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The objective was to identify and mathematically evaluate suitable methods to transfer information between
nonlinear computational fluid dynamics (CFD) and computational structural dynamics (CSD) grids. This data
transfer is vital in the field of computational aeroelasticity, where the interpolation method between the two grids
can easily be the limiting factor in the accuracy of an aeroelastic simulation. The data to be transferred can include
a variety of field variables, such as deflections, loads, pressure, and temperature. For a method to be suitable, it is
important thatit provide a smooth, yet accurate transfer of data for a wide variety of functional forms that the data
may represent. An extensive literature survey was completed that identified current algorithms in use, as well as
other candidate algorithms from different implementations,such as mapping and CAD/CAM. The performance of
the various methods was assessed on a number of analytical functions, followed by a series of applications that have
been or are currently being studied using nonlinear CFD methods coupled with linear representations of the CSD
equations (equivalent plate/shell mode shapes and influence coefficient matrices). Two methods, multiquadric-
biharmonic and thin-plate spline, are shown to be the most robust, cost-effective, and accurate of all of the methods

tested.

Introduction

ONLINEAR computationalfluid dynamics (CFD) methodolo-

gies, in particular the methods solving the Euler and Navier-
Stokes equations, have become relatively mature, so that utilization
of these methodologiesin more complex, interdisciplinaryproblems
is an area of development for current and future applications. One
of these interdisciplinaryapplicationsis computational aeroelastic-
ity (CAE). Traditionally, CFD methods have been applied to rigid
configurations. In flight, aircraft components rarely, if ever, behave
as arigid body. The flexibility of the structure has a directimpact on
aircraftperformance, maneuverabilityand flight controls, etc. Thus,
the ability of CFD methods to capture this flexibility can improve
the capability of the designers and analysts to understand the com-
plex interaction of unsteady aerodynamics and structural dynamics.
This understanding can ultimately lead to a reduction in produc-
tion and development costs by identifying deficiencies during the
design/analysis phase of development. Additionally, this capability
can aid in the analysis of problems that develop in the field as the
role of the aircraftis redefined and expanded.

There are three primary classes of high-level CAE methodologies.
The first class of methodologiesis known as a fully coupled analysis
orunified fluid-structureinteraction. These methodsreformulatethe
governing equations so that both the fluid and structural equations
are combined into one set of equations. These new governing equa-
tions are solved and integrated in time simultaneously. An example
of this applicationis the research code developed by Guruswamy.!
This class of methodologies is not yet available in production
aeroelastic codes with high-order aerodynamic load prediction
capabilities.

The remaining two classes of methodologiescan benefit from the
applicationof more accurateinterface algorithms. The second class,
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and currently the most widely used, is a closely coupled aeroelastic
analysis, examples of which include ENS3DAE,? ENSAERO,? and
CFL3DAE.* The aerodynamic and structural dynamics modules re-
main independentin their solutions, and their interaction is limited
to the passage of surface loads and surface deformationinformation
after each CFD time step or iteration.

The third class of methodologiesis the loosely coupled analysis.
Here, CFD analyses are updated by structural deflections only after
partial or full convergence. Thus, grid deflection updates are per-
formed sparingly, usually 3-10 times per analysis.>® These compu-
tationshave primarily beenaccomplishedusing CFD code and exter-
nal interpolation and loads calculation routines that are uncoupled.

For the last two (and far more common) types of aeroelastic
methodologies that solve the structural and fluid equations sepa-
rately, the grids in the CFD and computational structural dynamics
(CSD) methodologies are unlikely to coincide. Thus, an interpo-
lation method to interface between the grids must be employed.
Although the transfer of deformation data between aerodynamic
and structural grids seems at first to be trivial, this is far from the
case. The primary difficulty lies in the basic differencesbetween the
nature of the methods. CFD analyses are concerned with the flow-
field surroundingthe surface exposed to the flow. For example, flow
around a rigid airfoil is dependentonly on the profile of the airfoil.
The internal structure that forms the shape of the airfoil is immate-
rial. Thus, a CFD grid is very fine around the exterior of the airfoil,
wherever the changes in the flowfield characteristics are expected
to be a maximum. Conversely, CSD methods examine the airloads
on the surface and how these loads affect the internal structure of
the airfoil. The CSD grid lies both on the surface and within the
interior of the airfoil and is oriented to the structural components.
Thus, the CFD and CSD grids are not only differentin grid density,
but quite likely the transfer of data between the two grids requires
both extrapolation and interpolation.

Early efforts in the development of CFD-CSD interpolation al-
gorithms centered on the application of one-dimensional splines’-*
for both one- and two-dimensional structural panels. Harder and
Desmarais’ in the 1970s developed a method of surface splines for
plates known as the infinite-plate spline (IPS) method that elimi-
nated the need for the known points to be located in a rectangular ar-
ray. These surface splines are the basis of several of the interpolation
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schemesused todayin finite elementmethods of MSC/NASTRAN '
and ASTROS,!! as well as modal interpolation programs such as
MPROC3D. "2

Initial efforts are underway by Blair'*® to examine new ways of
developing the structural model so that the problems encountered
by the disjoint CFD and CSD grids are eliminated. This method for-
mulates the structural grid using a continuous surface spline based
on bicubic functions of the two local surface directional variables.
This method preserves smoothness and slopes between the struc-
tural elements. The formulation is appropriate for shell, beam, or
plate structures. However, much work remains to be done before
this methodology can be applied to full aeroelastic computations.

The linear and surface splines in use today were developed for
beam and plate models and are not suitable in many instances for
applicationsto shell structures that are being analyzed in the current
state-of-the-artaeroelasticcodes. These methods may introduce os-
cillations, discontinuities,or poor accuracy in the surface deforma-
tions that may resultin errorsin the final solution. This is particularly
true for wing leading and trailing edges and other regions of high
curvature. A systematic method is necessary to examine existing
interpolation schemes, assess their strengths and weaknesses, de-
velop new or modified schemes, and assess their applicability for a
wide range of problems. It is assumed that the interpolations take
place on individual aircraft components, rather than the entire struc-
ture at once. This includes evaluation of moving parts such as flaps,
ailerons, etc., separate from the primary lifting surface. Aeroelastic
computations were not actually computed using each interpolation
method. It is assumed that accuracy and smoothness of the interpo-
lated data will preserve the aeroelastic calculation accuracy.

Approach

As part of the development of a generic interface method, the
manner through which information is passed from the fluid regime
to the structural regime was examined. A full review of appropriate
algorithms was undertaken,and the top candidates were selected us-
ing the criteriaof accuracy, smoothness, ease of use, robustness,and
efficiency. These candidates were tested to examine their suitability
for use in this application, and recommendations were formulated
based on the results.

A literature search was performed to 1) identify or eliminate pos-
sible interpolation schemes based on previous research and 2) aid
in and reduce the amount of investigation that must be done to de-
termine the suitability of a potential scheme. This literature search
encompassednot only methods applied to CFD-CSD interpolation,
but also to other engineering disciplines as well as mathematical or
scientific (physics, etc.) applications. An excellent review of these
methods was given by Franke.'*

The selection of candidate algorithms was made on the basis of
the results of the literature search, as well as the experience of the
investigators. Six selections were made: infinite plate splines (IPS),
finite-plate splines, thin-plate splines, multiquadric-biharmoric, in-
verse isoparametric mapping, and nonuniform B-splines. The last
method is used in many CAD/CAM applications.

Analytical tests were then performed to examine the behavior
of the functions in situations that may be encountered in applica-
tions and that isolate specific behaviors, such as smoothness and
extrapolation. By means of these tests, the functions were analyzed
for their characteristicsin two- and three-dimensionalapplications.
Because these functions must provideboth interpolationand extrap-
olation, the characteristics of their behavior and limits of operation
were examined. Additionally,the algorithm’s behavior was assessed
for both flat and highly curved contours. Based on these results, the
methods were applied to realistic applicationsto determine the accu-
racy of the interpolationand, if applicable, extrapolation for aeroe-
lastic applications for use in Euler/Navier-Stokes-based methods.

Algorithm Descriptions

Full technical descriptions of each method are contained in
Ref. 15. A short summary of each technique presented in this
paper is included herein. Additional information on the inverse
isoparametric method (IIM) and finite plate spline (FPS) method,

which were not applied on these configurations, can be found in
Ref. 15.

Infinite-Plate Splines (IPS)

The method of infinite-plate splines’ is one of the most popu-
lar methods of interpolation, currently used in programs such as
ASTROS and MSC/NASTRAN. This method is based on a su-
perposition of the solutions for the partial differential equation of
equilibriumfor an infinite-plate. We first considera set of N discrete
grid points lying within a two-dimensional domain with Cartesian
coordinates x; and x,. Each grid point has associated with it a de-
flection H thatdefines the vertical position coordinateof the surface
on which both structural and aerodynamic grid points are presumed
to lie. For a one-dimensional problem, this equation is

N
H(x) = D [A + Bi(x —x)* + Fi(x = x)* ln(x —x)*] (1)
i=1
where H(x) is the deflection, A;, B;, and F; are undetermined co-
efficients, and x; is the surface location of the known function.

Using solutions of the infinite-plate equation, one calculates the
values of a set of concentrated loads, all presumed to act at the
known data points that give rise to the required deflections. Those
concentrated forces are then substituted back into the solution, thus
providing a smooth surface that passes through the data. Thus, given
the deflections of the structural grid pointsitis possibleto interpolate
to a set of aerodynamic grid points that, in general, do not coincide
with the structural ones.

Some advantagesto this method are that the gridis notrestrictedto
arectangulararray and that the interpolatedfunctionis differentiable
everywhere. Points far away from known points are extrapolated
nearly linearly. A minimum of three pointsis required because three
points are necessary to define a plane.

Multiquadric-Biharmonic (MQ)

The multiquadrics (MQ) method is an interpolation technique
that represents an irregular surface. More recently named the multi-
quadric-biharmonic (also refered to here as MQ) method, it was
used to performinterpolationof varioustopographies.'® The original
name reflects the method’s use of quadraticbasis functions;note that
a quadric surface is one whose geometry is described by quadratic
equations. The quadric surface used in most cases is a hyperboloid
of revolution in two sheets. The addition of biharmonicto the name
is due to an important proof that the equations governing the method
can always be solved.'* The interpolation equation investigatedis

N 1
Hx) = Z o [(x —x)> + rZ]E 2)

i=1

The MQ method is stable and consistent with respect to the user-
defined parameter r that controls the shape of the basis functions.
A large r gives a flat sheetlike function, whereas a small r gives a
narrow conelike function. For nonzero values of r, MQ produces
an infinitely differentiablefunction that preserves monotonicity and
convexity. Later development and implementation by Kansa'” and
by the authors'’ show that the method’s conditioning,accuracy,and
general numerical performance are improved by 1) permitting r
to vary among the basis functions, 2) scaling and/or rotating the
independent variables for some applications where the magnitudes
of the variables differ widely, and 3) applying it in overlapping
subdomains.

Thin-Plate Splines (TPS)

Thin-plate splines (TPS, or surface splines) provide a means to
characterize an irregular surface by using functions that minimize
an energy functional ® This methodologyis very similar to the MQ
method. The primary differencein these two methods is the function
solved. A one-dimensional version of the function is

N
Hx) = D, ailx = x;) log|x — x| 3)

i=1
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Here, the problem is approached from an engineering or physi-
cal representation of the surface. That is, for a one-dimensional
problem, elementary cubic splines can be interpreted as equilib-
rium positions of a beam undergoing bending deformation. For
a two-dimensional problem (such as a surface), these splines can
be determined from the minimization of the bending energy (thus
defining the equilibrium position) of a thin plate (which reduces
to IPS). Because these types of splines are invariant with rota-
tion and translation, they are very powerful tools for the interpo-
lation of moving or flexible surfaces. This method is not limited to
two-dimensional problems, but is extendible to three-dimensional
problems.

Nonuniform B-Splines (NUBS)

The nonuniform B-splines (NUBS) method is based on the fact
that splines in their most primitive form are used to representcurves
in three-dimensional space. Therefore, a tensor product of two
splinescanbe usedto representa surfacein three-dimensionalspace.
According to Ref. 19, to do the surface blending needed in aeroe-
lastic applications, it is recommended that polynomial B-splines be
used because rational splines have a tendency to generate poles and
cause numerical problems. The resulting method, therefore, repre-
sents a surface by the tensor product of two B-splines:

m—1n-1

Su(x,y) = . D PyBy(x)B;i(») )

i=1j=1

where S is the surface deflection at any point (x, y), P;; are coeffi-
cients multiplying these splines to fit the data (control points), and
Bi and B, are the B-splines in the x and y directions, respectively.

The NUBS method is implemented with the aid of a library of
routinescalled DT_NURBS developedat the David Taylor Research
Center."” Because these routines were originally developed for CAD
usage, a main program and surface generating routine were written
to implement the DT_NURBS package.

Limitations of Each Method

Some of the methods have intrinsic limitations based on their
current formulation. These limitations are summarized in Table 1.

Computational Characteristics of Each Method

Based on sample analytical interpolations of data on a flat plate,
the average computational time and memory of the schemes are
ranked in Table 2. Significant CPU time reductions are possi-
ble, depending on the scheme chosen. In addition, several of the

Table1 Limitations of the interface methods based
on mathematical formulation

Method Limitation

IPS Minimum of three data (grid) points

is necessary to describe the plane.
Noncoincident points are required.
Extrapolations are performed linearly.

MQ No minimum of data (grid) points is required
mathematically, but for accuracy at least three
points to describe the plane should be used.

TPS No minimum of data (grid) points is required
mathematically, but for accuracy at least three
points to describe the plane should be used.

FPS Two-dimensional application of this method
was only attempted in this research.
Three-dimensional extension is possible.

NUBS There must be four curves and four data points.

Points cannot be coincident.
Degenerate data without C” continuity
is smoothed over.
€Y continuity is enforced.
M Valid for two-dimensional interpolations only.
No extrapolation is possible.

Table 2 Comparative rankings of the computational
requirements for each scheme

Relative Relative
Method CPU time CPU memory
IPS 1.0 1.0
FPS 0.93 1.125
MQ 0.024 0.206
TPS 0.019 0.206
NUBS 0.024 0.094
1M 0.031 0.0281

z

B

a) Undeflected structural grid

b) Undeflected aerodynamic grid
Fig. 1 AGARD 445 wing.

schemes required significantly less computational memory than
other schemes.

Representative Applications

This section describes the results of the applications test cases.
It was not possible to test every algorithm discussed in Ref. 15 to
each applicationstest case due to the nature of the algorithm imple-
mentation or due to limitations on the computational workstations
used in this study. In the examples shown, graphical representations
of the primary observations are presented as figures. Because of the
spacelimitation, the readeris referredto Ref. 15 for a more complete
discussion.

AGARD 445 Wing

The first test case examined is the interpolation of five modes of
the AGARD 445 wing.? This test case represents a lifting surface,
one of the most typical configurationsanalyzed by aeroelasticmeth-
ods. The wing structure is represented by a flat plate that extends
from the wing leading to trailing edges and from the wing root to
the wing tip. This case involves pure interpolation with no extrapo-
lation. The wing is a lifting surface whose motion is dominated by
the motion in the z (Cartesian) coordinate. The x and y Cartesian
coordinate motions are neglected.

In this test case, the structural grid is a regularly spaced mesh,
11 nodes in the streamwise direction and 31 nodes in the span-
wise direction, shown in Fig. l1a. The aerodynamic grid encloses
the actual wing surface, and comprises of 219 streamwise (110 on
upper and lower surfaces) and 21 spanwise nodes. The grid is clus-
tered at the leading and trailing edges, as seen in Fig. 1b. In these
Figs. 1a and 1b, the view is a perspective of the wing that correlates
with the mode deflection plots. The geometry of the wing is from left
toright(leadingto trailingedge) and from bottomto top (root to tip).
Only the fifth mode that was interpolated is shown here in Fig. 2.
Figure 2a is the contour of the modes, where each major increment
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Table3 Comparison of maximum deflections
for the AGARD 445 wing modes

Mode Original 1PS NUBS TPS MQ

1 2.240 2.240 2.240 2.240 2.240
2 3.597 3.597 3.597 3.597 3.597
3 2.477 2.453 2.470 2.462 2.424
4 5.774 5.774 5.774 5.774 5.774
5 3.762 3.762 3.762 3.762 3.762
L
F
2.5 -
20
15|
10}
05
0.0 1
s} 1 2 3

a) Structural grid (original) contours

b) Structural grid (original) deflection

Fig. 2 AGARD 445 wing mode 5 plotted on the original structural
grid.

of deflection is delineated with a solid line, with minor contours
as dashed lines. Figure 2b has the mode (times a unit increment)
superimposed on the surface to demonstrate the unit deflection of
the surface. To provide a good visual perspective, the z Cartesian
coordinate (direction of the deflections) has been expanded with re-
spect to the wing planform. The wing root lies along the abscissaof
each plot, with the leading edge located at 0.0 and the trailing edge
at 1.8. The ordinate axis is the spanwise coordinate, with wing root
at 0.0 and the wing tip at 2.5. The undeflected wing is outlined by
the surface boundaries and is shown in perspectiveat the same scale
as the deflections.

The AGARD 445 wing modes were interpolated using the IPS,
MQ, TPS, and NUBS methods. The results of these methods for
mode 5 are given in Figs. 3-6. The format of these plots follow the
format of Fig. 2.

The primary difference in the prescribed modes and the interpo-
lated modes is the outboard shift of the zero deflection point from
the actual root line. This shift is characterized by the zero contour
line at the root for most of the modes. Rather than blendingsmoothly
at the root, the zero contour line has a tendency to turn parallel to
the root chord. This may have a negative impact on the interface of
a wing and a rigid fuselage. A comparison of the mode deflections
shows that shifts in the contour lines for all modes and all methods
were less than 2% of the chord. A comparison of the structural and
interpolatedaerodynamicmaximum deflectionsis shown in Table 3,
where the differences are minimal, the largest error less than 1% of
the maximum deflection.

25

20

0.5 |-

0.0 L
4} 1

Mode contours

Mode deflection
Fig. 3 IPS results for AGARD 445 wing, mode 5.

25

15

1.0 |-

0.0 L L
0 1 2 3

Mode contours

Mode deflection
Fig. 4 MQ results for AGARD 445 wing, mode 5.

Some oscillations are also noticeable in the interpolations, par-
ticularly near the edges (see also modes 4 and 5, Ref. 15). The IPS
and NUBS methods have the most obvious oscillations, whereas the
TPS method provides the most smooth and accurate representation.
This discrepancy is very interesting to note because the IPS and
TPS methods are based on the same derivation. The different im-
plementation of the schemes may be partially responsible for this.
Therefore, the implementation of the scheme plays an important
role in the accuracy.
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Mode contours

Mode deflection
Fig. 5 TPS method results for AGARD 445 wing, mode 5.

25~

0.0 1
0 1 2 3

Mode contours

Mode deflection
Fig. 6 NUBS results for AGARD 445 wing, mode 5.

Engine Liner

The engine liner test case is an application the importance of
which is growing as the problems of fatigue and aging aircraft in-
creasingly become an issue. This particular case is based on an ex-
perimentaleffort?' to determine the cause of flutterin an engineliner.
A hostile aerodynamicenvironment surrounds the engine liner. The
inner flow of the liner is usually very fast (near transonic speeds) and
comprises the high-temperatureexhaust core flow from the engine.

b) Aerodynamic grid

Fig. 7 Engine liner applications test case.

The outer side of the liner usually has ambient or bleed air flow-
ing over it at different Mach and Reynolds numbers than the core
flow. In addition, the liner dampers can trigger vortices. (Note that
the liner dampers were not modeled during either the experimen-
tal or computational analyses.) A structural model was developed
for the liner based on a series of small, interconnecting panels. The
structural grid is shown in Fig. 7a. It comprised 97 nodes in the
circumferential direction and 21 nodes in the streamwise direction.
The aerodynamic surface grid, shown in Fig. 7b, was algebraically
computed. This surfacehas 75 nodes in the circumferentialdirection
and 45 nodes in the streamwise direction, clustered at the leading
and trailing edges of the panel. As in the AGARD 445 wing test
case, this test case involves pure interpolation,but includes all three
Cartesian coordinate directions of motion.

The first five modes were deemed to be the primary influence in
the motion of the liner. Here the fifth mode plotted on the structural
mesh is shown as a typical example in Fig. 8. Notice that the leading
edge of the liner is clamped (no deflections), whereas the trailing
edge of the liner is permitted to move freely. The view for these
figures is from the trailing edge of the liner looking forward. The
liner forms a slightcone with the smallerradiuslocatedat the trailing
edge. The use of contours is not appropriatedue to the nature of the
configuration. The asymmetry of the structure, superimposed with
the modes, makes it impossible to view contours along the entire
liner surface. The engine liner modes were interpolated using the
IPS, TPS, and MQ methods. The remaining methods failed or were
not suited (due to their limitations) for this particular configuration.

The results of the interpolationsusing these methods are givenin
Fig. 9. The IPS method did not work efficiently for the engine liner
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Table4 Comparison of maximum deflections
for the engine liner modes®

Mode Original TPS (Unscaled) TPS (Scaled) MQ
1 5.737 123.1 5.713 131.8
2 5.801 82.75 5.775 27.06
3 5.797 197.0 5.770 84.25
4 5.611 28.03 5.670 14.54
5 5.676 26.65 5.653 157.3

100
b) MQ method
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¢) Scaled TPS method

Fig. 9 Engine liner mode 5 interpolation results.

TIPS values were not available.

Table 5 Structural and CFD meshes
for the generic hypersonic vehicle

Component Structural (i X j) CFD (i X j)
Full fuselage 9 x21 109 X 51
Split fuselage, upper e 109 x 23
Split fuselage, lower e 109 X 29
Upper wing 7 X6 53 x21
Lower wing 7 X6 53 x21

configuration due to the presence of multivalue points in the sym-
metry of the configuration. It was necessary to divide the liner into
four separate configurations, run them separately, and then recom-
bine the results to form the full configuration. Each sectionrequired
approximately 30 min of workstation CPU time to complete (MQ
and TPS required less than 5 min for the entire liner). If half of the
liner or the full liner is run, IPS eventually fails with matrix solu-
tion errors after 1 h or more. As seen in mode 5, the interpolation
appears to be excellent, with the exception of the break points in the
liner. The mis-matching breakpoints mean that the integrity of the
endpoints of the configuration is not maintained, as seen at the top
of Fig. 9a.

It is evident that MQ has some problems with the engine liner.
In Fig. 9b, the superimposed modes have very irregular oscillations
at the top and bottom of the engine liner. When the MQ method is
scaled or run using differentr values, the problem shifts slightly but
doesnotgoaway. The interpolationby TPS shows excellentresultsif
the methodis scaled. The mode deflections match almostidentically
in location and magnitude (within 1%) to the original data. For the
unscaled run, TPS has problems similar to those encountered with
the MQ method.

Table 4 shows a comparisonof the magnitudes of the original and
interpolated mode shapes. It is clearly seen that this test case poses
a more rigorous test of the schemes’ capabilities. The scaled TPS
method gives results within 0.5% of the original data; but unscaled,
the method yields an error that varies from 400 to 2000%. The MQ
method provides results similar to the unscaled TPS method.

Lifting-Body Configuration

Another type of applicationtest case is the lifting body. This type
of vehicle is becoming ever more popular as new air/space vehicles
are developed. Examples of these types of vehicles are the Space
Shuttle, intercontinentalballistic missiles, and hypersonic vehicles.
A generic lifting body with wings*? was examined. This vehicle
consists of separate upper and lower wing components, as well as a
fuselage that is separated along the wing waterline, all of which are
flexible and modeled with shell elements. This type of configuration
is typical of H-H grids used in many current CFD methodologies.
This configuration provided an opportunity to observe how well the
methods performed on partial surfaces. (For example, the leading
and trailing edges of the wing should match identically.) The dif-
ferent components of the vehicle are shown in Figs. 10 and 11 for
the structural mesh and the CFD grid, respectively. The two meshes
compare as shown in Table 5. There were a total of seven dominant
modes for this model, the seventh of which is shown in Fig. 12,
scaled to facilitate visualization.

The vehiclemodes were interpolatedusing the MQ, IPS, and TPS
methods. The results of each are shown in Figs. 13-15, respectively.
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Table 6 Comparison of maximum deflections
for the generic hypersonic mode 1

TPS (scaled MQ (scaled
Component Original IPS and unscaled) and unscaled)
Fuselage 1.405 1414 1.415 1411
Upper wing 1.490 1.579 1.491 1.570
Lower wing 1.490 1.580 1.491 1.569

Wing grid

Fig. 10 Generic hypersonic vehicle structural grid.

A
\
\\\\
\
.

.
NN
N
AN
AN
N\

)

N
)
|
.
\
\
\
\
N

W
N\
N
N
\

\
\
N
NN
N

RN

N

\\\\\\

N

AN

MARNY
N
\

Z

NN
\QQ\
AN

72
7

R
RS
NN
I\

Fuselage grid

500 [~

400 [

)
=
S
Y

///II/IIIIIIIII
L,

Wing grid

Fig. 11 Generic hypersonic vehicle aerodynamic grid.
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Fig. 12 Generic hypersonic vehicle mode 7 contours for the structural
grid.

The remaining methods were excluded because of earlier discussed
limitations for this particular configuration.

From the statistical summary of the maximum deflections in
Table 6, it appears that the methods provide equivalentresults, with
the exception of the IPS interpolation of the fuselage. The TPS
method once again provided results within 1% of the original data.
For the wing, the MQ and IPS schemes yielded results within 5 and
6%, respectively. Both the scaled and unscaled results for MQ and
TPS appear to provide equal results from this configuration. How-
ever, a comparison of the interpolated contours in Figs. 13-15 yield
a different picture.

Figure 13 shows that IPS introduces some oscillations into the
results of both the fuselage and wing. These oscillations change the
location of the contour lines up to values of 10-15% of the fuselage
cross section for mode 1 (not shown), but increase to 30-50% for
the more complex mode 7 shown in Fig. 13. Similar, but less severe,
oscillations can be seen on the wing, with errors in position of less
than 2% of the span for mode 1 (not shown) and up to 100% for
mode 7. Note that the implementation of the IPS method can be
coded differently to yield better results for a particular geometrical
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Fig. 13 Interpolation of generic hypersonic model mode 7 by IPS
method.

configuration. This implies that a user may have to modify the rou-
tine to obtain the optimum results for different types of geometries.

Figures 14 and 15 show that the MQ and TPS methods give
excellent results if they are scaled. However, they do encounter
problems on the fuselage interpolationif they are not scaled. Recall
that the engine liner required that the MQ and TPS methods be
scaled to provide reasonable results. Here, the numerical summary
(as shown in Table 5) does not indicate a problem; however, plots of
the interpolation do reveal moderate to severe oscillations, similar
to those seen in Fig. 13 for the IPS interpolation.

F-16 Wing and Strake

The next example extends the capabilities demonstrated by the
first three test cases. This example examines the extrapolation char-
acteristics of each of the interpolation methods and examines their
capabilities to handle discontinuities introduced by a control sur-
face. The structural model is a flat plate that models an F-16 wing
and comprises irregularly spaced nodes, as seen in Fig. 16a. The
aerodynamic grid, shown in Fig. 16b, is a three-dimensional wing
with the addition of a strake forward of the leading edge. Extrap-
olation is required for the strake region, as well as the leading and
trailingedgesof the wing. The strake extrapolationis a very exacting
example of a fluid-structure interface problem.

The flat plate structural model for the wing has 24 nodes in the
streamwisedirectionand 17 nodes along the spanwise direction. The
aerodynamic model has 118 nodes along the streamwise direction
(60 nodes for the upper and lower surfaces each) and 42 nodes
along spanwise direction. This aerodynamic wing is constructed
differently than the earlier examples. Here, the example is taken
froman oversetgrid. The streamwisedirectioncurvesalong the edge
of the strake and around the wing leading edge and tip. Thus, the
nodes are very highly clustered in the region of the strake edge and,

Fuselage contours

400 -
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Wing contours

Fig. 14 Interpolation of generic hypersonic modelmode7 by MQ with-
out scaling.

althoughmaintaining C' continuity,do change Cartesian coordinate
directions dramatically.

The structural model consists of seven modes to model the shape
of the wing, the seventh of which is shown in Fig. 17. The wing
contours are modeled as shown in Fig. 17a, whereas the deflections
are modeled as shown in Fig. 17b. Scaling is provided so that the
results of the interpolationsextrapolationscan be directly compared
by overlaying the plots. For the deflections in Fig. 17b, the outline
of the undeflected acrodynamic wing/strake is provided to show the
large extent of extrapolation that is necessary. Notice that there is
a control surface modeled as part of the wing. The control surface
deflections include very abrupt changes in the mode in both direc-
tions (streamwise and spanwise) along the wing. These changes are
especially noticeable in mode 7.

The IPS interpolationgxtrapolation yields some interesting re-
sults, as demonstratedin Fig. 18 for mode 7. For modes 1 and 2, IPS
does an excellent job of interpolation. At the higher modes where
the motion of the control surface is evident, IPS has problems per-
forming an accurate global interpolation. The deflections associated
with the control surface deflection are captured within 5% (location
and magnitude) of the original data in the spanwise direction. The
IPS method shifts the location of the control surface edge from 67
to 73% of the span, as seen by the shift in the rapidly changing
contours in that location. The modes in the chordwise direction are
not predicted well at all. The peak seen at the outboard station on
the input data (Fig. 17b) is not captured at all, but is lost in the
smoothing action. This is also readily observed by comparison of
the mode contours in Figs. 17a and 18a. The concentration of the
rapidly changingcontoursinboardalso shifts the interpolationof the
modes aft, as seen by the average 70% aft shift of the zero contour
line. The character of the zero contour line has also been modified
in the chordwise direction. The extrapolation of the strake tends to
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Fig. 15 Interpolation of generic hypersonic model mode 7 by thin plate
method without scaling.

be regular. The IPS method seems to extrapolate the contours lin-
early toward the root, based on the contours directly outboard. The
control surface shape is continued to the root and is shifted forward,
directly proportional to the changing span chord of the strake.

The MQ interpolationkxtrapolationresults for mode 7 are shown
in Fig. 19. For all of the modes, the MQ interpolation method does
not reach the full amplitude of the mode, but loses from 2 to 20%
of the maximum value, depending on the rapidity of the chang-
ing mode. The MQ method has a tendency in this application to
spread or distort the modes from 2 to 5% of the local span, as seen
by comparing the contours in Figs. 17a and 19a. Because of this
shift, large amplitudes near the edges are underpredictedup to 20%,
and the area over which they act is also reduced. Because this phe-
nomenon did not occur for the earlier, pure interpolation results,
this spread could be the result of introducing the large extrapolation
area of the strake. Extrapolation onto the strake takes two forms,
depending on the orientation of the mode. For modes that end al-
most perpendicular to the structural wing root, the mode contour
is extended almost to the strake root before turning to form a hill
when it reaches the root. For mode contoursthatlie in a near-parallel
orientation to the root, MQ causes no deflection of the strake. That
is, a near-parallel zero contour adjacent to the strake is interpolated
as zero deflection on the strake.

The TPS interpolationextrapolationresultis shownin Fig. 20. As
in the MQ results, the contours are shifted slightly forward by 2-5%
near the strake. The TPS interpolation also falls short of capturing
the full mode amplitude, though at values approximately one-half
the errors observed for the MQ interpolations. As in the MQ and
TPS interpolations, the edge of the control surface has been shifted
outboard, here less than 4%. Inboard of the wing, the contours per-
pendicularto the wing edge are extrapolatedin a manner similar to
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Fig. 16 F-16 wing/strake configuration.
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Fig. 17 F-16 wing mode 7.
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Fig. 18 F-16 wing and strake mode 7 interpolations using the IPS
method.
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Fig. 19 F-16 wing and strake mode 7 interpolations using the MQ
method.
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Fig. 20 F-16 wing and strake mode 7 interpolations using the TPS
method.

that noted for the MQ method. However, unlike the MQ method,
the modes are interpolated linearly forward onto the strake. This is
similar to the IPS method (as expected), but the contours remain
more closely aligned with the axis system, rather than following the
shape of the strake (Fig. 18a).

From these results, the characteristics of each of the methods in
extrapolation can be seen. In the case of actual application of the
F-16 wing/strake combination, the root would be cantilevered to
the fuselage, forcing a zero deflection along the root chord. Thus, it
would no longer serve as an extrapolation problem, as shown here,
but would remain an exercise in interpolation.

F-16 Flexible Wing with Rigid Body

This test case involves an F-16 flexible wing attached to a rigid
body. Unlike all of the preceding test cases, the wing structure is
predicted using influence coefficients?® rather than modes. In addi-
tion, this applications case is also used to examine the capability of
the interpolation routines to integrate loads from the CFD wing to
the structural node points.

The structure of the wing is predicted by 28 influence coefficients
located at 7 nodes in the spanwise direction and 4 nodes in the
streamwise direction, as shown in Fig. 21a. The wing is predicted
as a flat plate surface, that is, the influence coefficients are taken to
act normal to the direction of the undeflected structural surface.

The aerodynamic grid used in this test case is shown in Fig. 21b.
The aerodynamic grid has 107 points wrapped from upper trailing
edge to lower trailing edge, with 53 points on each surface. There
are 25 nodes that determine the shape of the spanwise surface grid.

One setof influence coefficientsis presented here. They are shown
as contoursfor the structural grid in Fig. 22a. The F-16 flexible wing
was examined without includingits rigid fuselage in the configura-
tion because there was no structural information for the fuselage.

The F-16 load computation was performed using integration of
the pressures from the aerodynamic grid to the structural grid. The
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Fig. 21 F-16 wing configuration.

problem of transforming concentrated loads from one mesh to an-
other can be based on the criterion of conservation of virtual work
done by a set of applied loads. If F, represents a column matrix of
given concentratedloads at a set of points P,, the virtual work done
by this set of loads is given by

SW = F7 du, 5)

where du, is compatible virtual discretized displacement field cor-
responding to the set of points P,.

Consider now a second set of points Py, not necessarily coinci-
dent with the first one. It is possible to define an equivalent set of
concentrated loads on this second set such that the virtual work is
the same. This condition will guarantee the preservation of total
force and moment about any point on the system. If Fj is the set of
concentrated forces on the set of points P, that is equivalentto F,,
then

FTu, = FI éu, (6)

where 6u, is a compatible virtual discretized displacement field
correspondingto the set of points P;. To interpolatethe displacement
field between the two set of points,

u;, =Tu, @

where T is the transformation matrix relating the two displacement
sets. Because the virtual displacement fields have to be compatible,
they also have to follow the same transformation. Therefore,

ou, =T éu, (8)

Using this relation in the expression of the equivalence of virtual
work, one gets

FI'Téu, = F! éu, ©
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Fig. 22 F-16 wing data used for load calculation and interpolation.

and
FST T = FaT (10)

Finally, the relation between the two sets of forces satisfying con-
servation of total force and moment is given by

F, =TTF, (11)

In standard finite element formulation, there is the problem of
concentratedloadsnotappliedatnodes. A way to handle the problem
is by interpolating those loads to certain nodal points by means of a
consistent nodal load transformation. This is basically the method
described earlier. To put that within the finite element context, let us
consider the matrix N as being the matrix of shape functions (local
interpolation functions for the displacement within an element).
Following directly from the general procedure outlined before, if
Q is the concentrated force at a point P within an element that is
not one of its nodes, then

F,=N"],0 (12)

with F, being the equivalent transformed nodal loads.

The F-16 flexible wing was examined independently of its rigid
body. There was no structural information for the body. The influ-
ence coefficientinterpolationsare shownin Fig. 23 for the IPS, MQ,
and TPS methods, respectively.Itis relatively evidentfrom the com-
parison of Figs. 22 and 23 thatit s difficult to ascertain the accuracy
of the interpolation of influence coefficients because of the sparse-
ness of the input data. The MQ and TPS methods have a tendency
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Table7 Comparison of forces and moment errors associated with
integration/interpolation of loads on F-16 Validation of Aeroelastic Tailoring (VAT) wing

Method F F, F. M, M, M.
MQ (scaled) 0 2.9x107%  12x1071% 1000 4.1 1.2x1071
MQ (unscaled) 2.3 %1073 1.9x107™ 0 1000 4.1 2.1x10713
TPS (scaled) 2.9 x1071 0.0 33X1074 1017 24 3.5
TPS (unscaled) 3.9 x 10714 0.0 33X1074 1017 24 3.5

= 1
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Fig. 23 F-16 wing structural influence coefficient interpolation.

MQ method

TPS method

Fig. 24 F-16 wing loads integration.

to smooth the sharp contours, but the relative pattern of peaks and
valleys appear to be more accurately captured with these methods,
particularly the MQ method. The TPS method tends to overshoot
the values, sometimes as much as 25%, compared to the peak dif-
ferences of 10% or less for the MQ method. In most applications,
this computation is not done; instead the loads are computed and
transferred to the structural grid.

The F-16 load computation was performed using integration of
the pressures from the aerodynamic grid to the structural grid, as
described earlier. These load computations are shown in Fig. 24
for MQ and TPS. There is no structural equivalent with which to
compare these data. Instead, the forces and moments for the equiv-
alent interpolated loads are integrated and compared with the inte-
gration of the original aerodynamic loads. These data are compared
in Table 7. There are large excursions (errors) associated with the
moment about the x axis (streamwise). This is because the data eval-
uated had little to no moment with respect to this axis for the flat
plate (configuration interpolated to). The axes of interest are the y
and z axes that were comparable in both configurations. The force
errors for all variations of both schemes resided at machine zero.
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For the moment errors, it appears that the MQ scheme performs
better than the TPS scheme, with an essentially zero error in the
normal moment (Mz) and a 4% error about the spanwise axis. The
TPS scheme has a lower (2%) error about the spanwise axis but en-
counters a 3.5% error about the normal (most significant) axis. The
overall errors (rms) for both schemes is approximately equal. When
the contours in Fig. 24 are compared, there are some significant
differences. The impact of these differences can only be assessed
through the actual static aeroelastic solution of each method via
comparison with experimental data.

Conclusions

A number of interpolation methods have been examined on a se-
ries of actual application test cases for Euler/Navier-Stokes-based
aeroelastic tools. These interpolation methods included IPS, MQ,
TPS, and NUBS. The accuracy and smoothness of the interpola-
tions and extrapolationsby each method was examined when inter-
polating mode shapes from the structural model to the aerodynamic
model for various types of configurations currently being researched
using nonlinear aerodynamic methods. In addition, the integration
and interpolation of structural loads from the aerodynamic to the
structural grid was examined for one case.

Based on the results presented here, along with those observed
and reported in Ref. 15, several recommendations can be made for
engineers who wish to perform CFD-CSD information transfer.
First, several options should be available to the user because no one
method provided the most accurate interpolationkxtrapolation in
all of the test cases. The most robust and accurate candidates are the
MQ and the TPS methods. These schemes, with only minor excep-
tions for the MQ scheme, provided the most accurate and smooth
data interpolation (within 5% of the initial magnitude and location).
These two schemes also provided the most accurate data extrapola-
tion of all of the methods. The MQ method does have some different
extrapolation characteristics compared with the TPS method. De-
pending on the characteristics of the extrapolation desired by the
user, either of these methods can be said to work equally well. All
methods did encounter some accuracy difficulties when an attempt
was made to interpolate data with sharp discontinuities, such as
those encountered in mode shapes for a control surface/wing com-
bination. The methods have a tendency to shift the discontinuity
outboard by up to 5%, but the MQ and TPS methods do maintain
the crispnessof the discontinuity. These two methods, MQ and TPS,
by their mathematical formulation, are also well suited to transfer
finite element data encountered in lower-order CFD-CSD methods
and also to handle unstructured grids.

Furtherresearchis recommendedto quantify the impact of the in-
terpolation and extrapolation errors on actual static and aeroelastic
computations. Whereas the MQ and TPS methods provided the most
accurate representationof the initial data, the errors encountered us-
ing the other methods may be offsetby multiple modes (cancellation
of errors in opposite directions). In particular, no quantitative con-
clusion can be drawn concerning the load integration until actual
aeroelastic computations are performed and compared with experi-
mental results.
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