeshing has besn proposed recently!0. The
approach Is Hiustrated in Fig. 9. The boundary layer
thickness, §, Is estimated from the absolute quantity of the
heat flux vector, | § |, which is a maximum at the surface
and Is Insignificant above the edge of the boundary layer.
The size and distribution of the quadrilateral element
layers are guided by the magnitude of the flow shearing
stress (t,, is proportional to du/dy) which Is a maximum at
the cylinder surface and decreases quadratically through
the boundary layer thickness. Based on this Idea, an
adaptive remeshing technique using quadrilateral
elements in the boundary layer can be constructed and
combined with the current capability of the adaptive
remeshing technique for triangular elements in the
Inviscid flow region.

To generate an integrated fluid-thermal-structural
finlte elemant model, the use of common nodes along the
fluld/structure Interface Is preferred!6 as highlighted in
Fig. 10. This approach not only permits direct data
transfer between the difterent analysis disciplines but
also provides consistency for the analysis formulation.
As an example of a coupled fluid/thermal problem, the
interface nodal temperatures can be obtained by solving
the coupled energy equation of the flow and the
structure! with the requirements that at the interface: (1)
the temperatures of the fluid and the structure are
identical, and (2) the heat flux is continuous.

For some problems, the requirement of common
fluid/structure Interface nodes to preserve the mesh
continuity may result in an excessive number of nodes in
one of the disciplines. For example, a high stress
conceniration may occur near the fluid/structure Interface
which may require a large number of the structural
nodes even though the flow near that region Is simple.
Several adaptive meshing techniquaes ara feasible for the
thermal-structural analysis of the struclure as Indicated in
Fig. 10 which include the mesh relinement/derefinement
technique and the remeshing technique developed for
the flow problems. Before selecting one of these
techniques, their effectiveness for thermal and structural
problams must be evaluated. An Initial evaluation ol the
adaptive remeshing technique for both the thermal and
structural analyses Is performed in the next section.

Convectively Cooled Leading Edge

A 0.25-Inch-diameter convectively cooled leading
edge subjected to intense aerodynamic heating Is used
to evaluate the adaptive remeshing technique for both
the thermal and structural analyses, and to identify



requirements for the remeshing parameters for thermal
stress problems. The exampla problem represents a
.hypersonic vehicle operaling at Mach 16 which causes
the vehicle nose bow shock to Intersect with the cowl
leading edge bow shock. The Intersection produces the
type IV supersonic jet interference patiern similar to that
described in the first application. Because of the smaller
ieading edge diameter and the higher Mach number
conditions, the heating rate Is very intense with a peak of
nearly 30,000 Btu/fti2-sec (see Rel. [1]).

The leading edge geomelry and boundary
conditions are shown schematically in Fig. 11. The outer
surface Is subjected to the aerodynamic heating and
emits radiant energy o space. The Inner surface Is
convactively cooled by the direct impingement of a sonic
hydrogen Jet stream with an Inlet temperature of 50 °R.
The 1350 quadrifateral element mesh shown In Fig.
12(a) is typlcal of a structured mesh. The mesh has been
used prevlously1 for predicting transient thermal-
structural response of the leading edge as the vehicle
nose bow shock sweeps across during the vehicle
acceleration. The mash is graded in the radial direction
but is uniform in the circumferential direction. The
leading edge material Is assumed to be copper because
of its high thermal conduclivity. The copper material
properties used in the analysis are highly temperature
dependent and can be found in Refs. [17-18]. The
predicted steady-state leading edge temperature
contours are shown in Fig. 12(b). The peak temperature
of 766 °R is at the jet impingement location where the
heating rate Is a maximum. In spite of the high thermal
conductivity of the material, the temperature gradients
are also high in this region. The problem Is, therefore,
suitable to be used for evalualing the adaptive
remeshing technique for the thermal analysis of the
structure. o

The same adaptive remeshing procedure
described for the flow problem is applied for the thermal
analysis ol the Ieading edge. A falrly uniform mesh
consisting of 885 triangles, shown in Fig. 13(a), is first
constructed and the thermal analysis Is performed to
obtain the temperature distribution. Then the adaptive
mesh shown in Fig. 13(b) Is generated using the
temperature as the key parameter for remeshing to
provide clusiered elaments Iin the region with high
temperature gradients. The temperature distribution
obtained from the second mesh is aimost identical (a
differance of 0.2%) to that obtained from the nonadaptive
mesh shown In Fig. 12(b). However, the number of
unknowns required for the adaptive unstructured mesh is
reduce to about 25% of those usaed in the structured
mash. Note also that several elemants are required
through the thickness where the peak heating occurs and
only one or iwo elements are required near the end of
the leading edge. Hence, only an unstruclured mesh
technique would optimize the mesh.

To evaluate the effectiveness of the adaptive
remeshing technique to represent both the thermal and
mechanical stress fields, structural boundary consiraints
at the upper and lower leading edge sections are
introduced. The Inner surface nodes at the constraint are
fixed (u = v = 0, see Fig. 14(a)) to simulate the constraints
caused by the Internal fins that support the leading edge
from the Innar primary structure. To highlight the
remeshing capability lor generating clustered elements
in the regions needed, the rest of the nodes on both
sections are constralned differently. These nodes are
frae to mova on the upper section, but are constrained In

the horizontal direction on the lower section. In addition
to the thermal loads, the leading edge Is also subjected
to mechanical loads from: (1) the aerodynamic pressure
which has a distribution similar to that shown In Fig. 5 but
with a peak pressure of 1,000 psia, and (2) the uniform
internal coolant pressure of 1,000 psia.

The adaptive thermal mesh shown in Fig. 13(b) is
used as the initial mesh for the structural analysis. The
same analysis procedure is applied by first obtaining the
structural analysls solution and then remeshing. In the
remeshing process, nodal temperatures of the new mesh
are Interpolated from the nodal temperatures of the
thermal mesh shown in Fig. 13(b). For thermal stress
problems, high stresses normally occur In regions ol high
temperature gradients. High stress concentrations may
also occur at corners or supports even though the
temperature Is uniform. Thus, to represent both the
thermal stress and the stress concentration, key
paramaters for remeshing based on the temperature and
the Von Mises stress are used. A new adaptive mesh
generated by using these two remeshing parameters Is
shown In Fig. 14(a). Elements are clustered near the jet
impingement location for modeling high thermal stresses
from the high temperature gradients, and at the region
near the upper support where the stress concentration
occurs. The corresponding structural response, based
on a linear elastic behavior assumption, is shown by the
circumferential stress contours superimposed on the
deformed leading edge in Fig. 14(b). The figure shows
that a peak compressive stress of 25 ksl occurs at the Jet
impingement location and a high stress concentration
occurs near the singular point at the upper support.

To support the Idea that the two remeshing
parameters should be used simuitaneously for
generating an adaptive mesh for thermal stress
problems, the same analysis approach Is repaated but
without using the temperature as the remeshing
R‘arém'eler. The adaplive mesh generated using the Von

ises stress alone as the remeshing parameter Is shown
in Fig. 15(a). Clustered elements are generated in the
reglon near the upper support similar to the previous
case. The mesh near the jet impingement location is
much coarsar than the mesh for the previous case and
does not resemble the mesh for the temperature
distribution. The corresponding predicted structural
response of the circumferential stress contours Is shown
in Fig. 15(b). The contours are similar to those obtained
in the previous case but are degraded due 1o the coarser
mesh in the region of the jet Impingement location. The
difference between the peak compressive stresses of
these two cases at tha Jel impingement location is
approximately 15%. Note that for thermal stress
problems In which the structure Is free o expand, the
thermal stress distribution normally resembles the
distribution of the temperature. For such cases, the use
o! the Von Mises stress alone as the remeshing
parameter may be adequate.

The adaptive remeshing technique for the
structural analysis Is further evaluated for the case in
which the thermal load Is not present. The leading edge
Is subjected only to the mechanical load which consists
of the external aerodynamic pressure and the internal
coolant pressure. The Von Mises stress is used as the
remeshing parameter and the adaptive mesh generaled
is shown In Fig. 16(a). Similar to the previous case,
clustered slements are in the reglon near the upper
support where the stress concentration occurs. The
corrasponding predicted structural response of the
circumferential strass contours Is shown in Fig. 16(b).



The predicted compressive stress of 5 ksi at the jet
impingemaent location Is much lower than the stress that
occurred for the case with the thermal load. Obviously,
superposition of the results for separate mechanical and
thermal stress analyses would require interpolation of the
results. Hence, the adaptive remashing and analysls
should be used for tha combined load case.

For coupled fluld-thermal-structural analysis, both
the thermal and structural response of the leading edge
affect the flow field. The flow field has o be updated to
include the effects of: (1) the change of the Isading edge
surface temperature, and (2) the leading edge
deformation. The leading edge may deform into or away
from the Initlal flow fleld and updating the flow
computational domain is necessary. The new flow field
may govern reglons previously occupled by the leading
edge where the flow information does not exist. These
are soma of the fulure issues which will be encountered
-and have to be clarified prior to applying the adaptive
remeshing technique to coupled interdisciplinary
problems

Concluding Remarks

An adaptive unstructured remaeshing technique
was evaluated for Integrated fiuid-thermal-structural
analysis. The technique generates an entirely new
mesh based on the solution obtained from a previous
mesh., The new mesh consists of clustered elemants in
the regions with high solution gradients and few
elements In the reglons where the gradients are small.
The capability of the remeshing technique was
demonstrated for the fluid, thermal, and structural
analyses. The finite elament formulations used for the
three disciplines were presented. The basic idea
behind the remeshing technique was described and the
remeshing Indicators and requirements were identified.

Two applications ware presented to assess the
effectiveness of the remeshing technique. The fluld
analysis of Mach 8 shock-shock interference on a thres-
inch-diameter cylinder was used as the first application
to Hllustrate the remeshing technique for complex flow
and to investigate the meshing issues for the Integrated
fluid-thermal-structural analysls. Fiuld density was used
as the remeshing paramster lor generating adaptive
triangutar elements in the inviscid flow reglon. In the
current procedure, layers of quadrilateral elements are
constructed in the boundary layer to represent accurate
aerothermal loads. The predicted aerodynamic
pressure and heating rate are In good to fair agreement
with the experimental data. An approach for generating
an adaptive structured mash of quadrilateral elements in
the boundary layer was described. The approach can
be combined with the current adaptive unstructured
remeshing technique used In the inviscid region to
achieve an automated remeshing capability for the
entire flow domain,

The reameshing technique was extended to the
thermal and structural analyses of the structure. The
applicability of the technique to thermal stress problems
was demonstrated with a 0.25-inch-dilameter
convactively cooled leading edge subjected to Intense
aerodynamic heating. Temperature was selecled as the
remeshing parameter In the thermal analysis so that
clustered elements are generated in regions of high
temperature gradients. The technique provides the
same temperature solution accuracy compared to a
refined structured mesh but with a significant reduction

i A 1

in the number of unknowns. For the structural analysis
of the leading edge subjected to both thermal and
pressure loads, remeshing parameters of the
temperature and the Von Mises stress are used to
provide clustered elements in regions of high thermal
and mechanical stresses as well as reglons with a stress
concentration.

The results from the applications have
demonstrated the viability of the adaptive unstructured
remeshing technique combined with the finite element
methods 1o provide efficlent accurate solutions to
complex flow-thermal-structural behavior.
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Fig. 1 Vehicle schematic, experimental configuration,

and schlieren of type IV shock-shock
interference.
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2 Oblique and bow shock interaction pattern for
Mach 8 shock-shock interference on a three-
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Mach 8 shock-shock interference on a three-
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Fig. 8 Details of the finite element mesh in the
interaction reglon and layers of quadrilateral
elements in the boundary layer.

Fig. 5 Comparison of surface pressure distributions on
a three-Inch-diameter cylinder subjected to
Mach 8 shock-shock Interterence.
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Fig. 6 Detalls of the finite element mesh and fluid
temperature contours in the Interaction region
for Mach 8 shock-shock Interferance on a three-
inch-diameter cylinder.

Fig. 9 Typical temperature and absolute heat flux
vactor distributions in the boundary layer and
adaptive boundary layer mesh with
quadrilateral elements.
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Fig. 7 Comparison of surface heating rate distributions  Fig. 10 Integrated fluid-thermal-structural mesh conc2p:

on a three-Inch-diameter cylinder subjected to
Mach 8 shock-shock Interference.

and adaptive meshing options for thermal-
structural analysis of the structure.



Fig. 11 A schematic thermal-struclural analysis model
of 0.25-Inch-diameter leading edge with
boundary conditions.
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Fig. 12 Nonadaptive finite elemant mesh and
temparature contours for convectively cooled
leading edge.
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Fig. 13 Adaptive finite element mesh evolution for
thermal analysis of convectively cooled leading

edge.
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Fig. 14 Final adaptive mesh and circumferential stress
for convectively cooled leading edge subjected
to thermal and pressure loads.
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cooled leading edge subjected to thermal and
pressure loads.
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Fig. 16 Final adaptlvve mesh and circumferential stress
for convectively cooled leading edge subjected
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