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1 Objectives

The ohjective of Lhis work is to develop methodalogies for the efficient eomputation of
acrodynamic sensitivities using state-ol-the-art CFD techniques for use in acrodynamic
shape optimization and (luids-structure interaction analysis inclnding

I. Analysis of multiresolution schemes to compute sensitivities.

2. Analysis of parallel implementation issues in sensitivity computations.

3. Modification of a production CTI'D code for parallel multiresolution computation of

sensitivities.

4. Tntegration of sensitivities into airframe optimization.

9 Status of Effort

RAMPANT, has been modified to calculate sensitivities of three-

A commercial CFD code,
inviscid flows with respect to shape pa-

dimensional, compressible (including transonic)
rameters using the Sensitivity Equation (SE) approach. The flow and sensitivity equations

are discretized and solved on a three-dimensional unstructured mesh using a finite-volume
scheme with flux-difference splitting. The discretized sensitivity system is inverted using a
{wo-sweep point-implicit Gauss-Seidel relaxation. The algebraic multigrid method is used
to accelerate convergence of this iterative solver. Significant computational savings arc
abtained by performing the flow and sensitivity solutions simultaneously since this avoids
duplication of calculations common to both. Preliminary results have been obtained from
the sensitivity solver. The next step is to apply it to computing geometric sensitivities for

the transonic flow over a three-dimensional aircraft wing.
A procedure for the efficient calculation of the sensitivity of fluid-structure interaction

problems has been developed. The procedure involves calculation of the flow sensitivity
with respect to the geometric shape for the base configuration. The flow sensitivities are
then transferred to a structural finite-element solver which solves the direct and sensitivity
problems for the fluid-structure system without iterating between the flow and structural

codes.

3 Accomplishments/New Findings

The accomplishments and new findings of the past year are listed below:
1. Implementation of the SE method in a production CI'D code: RAMPANT from

Fluent Inc. is a commercial CFD code for simulating compressible flows around com-
plex three-dimensional gecometries. Fluent’s suite of CFD codes is the most widely-used
set of commercial CFD tools. Computation of sensitivity of the flow to geometric shape
parameters for inviscid flows in the subsonic, transonic and supersonic regimes has been
enabled in RAMPANT. The sensitivities are calculated using the SE method in which the
infinite-dimensional sensitivity system is formulated from the infinite-dimensional direct
problem and then its discrete approximation is derived. The SE method offers signif-
ieant advantages in terms of efficiency, accuracy and flexibility over the quasi-analytic
or discrete sensitivity method (which is used In automatic differentintion tachnology).
RAMPANT source code was made available through the establishment of a strategic



ctween Fluent Inc. and Beam for transition of this technology to the com-
ace. The implementation of the SE technology in a popular CFD tool
makes this techmology available for solving industrial-scale problems to a large andience.
"T'his development enables design optimization, aeroelasticity and llutter calculations using
state-of-the-art CFD technology and is applicable in the transonic regime. It supports the
Air Force objective of affordable design through new design tools and methods.

9. I"low sensitivity calculation on three-dimensional unstructured meshes: Unstruc-

tured meshes greatly simplify the discretization of complex domains and offer the capa-

bility Lo adapt the mesh as the solution evolves. Implementation of the SE method on
ities for complex three-

unstructured meshes significantly simplifies obtaining flow sensitiv
dimensional gcometries.

1. Use of multigrid algorithm to com
rithhn is used to speed up the convergence 0
caleulation. Acceleration is particularly important in case

variables as in airframe optimization.
4. Simultancous calculation of flow solution and sensitivity: The sensilivity system

has close similarities with the linearized flow system. Concurrent solution of the flow and
sensitivity systems avoids unnecessary duplication of calculations common to both solvers
and significantly reduces the computational overhead for obtaining the sensitivities.

n. Sensitivities using upwind schemes: Characteristic-based upwind schemes, such as
Roc's flux-difference splitting, are used to introduce the physical properties of the flow
equations into the discretized formulation by accounting for the physical propagation of
perturbations along characteristics. Our implementation demonstrates the use of Roe’s
flux difference splitting to discretize the sensitivity equations.

6. Mathematical framework for efficient calculation of sensitivity of fluid-structure in-
teraction: This framework provides the basis for the optimization of coupled fluid-structure
systems by coupling flow and structural analysis codes without requiring iteration between
(he two codes. In this method, the flow solution for the base configuration and its sensitiv-
ily Lo gecometric parameters arc generated and transferred to the finite-element structural
code. The structural code then solves the direct and sensitivity problems for the coupled
fluid-structure system using a modified stiffness matrix. Both the flow sensitivity and

he coupled fluid-structure system are calculated using the SE approach.
al computational

partnership b
mercial marketpl

pute sensitivities: An algebraic multigrid algo-
f the iterative solver employed in the sensitivity
s with a large number of design

the sensitivity of t
This development is an important milestone in the development of practic

tools for the optimization of flexible structures in the nonlinear transonic and high-alpha
regimes. This technology will benefit the Air Force in the aeroelastic optimization of

advanced airframes and missiles.
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. Presentations:

e Tluent Inc.: "A new method for fluid-structure interaction prediction” Feb. 13,
1997, Lebanon, New Hampshire. Presenter: Rajesh Bhaskaran. ’

e Cornell University Applied Math. Seminar: » A new method for flnid-structure
interaction prediction”, Nov. 6, 1996, Ithaca, New York. DPresenter: Rajesh

Bhaskaran.

e Acrospace Flutter and Dynamics Council: ”A new method for computing CFD
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Williamsburg, VA. Presenter: Rajesh Bhaskaran.
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Rajesh Bhaskaran.
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( ) 3. Transitions:

e Collaboration with AFOSR PRET: Beam is a partner in an ATFOSR PRET
(Partnership for Research Excellence and Transition) in the arca of computa-
tional partial-differential-equation (PDE) optimization for design. Beam has
been working with members of the PRET to perform shape optimization on

CAD package (Pro/E). A Navier-Stokes

shape optimization code is being built using PDESolve, Beam's commercial

C++ class library for numerical simulation of PDEs. The contact person is

Dr. Jeffrey Borggaard, Visiting Scientist, Cornell University (P’hone: (607)

255-8270, E-mail: borggajt@fre(l.mac.cornell.edu).

o Ongoing interaction with Lockheed Martin Tactical Aircraft Systems: Beam is
collaborating with Lockheed Martin for transition of technology in the arcas of
sensitivity analysis and fluid-structure interaction. Applications of interest are
acroclastic tailoring optimization and flutter prediction in the {ransonic regime.
Lockheed Ft. Worth integrated Beam’s two-dimensional flow scnsitivity results
into ASTROS structural analysis code and tested it by performing static acroc-
lasticity calculations on a wing section in transonic flow. Beam will be working
with Lockheed to integrate the three-dimensional sensitivitics into ASTROS
and to demonstrate aeroelastic tailoring optimization and flutter prediction in
the transonic regime. The contact person in this interaction is Mr. Mike Love
(Phone: (817) 777-2141 E-mail: love@Ifwc.lockheed.com).

Transition to Fluent, Ine.: Deam has established o strategic partnership with
Fluent, Inc. who is the largest vendor of commercial CFD software. Implemen-
n of the three-dimensional sensitivity method in RAMPANT was made

parametrized geometries created in a

tatio
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hip with Fluent. Implementation of the sensitivity
1 CFD tool provides a clear-cut transition
ankar Choudhury, Prod-

possible by Beam’s partners
technology in a popular commercia
path to industry. Contact person at Fluent is Dr. Dip

et Manager (1°hone:603-643-2600, E-mail:de@lluent.com).
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