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Evaluation of an Adaptive Unstructured Remeshing Technique
for Integrated Fluid-Thermal-Structural Analysis

Pramote Dechaumphai*
NASA Langley Research Center, Hampton, Virginia 23665

An adaptive unstructured remeshing technique is evaluated for integrating fluid-thermal-structural analysis.
The technique is combined with the finite element method to solve 1) the Navier-Stokes equations for high-speed
compressible flow, 2) the energy equation for the structure's thermal response, and 3) the quasistatic equilibrium
equations for the structural response. The remeshing technique and the analysis procedure are described. The
effectiveness of the approach is evaluated with two application studies. The flow analysis of Mach 8 shock-shock
interference on a 3-in.-diam cylinder is used as the first application to demonstrate the capability of the
remeshing technique to capture the physics features of a complex high-speed flow. The applicability of the
approach for the thermal and structural analyses of the structure is evaluated in the second application of a
0.25-in.-diam convectively cooled leading edge subjected to intense aerodynamic heating. The adaptive unstruc-
tured remeshing procedure and finite element solution algorithms combine to yield increased accuracy and
efficiency over standard structured meshes.

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

area, Eq. (8)
[A *] = Jacobian matrix
[B] = viscous flux matrix
c = specific heat, Eq. (4), or material elastic

constants, Eq. (12)
E, F =x and y flux components, respectively
H = load vector
h =FConvective heat transfer coefficient, Eq. (5), or

element spacing parmeter, Eq. (16)
[/] = identity matrix
[K] - stiffness matrix
k = thermal conductivity
[M] = mass matrix
m = coolant mass flow rate
[N] - element interpolation function matrix
P = coolant passage perimeter
p = pressure
q = heat flux
[R] = load vector
s - edge length of finite element
T - temperature
T0 = reference temperature for zero stress
t = time
U = conservation variable
w,v =flow velocity components, Eq. (2), or

displacement components, Eq. (13)
X,Y = principal coordinate directions
xty = coordinate directions
At = time step
AM =u

n+l-u"
/3 = thermal expansion parameter
d = boundary-layer thickness
e = flow total energy, Eq. (2), or strain

components, Eq. (12)
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Subscripts
c
F
s
T
1
2
Superscripts
I
n
T
V

- eigenvalues
= key parameter for remeshing
= density
= fluid stress components, Eq. (2), or solid stress

components, Eq. (7)

= coolant
= fluid
= structural
= thermal
= element internal flux
= flux across element boundary

= inviscid
= time step index, tn =
= transpose
= viscous

Introduction

D ESIGN of lightweight structures and thermal protection
systems for hypersonic vehicles depends on accurate pre-

diction of aerothermal loads, structural temperatures and
their gradients, as well as structural deformations and stresses.
Adaptive unstructured remeshing techniques combined with
the finite element method have been shown to improve signif-
icantly the efficiency and accuracy of the flow analysis. These
benefits should also accrue for both thermal and structural
analyses of structures. In addition, a universal remeshing pro-
cedure is needed for the development of an integrated fluid-
thermal-structural analysis capability.

Research is currently underway to develop an integrated
analysis approach1 for accurately predicting each disciplinary
behavior and their interactions. The approach uses the finite
element method to solve 1) the Navier-Stokes equations for
the aerodynamic flowfield and the aerothermal loads; 2) the
structural energy equation for heat transfer and temperature
distribution; and 3) the structural equations for deformation
and stresses. For a complex aerodynamic flowfield, where a
priori knowledge of the flow physics does not exist, an appro-
priate finite element mesh may not be constructed or even be
designed easily. An adaptive mesh generation technique is
required not only to construct and adapt the mesh automati-
cally to represent the flowfield but also to minimize the num-
ber of unknowns and the analysis computational time. Thus,
the current focus on the improvement of the integrated analy-
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sis approach is to develop efficient adaptive unstructured
mesh-generation techniques for each analysis discipline con-
sidered, including their interface requirements.

Adaptive mesh-generation techniques may be classified into
two major categories: 1) refinement/derefinement, and 2)
remeshing. The first category, the adaptive refinement/dere-
finement technique, can be further classified into three subcat-
egories: a) the h method, b) the/? method, and c) the r method.
In the h method, the elements in the initial mesh are refined
info smaller elements or derefined into larger elements.2 The/?
method maintains the geometry of the elements of the initial
mesh but increases (or decreases) the order of the polynomial
used for the element interpolation function.3 The r method
keeps the number of elements and their connectivities the same
but relocates the nodes.4

The remeshing technique, the second adaptive mesh-genera-
tion category, generates an entirely new mesh based on the
solution obtained from an earlier mesh.5 The technique com-
bined with the finite element method has been applied success-
fully to several compressible flow problems with complex flow
behavior.6'8 The purpose of this paper is to extend the adap-
tive remeshing technique to both the thermal and structural
analyses of structures. The adaptive remeshing technique will
be evaluated to assess its effectiveness for the integrated fluid-
thermal-structural analysis. The governing equations for the
aerodynamic flow, structural heat transfer, and structural re-
sponse will be introduced first. The analysis solution al-
gorithms for solving these equations will be briefly described.
The basic concepts of the adaptive remeshing technique will
then be explained. Selection of indicators used for construc-
tion of new meshes for the three analysis disciplines will be
discussed. Finally, the adaptive remeshing technique will be
evaluated for 1) the fluid analysis of Mach 8 shock-shock
interference on a 3-in.-diam cylinder where experimental data
are available, and 2) the thermal-structural analysis of a 0.25-
in.-diam convectively cooled leading edge subjected to intense
aerodynamic heating simulating a Mach 16 flight condition.
The issues of mesh continuity along the fluid/structure inter-
face and between thermal and structural analyses for direct
interdisciplinary data transfer will also be discussed.

Integrated Fluid-Thermal-Structural Procedure
Governing Equations

The equations for the aerodynamic flow, the structure heat
transfer, and the structural response in two dimensions are
briefly described herein.

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

(1)

where the subscript Fdenotes the fluid analysis. The conserva-
tion variables vector { UF} and the flux vectors in the x and y
directions, {£>} and [FF], are given by

{ UF } T = [p pu pv pe]

+ [EF]V

= [pu pu2 + p puv pue+pu]

- [0 ox rxy uox + vrxy - qx]

(2a)

<2b)

[pv puv pv2 + p pve+/?v]

[0 Txy Oy UTXy + V (Jy ~ Qy]

Superscripts 7 and K represent the inviscid and viscous flux
vector components, respectively. The pressure p is related to
the total energy assuming a calorically perfect gas (constant
ratio of specific heats). The stresses aX9 ay, and rxy are related
to the velocity gradients by Stokes's law. The heat fluxes qx
and qy are related to the temperature 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 governed by the

energy equation written in conservation form as •

(3)

where the subscript T denotes thermal analysis. For transient
heat conduction, the conservation variable UT and the heat
flux components ET and FT are

dUT = PscsdTs

= qx = - ksdTs/dx

= qy= - ksdTs/dy

(4a)

(4b)

(4c)

and HTis the heat source. The structural heat flux components
qx and qy are related to the temperature gradients by Fourier's
law.

For a structure with internal convective cooling, the energy
equation9 for the coolant flow in a local x direction (flow
direction) based on assumed uniform cross-sectional or bulk
temperature Tc can also be written in the conservation form of
Eq. (3) where

dUT = PcccdTc

ET = (mccTc/Ac) - kcdTc/dx

FT = 0

HT = HP(TS-TC)

(5a)

(5b)

(5c)

(5d)

The flux ET consists of the energy transport by convection
(first term) and conduction (second term). The flux HT repre-
sents the heat transfer between the structure and the coolant.

Structural Response
The structural response is governed by the quasistatic equi-

librium equations assuming that the inertia effect is negligible.
These equations are written in conservation form as

The flux vector components [Es} and [Fs} are

(Es}T=[ax rxy]

[Fs}T=[rxy oy]

(6)

(7a)

(7b)

(2c)

where the stress components oX9 oy, and rxy are related to the
displacement gradients and the temperature by the generalized
Hooke's law.

Analysis Solution Algorithms
An implicit/explicit upwind cell-centered algorithm6 is used

to solve the Navier-Stokes equations, Eqs. (1) and (2).10 A
flux-based Taylor-Galerkin finite element algorithm8'11 is used
to solve the thermal and structural equations, Eqs. (3-7). For
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brevity, only essential features of the algorithms are high-
lighted herein.

Upwind Fluid Algorithm
The upwind cell-centered algorithm assumes a constant dis-

tribution of the conservation variables over an element. The
in viscid flux (E}1 across element interface is determined by
Roe's averaging procedure.12 The viscous flux [ E } y across
element interface is obtained by averaging the viscous fluxes
computed at nodes that lie on the interface. Increments of the
element conservation variables, AC/ = Un + l - Un, are deter-
mined from

(8)= -=rI> 1£}7+{£}K

where [1^4 * I] denotes a matrix whose entries are the absolute
values of those in the Jacobian matrix [A*]. The matrix [B]9
which is associated with the viscous fluxes, accelerates the
solution convergence in the viscous dominated regions. This
fluid algorithm provides first order of accuracy [0(/01 in the
inviscid flow dominated region, but the order of accuracy is
close to 1.5 [0(/z)L5] in the viscous flow dominated region.10

Flux-Based Taylor-Galerkin Algorithm
The flux-based Taylor-Galerkin algorithm assumes a linear

distribution of the conservation variable U9 as well as the flux
components E and F over an element1 in the form

9t) = [N(x9y)][U(t)}

9t) = [N(x9y)]{E(t)}

9t) = [N(x9y)](F(t)}

(9a)

(9b)

(9c)

where [N(x9y)] is a row matrix of finite element interpolation
functions, and [E] and (F) are vectors of the element nodal
flux quantities.

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

(10)

where [M] is the mass matrix, and AUn+ 1 = Un+ 1 - Un at time
n + 1. The two vectors on the right-hand side of Eq. (10) are
associated with the fluxes within the element (subscript 1) and
across the element boundary (subscript 2), respectively.

For the structural analysis, the final finite element equations
are in the same form as the thermal equation, Eq. (10), but
without the transient term:

(11)

(12)

and the strain-displacement relations, these nodal stress com-
ponents associated with the (Rs}i vector can be written in
terms of the nodal displacement components. Further alge-
braic manipulation of the finite element equation, Eq. (11),
results in the standard form of

(13)

where { U s ) consists of the unknowns of the nodal displace-
ment components, [K] is the element stiffness matrix, and
[RT} is the thermal load vector. These matrices are evaluated
in closed form and the details are given in Ref. 11.

By using the thermal stress-strain constitutive relations,

Oi = Ci/ej + &(T— r0), /,y = 1,2,3

Boundary Conditions
The fluid, thermal, and structural equations (1), (3), and (6)

are solved subjected to appropriate boundary conditions. The
boundary conditions for supersonic flow consist of specifying
all conservation variables along the inflow surfaces. On the
supersonic outflow surfaces, zero gradient of the conservation
variables is imposed. A no-slip condition (velocities set to
zero) is specified at the solid surface.

The boundary conditions for the thermal analysis are ap-
plied via the boundary vector (RT}2 shown in Eq. (10). The
thermal boundary conditions may consist of 1) insulated
boundary, 2) specified heating, 3) convection, and 4) radia-
tion. For internal cooling, the convective boundary condition
is applied for heat transfer between the structure and the
coolant9 [see Eq. (5)]. The boundary conditions for the struc-
tural analysis, such as the pressure load, are applied via the
boundary vector {Rs\2 shown in Eq. (13). The thermal load
due to the change in the structure temperature is included in
the structural equation via the vector [Rr] shown in that
equation.

Adaptive Remeshing Procedure
Remeshing Concept

The basic idea of adaptive remeshing is to construct a com-
pletely new mesh based on the solution obtained from the
previous mesh. The new mesh will consist of clustered ele-
ments in regions with large solution gradients and few ele-
ments in the regions where the gradients are small. Element
orientations are aligned with principal directions to provide
the most accurate solution with a minimum number of ele-
ments. As an example, the shorter element side is in the
direction normal to the shock line or through the boundary-
layer thickness to capture large solution gradients. Based on
these ideas, the adaptive remeshing technique consists of two
steps: 1) the determination of the new element sizes and their
orientations, and 2) the construction of the new mesh.

In the determination of the element size and orientation, the
solid-mechanics concept of determining principal stresses and
their directions from a given state of stress at a point is
employed. For example, in the thermal analysis, small and
clustered elements are needed in regions of large change in the
temperature gradients. The temperature is thus considered as
a key parameter to indicate where clustered elements are
needed. At a typical node in the old mesh, the second deriva-
tives5'10 of the key parameter <t> with respect to the global
coordinates x and y are first computed:

dx2 dxdy

dxdy dy2

(14)

Then the eigenvalues A, which represent the principal quanti-
ties in the principal directions X and y where the cross deriva-
tives vanish, are determined:

dX2
82<t>
dY2 (15)

These eigenvalues are the remeshing indicators and are used to
determine the element spacings HI and H2 in the two principal
directions using the condition that

h2\i = hl\2 - const (16)

which result from distributing the finite element interpolation
error equally, a condition for an optimal mesh.13 This process
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is performed for all of the nodes in the old mesh leading to the
final condition of

/*i2Ai = /*2
2X2 = const = (17)

Using this condition and specifying the required minimum
element spacing /zmin, 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 tech-
nique.5 Nodes are first placed along the domain boundary.
Spacings between these nodes are dictated by the element
spacing parameter h obtained earlier. At this stage, the front
consists of a sequence of straight-line segments that connect
consecutive boundary nodes, i.e., the domain boundary. Ele-
ments adjacent to the domain boundary are then constructed.
The sizes and orientations of these elements are guided by the
computed element spacing parameter h and the principal di-
rections. As new elements are constructed from the domain
boundary, the front is updated and represented by the new
element sides. As the mesh construction goes on, the front
changes its shape and propagates toward the domain 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. (17), the element size
is generated according to the given minimum element spacing
^min- Specifying too small a spacing /zmin may result in a model
with an excessive number of elements. On the other hand,
specifying too large a spacing hmin may result in inadequate
solution accuracy, or excessive analysis and remeshing cycles.
These factors must be considered prior to generating a new
mesh. Note that, because the technique generates an entirely

Vehicle schematic Schlieren

Incident shocks -r

Cowl bow shock

Experimental configuration

Bow shock -

Cylindrical lending edge
Inadont shock

Cowl

Fig. 1 Vehicle schematic, experimental configuration, and schlieren
of type IV shock-shock interference.

Flow
computational
domain

M = 8.03
T = 200° R

Bow shock

M = 5.25
T = 430° R 3" diameter

cylinder

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.

Fluid-Thermal-Structural Remeshing Parameters
The adaptive remeshing technique described requires a se-

lection of proper key parameters [0 in Eq. (14)] for remeshing
so that generated elements are properly sized, oriented, and
clustered. Selection of the key parameters depends on the
analysis discipline and its applications. In general, dependent
variables are usually selected as the key parameters for re-
meshing. In the inviscid flowfield of high-speed compressible
flow problems, the fluid density is normally selected as the key
parameter5'8 because density exhibits high gradients across
shock and flow expansion waves. In viscous dominated flow
regions, such as the boundary layer, other key parameters may
be more appropriate. Key parameters of heating rate and skin
friction may be used for more accurate analysis prediction of
the aerothermal loads.10

For thermal problems, the temperature is selected as the key
parameter so that the mesh generated can represent steep
temperature gradients. For structural problems, stress is an
appropriate choice for the key parameter so that regions with
high stress concentration will be captured. However, the key
parameter representing the stress should be a scalar quantity
such as the Von Mises stress defined in two dimensions by

1
- Oy )2 + O2

X 7y + 6r2
Xy (18)

Fig. 2 Oblique and bow shock interaction pattern for Mach 8 shock-
shock interference on a 3-in.-diam cylinder.

Note that the key parameter selected for remeshing may vary
with applications. For problems that require accurate defor-
mations rather than the stresses, an absolute displacement
quantity may be preferred as the key parameter. The selection
of these key parameters for remeshing in the three different
analysis disciplines will be discussed in detail in the next
section.

Evaluation of Integrated Analysis and Adaptive
Remeshing Procedures

Two applications are presented to assess the adaptive un-
structured remeshing procedures for integrated fluid-thermal-
structural finite element analysis. The fluid analysis of Mach 8
shock-shock interference on a 3-in.-diam cylinder is used to
illustrate the implementation of the adaptive remeshing tech-
nique for a complex flow and the interface requirements with
the thermal and structural analyses of the structure. The
remeshing technique for thermal and structural problems is
demonstrated in the second application for a 0.25-in.-diam
convectively cooled leading edge subjected to intense aerody-
namic heating. All computations were made on the CRAY-2
and the VAX-8000 series computer systems.

Mach 8 Shock-Shock Interference on a Cylinder
Leading edges of hypersonic vehicles that experience intense

stagnation-point pressures and heating rates are a significant
challenge to the designer. For engine leading edges, such as the
cowl shown in Fig. 1, intense aerothermal loads occur when
the cowl bow shock is intersected by an oblique shock result-
ing 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 loads.14 The experimental
configuration is rotated 180 deg relative to the vehicle. The
schlieren photograph shows the supersonic jet interference
pattern impinging on the surface of the cylinder. The interfer-
ence pattern produces intense local amplification of the pres-
sure and heat transfer rate in the vicinity of the jet impinge-
ment.
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3823 nodes
5760 elements

5926 nodes
8083 elements

8896 nodes
11578 elements

= 5.25
First mesh Second mesh Third mesh

Fig. 3 Adaptive finite element mesh evolution of the flow domain for Mach 8 shock-shock interference on a 3-in.-diam cylinder.

M = 2

First mesh Second mesh Third mesh

Fig. 4 Flow Mach number contours for the three adaptive unstruc-
tured finite element meshes for Mach 8 shock-shock interference on a
3-in.-diam cylinder.

The flow-interaction pattern superimposed on the flow
computational domain and the 3-in.-diam cylinder is shown
schematically in Fig. 2. The inflow conditions above and
below the oblique shock are shown in the figure. The super-
sonic jet impinges on the cylinder surface approximately 22
deg below the cylinder horizontal centerline. A first mesh
shown in Fig. 3 is generated using a background mesh concept
described in Ref. 5. A total of 4192 triangles are generated in
the inviscid region and 1568 quadrilateral elements in the
boundary layer. Quadrilateral elements are used in the bound-
ary layer to capture steep temperature gradients for accurate
aerodynamic heating-rate prediction. Details of the mesh in
the boundary layer are given in Ref. 15. Using this first mesh,
the fluid analysis is performed to obtain a flow solution as
illustrated 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 repeated on subse-
quent meshes until the converged flow solution is achieved (a
total of three meshes in this case). The convergence criteria of
the flow solution is given by the reduction of at least three
orders of magnitude in the L2 norm of the residuals of all of
the conservation variables.

The Mach number contours shown in Fig. 4 demonstrate
the improvement of the solution quality with the adaptive
meshes. The Mach number distribution obtained from the
third mesh shows improved sharpness of the shock interfer-
ence pattern. The contours show a supersonic jet (Mach num-
ber « 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 to impinging
on the cylinder surface. The predicted surface pressure distri-
bution and the experimentally measured pressures 14 are nor-
malized by the undisturbed stagnation pressure and are com-

o Experiment
— Upwind algorithm

-90 45 90-45 0
6,deg

Fig. 5 Comparison of surface pressure distributions on a 3-in.-diam
cylinder subjected to Mach 8 shock-shock interference.

530°R

Fig. 6 Details of the finite element mesh and fluid temperature con-
tours in the interaction region for Mach 8 shock-shock interference on
a 3-in.-diam cylinder.

pared in Fig. 5. Good agreement between the predicted and
experimental results are obtained for the pressure distribution,
the peak pressure, and its locations.

Details of the finite element mesh and the flow temperature
in the interaction region are shown in Fig. 6. The figure shows
that elements are concentrated along the incident shock, the
bow shock, and the supersonic jet to capture the steep flow
gradients. The fluid temperature increases sharply across the
bow shocks from a relatively low temperature (200 and 430°R)
to approximately 2700°R. In the thin boundary layer, the
temperature drops sharply to the cylinder temperature of
530°R resulting in high aerodynamic heating rates. The pre-
dicted surface heating rate normalized by the undisturbed
stagnation heating rate is compared with the experimentally
measured heating rate in Fig. 7. Although the predicted and
experimental heating-rate distributions agree well, the peak
predicted heating-rate amplification q/qQ is only about 60%
of that measured from the experiment. The lower predicted
heating rate may be attributed to several sources including the
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finite element mesh and the analysis algorithm. On the other
hand, the higher experimental heating rate may be attributed
to the freestream turbulence that is not taken into account in
the analysis.

To generate an integrated fluid-thermal-structural finite ele-
ment model, the use of common nodes along the fluid/struc-
ture interface is preferred16 as highlighted in Fig. 8. Several
adaptive meshing techniques are feasible for the thermal-
structural analysis of the structure which include the mesh
refinement/derefinement technique and the remeshing tech-
nique developed for the flow problems. Before selecting one
of these techniques, their effectiveness for thermal and struc-
tural problems must be evaluated. An initial evaluation of the
adaptive remeshing technique for both the thermal and struc-
tural analyses is performed in the next application.

Convectively Cooled Leading Edge
A 0.25-in.-diam convectively cooled leading edge subjected

to intense aerodynamic heating is used to evaluate the adaptive
remeshing technique for both the thermal and structural anal-
yses and to identify requirements for the remeshing parame-
ters for thermal stress problems. The example problem repre-
sents a hypersonic vehicle operating 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 super-
sonic jet interference pattern similar to that described in the
first application. Because of the smaller leading-edge diameter
and the higher Mach number conditions, the heating rate is
very intense with a peak of nearly 30,000 Btu/ft2-s (see Ref. 1).

The leading-edge geometry and boundary conditions are
shown schematically in Fig. 9. The outer surface is subjected
to the aerodynamic heating and emits radiant energy to space.
The inner surface is convectively cooled by the direct impinge-
ment of a sonic hydrogen jet stream with an inlet temperature
of 50°R. The 1350 quadrilateral element mesh shown in Fig.
lOa is typical of a structured mesh. The mesh has been used
previously1 for predicting transient thermal-structural re-
sponse of the leading edge as the vehicle nose bow shock
sweeps across the cowl during the vehicle acceleration. The
mesh is graded in the radial direction but is uniform in the

circumferential direction. The leading-edge material is as-
sumed to be copper because of its high thermal conductivity.1
The predicted steady-state leading-edge temperature contours
are shown in Fig. lOb. The peak temperature of 766°R is at the
jet impingement location where the heating rate is a maxi-
mum. In spite of the high thermal conductivity of the mate-
rial, the temperature gradients are also high in this region. The
problem is, therefore, suitable to be used for evaluating the
adaptive remeshing technique for the thermal analysis of the
structure.

The same adaptive remeshing procedure described for the
flow problem is applied for the thermal analysis of the leading
edge. A fairly uniform mesh consisting of 885 triangles, shown
in Fig. lla, is first constructed and the thermal analysis is
performed to obtain the temperature distribution. Then the
adaptive mesh shown in Fig. lib is generated using the tem-
perature as the key parameter for remeshing to provide clus-
tered elements in the region with high temperature gradients.
The temperature distribution obtained from the second mesh
is almost identical (a difference of 0.2%) to that obtained
from the nonadaptive mesh shown in Fig. lOb. However, the
number of unknowns required for the adaptive unstructured
mesh is only 27% of those used in the structured mesh. The
reduction of the number of unknowns (and elements) results
in less computer storage requirement. In addition, the compu-
tational time required by the adaptive unstructured mesh is
only 31% of that needed by the structured mesh. Note also
that, as shown in Fig. lib, several elements are required
through the thickness where the peak heating occurs and only
one or two elements are required near the end of the leading
edge. Hence, only an unstructured 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 constraints at the upper and lower
leading-edge sections are introduced. The inner surface nodes
at the constraint are fixed (u = v = 0, see Fig. 12a) to simulate
the constraints caused by the internal fins that support the
leading edge from the inner primary structure. To highlight
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Fig. 7 Comparison of surface heating-rate distributions on a 3-in.
diam cylinder subjected to Mach 8 shock-shock interference.

Aerodynamic
heating

Radiation

Conduction

Aerodynamic
pressure

Internal pressure

Fig. 9 Schematic thermal-structural analysis model of 0.25-in.-diam
leading edge with boundary conditions.

Interface
nodes

Remeshing

Refinement/derefinement
Fig. 8 Integrated fluid-thermal-structural mesh concept and adap-
tive meshing options for thermal-structural analysis of the structure.

1350 Quads
1456 Nodes

Coolant

Fig. 10 Nonadaptive finite element mesh and temperature contours
for convectively cooled leading edge: a) nonadaptive structured mesh,
and b) temperature contours.
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885 Triangles
555 Nodes

626 Triangles
390 Nodes

Coolant

a) b)
Fig. 11 Adaptive finite element mesh evolution for thermal analysis
of convectively cooled leading edge: a) first mesh, and b) second
mesh.

297 Triangles
205 Nodes

Internal pressure
_ (1000 psi uniform)

Aero. — -
pressure
(1000 psi peak)

b)
Fig. 13 Final adaptive solution for convectively cooled leading edge
subjected to pressure load using indicator of Von Mises stress: a)
adaptive mesh, and b) circumferential stress.

814 Triangles
487 Nodes

Internal pressure
(1000 psi uniform)

Fig. 12 Final adaptive solution for convectively cooled leading edge
subjected to thermal and pressure loads using indicators of tempera-
ture and'Von Mises stress simultaneously: a) adaptive mesh, and b)
circumferential stress.

the remeshing capability for generating clustered elements in
the regions needed, the rest of the nodes on both sections are
constrained differently. These nodes are free to move 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 that has a distribution similar to that
shown in Fig. 5 but with a peak pressure of 1000 psia, and 2)
the uniform internal coolant pressure of 1000 psia.

The adaptive thermal mesh shown in Fig. 1 Ib is used as the
initial mesh for the structural analysis. The same analysis
procedure is applied by first obtaining the structural analysis
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. lib. For
thermal stress problems, high stresses normally occur in re-
gions of high temperature gradients. High stress concentra-
tions 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 parameters for remesh-
ing based on the temperature and the Von Mises stress are
used simultaneously. Each key parameter identifies an element
size for equal distribution of finite element interpolation error
[see Eq. (17)], however, the minimum element size is always
selected. A new adaptive mesh generated by using these two
remeshing parameters is shown in Fig. 12a. 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 concentra-
tion occurs. The corresponding structural response, based on
a linear elastic behavior assumption, is shown by the circum-
ferential stress contours superimposed on the deformed lead-
ing edge in Fig. 12b. The figure shows that a peak compressive
stress of 25 ksi occurs at the jet impingement location and a
high stress concentration occurs near the singular point at the
upper support.

Superposition of the solutions from different load cases is a
popular technique in the structural analysis; hence, the effect

of adaptive unstructured remeshing on superpositioning is
investigated. Since the thermal mesh is probably adequate for
the thermal stress analysis, 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 mechanical loads that consist of the external
aerodynamic pressure and the internal coolant pressure. The
Von Mises stress is used as the remeshing parameter, and the
adaptive mesh generated is shown in Fig. 13a. Similar to the
previous case, clustered elements are in the region near the
upper support where the stress concentration occurs. The cor-
responding predicted structural response of the circumferen-
tial stress contours is shown in Fig. 13b. The predicted com-
pressive stress of 5 ksi at the jet impingement location is much
lower than the stress that occurred for the case with the
thermal load. Obviously, superposition of the results for sepa-
rate mechanical and thermal stress analyses would require
interpolation of the results. Hence, the adaptive remeshing
and analysis should be used for the combined load case.

As mentioned earlier, the use of common nodes along the
fluid/structure interface is preferred for integrating fluid-ther-
mal-structural finite element model (see Fig. 8). The approach
not only permits direct data transfer between the different
analysis disciplines but also provides consistency for the anal-
ysis 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 struc-
ture1 with the requirements that at the interface 1) the temper-
atures 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 concentra-
tion may occur near the fluid/structure interface that may
require a large number of structural nodes even though the
flow near that region is simple. In addition, evaluation of
other adaptive meshing techniques (such as refinement/dere-
finement technique) for the thermal-structural analysis of the
structure is also needed.

For coupled fluid-thermal-structural analysis, both the ther-
mal and structural response of the structure can affect the
flowfield. The flowfield has to be updated to include the
effects of 1) the change of the structure's surface temperature,
and 2) the structural deformation. The structure may deform
into or away from the initial flowfield, and updating the flow
computational domain is necessary. The new flowfield may
govern regions previously occupied by the structure where the
flow information does not exist. These are some of the future
issues that will be encountered and have to be clarified prior to
applying the adaptive remeshing technique to coupled interdis-
ciplinary problems.

Concluding Remarks
An adaptive unstructured remeshing technique was evalu-

ated for integrated fluid-thermal-structural analysis. The tech-
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nique generates an entirely new mesh based on the solution
obtained from a previous mesh. The new mesh consists of
clustered elements in the regions with high solution gradients
and few elements in the regions where the gradients are small.
The capability of the remeshing technique was demonstrated
for the fluid, thermal, and structural analyses. The finite
element formulations used for the three disciplines were pre-
sented. The basic idea behind the remeshing technique was
described, and the remeshing indicators and requirements
were identified.

Two applications were presented to assess the effectiveness
of the remeshing technique. The fluid analysis of Mach 8
shock-shock interference on a 3-in.-diam cylinder was pre-
sented as the first application to demonstrate the benefit of the
remeshing technique for complex flow. Fluid density was used
as the key parameter for remeshing. The remeshing 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-in.-diam convectively
cooled leading edge subjected to intense aerodynamic heating.
Temperature was selected as the key parameter for remeshing
in the thermal analysis so that clustered elements are generated
in regions of high temperature gradients. The technique pro-
vides the same temperature solution accuracy compared to a
refined structured mesh but with a significant reduction in the
number of unknowns and computational time. For the struc-
tural analysis of the leading edge subjected to both thermal
and pressure loads, remeshing parameters of the temperature
and the Von Mises stress are used simultaneously to provide
clustered elements in regions of high thermal and mechanical
stresses as well as regions with a stress concentration. The
mesh is for the combined thermal and mechanical load cases
to avoid the superposition of the solutions from each separate
load case which would decrease the solution accuracy.

The applications have demonstrated the viability of the
adaptive unstructured remeshing finite element method to
provide efficient accurate solutions for complex flow-thermal-
structural behavior.
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