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Abstract A validated aeroelastic CFD solver has re-
cently been developed and presented, and cur-

_ _ ~ rently the generic 'wrap-around’ optimisation
Generic 'wrap-around’ aerodynamic shape opti- methods are being applied to the aerodynamic

misation technology is presented, and applied to optimisation of an aeroelastic wing.
a modern commercial aircraft wing in transonic

cruise. The method uses a novel domain element1 |ntroduction

parameterisation linked to efficient global inter-

polation functions to deform both the surface ge- Computational fluid dynamics (CFD) methods
ometry and corresponding CFD volume mesh, in are now commonplace in aerospace industries,
a high quality and robust fashion, and is totally and at the forefront of analysis capabilities, pro-
independent of mesh type (structured or unstruc- viding a fast and effective method of predicting
tured). The technique also provides a method a design’s aerodynamic performance. However,
that allows geometries to be parameterised at var- with ever increasing complexity of designs, en-
ious levels, ranging from gross three-dimensional gineers can often struggle to interpret the intrica-
planform alterations to detailed local surface cies of the CFD results sufficiently to be able to
changes. Optimisation independence from the manually alter the geometry to improve perfor-
flow solver (inviscid, viscous, aeroelastic) is mance. Hence, there has been an increase in de-
achieved by obtaining sensitivity information for mand for intelligent and automatic shape optimi-
an advanced gradient-based optimiser (FSQP) by sation schemes. This requires combining geome-
finite-differences. Results have been presentedtry control methods with numerical optimisation
recently for two-dimensional aerofoil cases, and algorithms, to provide a mechanism to mathemat-
shown very impressive results; drag reductions ically seek improved and optimum designs, using
of up to 45% were demonstrated using only CFD as the analysis tool.

22 active design parameters. Hence, this paper  Optimisation requires consideration of three
presents the extension of these methods to threeissues, each of which have numerous solutions:
dimensions. Results are presented for highly con- shape parameterisation including CFD surface
strained optimisation of a modern aircraft wing and volume mesh deformation, computation of
in transonic cruise, using global and local param- design variable derivatives, and effective use of
eters combined, to give 388 design variables for these derivatives to improve design. Geometry
the wing. The optimisation produces a shock-free parameterisation is critical for effective shape op-
geometry with an 18% reduction in drag, with timisation. This is the method of representing the
the added advantage of significantly reduced root design surface, and defines the degrees of free-
moments. dom in which the geometry can be altered and,



ideally, this should be linked with an effective

method of deforming the CFD surface and vol-
ume mesh in a corresponding fashion. Param-
eterising complex shapes is a problem that re-

mains a serious obstacle to both manual and au-

tomatic CFD-based optimisation. A wide vari-

ety of shape control and morphing methods have
been developed, but many do not allow suffi-
ciently free-form design, can produce infeasible
shapes and do not allow the possibility of man-
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various fidelity levels, ranging from gross three-

dimensional planform alterations to fine, detailed

surface geometry changes. Furthermore, it is to-
tally independent of the CFD mesh type, remov-
ing any grid generation or flow solver depen-

dence.

Independence from the flow-solver is
achieved by obtaining the sensitivities required
for optimisation via finite-difference. This al-
lows numerous options in terms of optimisation

ual manipulation of the geometry. Furthermore, approaches, and an advanced FSQP [3, 4, 5]
most methods do not have a suitable method gradient-based optimiser has been integrated in
to deform the CFD mesh once the surface has the framework. Independence from both grid
been changed, and regeneration is often required.generation approach and flow-solver ensures a
This may not be a problem for simple geometries totally ‘wrap-around’ tool has been developed.
and/or small meshes, but can in some cases makeThis domain element parameterisation, global

automation of the optimisation process impos-
sible. Those methods that do incorporate CFD
mesh deformation techniques are often of poor
quality, hence restricting the size of the allowable
deformation, and/or are computationally expen-
sive and impractical for large CFD meshes.

It is essential that designs can be deformed

interpolation-based CFD mesh motion, and ad-
vanced optimisation approach has been proven in
two dimensions, demonstrating drag reductions
of up to 45% for highly constrained aerofoil
cases [1, 2].

The research presented in this paper is
the three-dimensional extension of the ‘wrap-

into arbitrary shapes, allowing exploration of the around’ shape parameterisation and optimisation
entire design space, but having an excessive num-method. Optimisation is applied here to the
ber of deformation degrees of freedom (design MDO wing (a large modern transport aircraft
variables) can often make optimisation imprac- wing, the result of a previous Brite-Euram project
tically expensive. Hence, an efficient domain el- [6, 7]) in the economical transonic cruise condi-
ement shape parameterisation method has beertion. Detailed results of optimisation performed
developed by the authors, along with a high qual- with the highest fidelity so far used are presented.
ity and robust mesh deformation scheme, and This is a combination of global and local surface
presented recently for two-dimensional CFD- geometry changes, resulting in 388 design vari-
based shape optimisation [1, 2]. The parameter- ables, and the objective is drag minimisation.
isation technique, surface mesh motion and vol- The aerodynamic loads on a transport air-
ume mesh motion are all accomplished through craft wing in cruise flight are considerable. In a
combined global interpolations using radial ba- steady situation, these aerodynamic loads cause
sis functions, such that when the positions of the the wing structure to deform aeroelastically to a
domain element are altered, both the design sur- stable state, in turn modifying the nature of the
face and its corresponding CFD volume mesh flow itself. The results from CFD solutions of
are deformed in a high-quality fashion, and this a wing when allowed to deform aeroelastically
is aimed at automating the entire process. This alter dramatically from those when the structure
interpolation has been developed such that the is assume rigid. With regard to optimisation of
domain element parameterisation method has no the aircraft geometry, it is therefore imperative
computational memory overhead that would re- to consider the affects that geometry alterations
strict the size of the CFD volume mesh that can have to the performance of the wing under aeroe-
be used. The domain element parameterisation lastic conditions. Gumbert[8] and Jameson [9]
technique also allows for geometry control at have recently presented aerodynamic optimisa-



Towards Aerodynamic Optimisation of an Aeroelastic Wing using Domain Element Parameterisation

tions of three-dimensional wings under aeroelas- (PDE)[13, 14], polynomial or spline[15], CAD
tic conditions. However, it should be noted that and recently CST [16, 17] methods. Grid pa-
if attempting a gradient-based optimisation that rameterisation methods are generally indepen-
is not independent of the CFD solver, it is ex- dent of the grid generation package. This re-
tremely difficult to obtain sensitivities are truly quires a mesh deformation algorithm, but al-
aeroelastic (the aeroelastic nature of the optimi- lows the use of previously generated grids for
sation usually comes in the form of the evalua- optimisation. Methods of this nature include
tion of the objective function, but not it's deriva-  discrete[18, 19, 20], analytical, basis vector[21],
tives). The optimisation technique presented here free form deformation (FFD)[22], and domain el-
'wraps-around’ the CFD solver thus allowing the ement methods[23]. The reader is referred to
accurate calculation of aeroelastic sensitivities.  [24, 25] for comprehensive reviews of parame-
A parallel structured multiblock upwind Eu- terisation methods.

ler code has been developed [10] and this hasre-  The novel parameterisation method devel-
cently been coupled to a modal structural analy- oped and applied in this research links all the
sis to provide an aeroelastic solver. The aeroe- aerodynamic mesh points to a domain element
lastic solver has recently been validated [11, 12]. that controls the shape of the design surface. A
The long-term aim of the research presented here multivariate interpolation has been developed us-

is the direct comparison of wing optimisations
from both structurally rigid and aeroelastic envi-
ronments. The objective of the optimisation will
be aerodynamic in both cases, however, with the
aeroelastic solver accounting for static aeroelas-
tic deflection will give the optimisation increased
accuracy and real world relevance.

2 Domain Element Parameterisation

Finite-differences are used here to compute de-
sign variable sensitivities, since a ‘wrap-around’
framework has been developed. Hence, the
choice of parameterisation method is absolutely
critical in terms of the computational cost of any
optimisation, and an efficient method, i.e. as few
design variables as possible, is essential. How-
ever, the method must still allow sufficient free-
form design such that any likely optimum design
that may exist is achievable.

Numerous parameterisation methods have

ing radial basis functions, and this provides a
unique mapping between the domain element,
the surface geometry and the locations of the vol-
ume mesh points. All points are treated as point
clouds, so the parameterisation technique is to-
tally independent from the grid type and genera-
tion package. The mapping is only required once
for the initial design as the values of the para-
metric coordinates of the grid points with respect
to the domain element remain constant through-
out the optimisation. Updates to the geometry
and the corresponding mesh are provided simul-
taneously by application of the multivariate in-
terpolation; this is extremely fast and efficient
and results in very high quality mesh deforma-
tion [11, 12].

Figure 1 depicts the domain element param-
eterisation of the MDO wing considered in this
paper. The method is an extension of that pre-
sented in Morriset al [2] for two-dimensional
aerofoil, such that the three-dimensional element

been presented for CFD shape optimisation, and consists of an evenly distributed series of two-
these can be split into those that parameterise the dimensional slices located according to local sur-
design geometry from which a mesh is gener- face geometry. A hierarchy of intuitive shape

ated, or those that parameterise the aerodynamicdeformation design variables have been devel-

mesh itself. Geometry parameterisation meth-
ods are inherently linked with the grid gener-
ation package, and optimisation requires auto-
matic grid generation tools. Methods of this na-
ture include partial differential equation methods

oped, and three levels of design variables have
so far been established. At the global level, de-
sign variables correspond to motions of all do-
main element nodes simultaneously, for example
altering wing angle of attack, sweep, or dihedral.
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At the intermediate level design variables con-
trol the twist, chord and thickness of each two-
dimensional domain element slice separately, and
at the local level very small groups or individual
domain element nodes are altered to provide de-
tailed and local shape changes.

An example deformation to a change in a
design variable is also depicted in Figurel (in
this case, the eighth domain element slice is per-
turbed in the local twist design variable). Se-
lected planes of the volume mesh for the MDO
wing and the perturbation are also shown. The
interpolation method is seen to provide a smooth
surface change, and smooth and very high quality
mesh deformation, with grid motion contained
within the RBF support radius (see later).

2.1 Parameterisation Formulation

A global interpolation method using radial ba-
sis functions (RBFs) has been developed to pro-
vide a method of geometry parameterisation. The
global dependence between the domain element
nodes and the aerodynamic mesh points trans-
fers a deformation of the element, due to a de-
sign variable change, to smoothly alter the aero- RS AR
dynamic shape and its corresponding CFD vol- (b) Perturbed MDO domain element and mesh
ume mesh. Using this method, only an initial planes
mesh of the original design is required to allow
optimisation. The interpolation method devel-
oped here requires no connectivity information,
and can therefore be applied equally well to ei-
ther structured and unstructured grid topologies.
Domain element points and volume mesh points
are simply treated as independent point clouds
with the dependence matrix computed only once.
The general theory of RBFs is presented )
by Buhmann[26] and Wendland[27], and the matrix. , ,
method used here is comprehensively detailed in Features O].c the RBF interpolation developed
Allen and Rendall[11, 12]. It is sufficient here to here worth noting are:
state that the positions of the aerodynamic mesh
points, given by the vectols,, Y4 andZ,, can
be directly computed by:

‘\\*

Fig. 1 MDO parameterisation and RBF mesh de-
formation

whereXpg, Ype andZpg are the vectors of do-
main element positiongy andC are matrices of
basis functionsa,y/, are the vectors of coeffi-
cients, andH is the time-invariant dependence

e The interpolation is independent of mesh
type or structure

Xa=A ay=A C Xpg = HXpe (1) e The interpolation is unique.

_ _ -1 _
Ya=Aay=AC Ype=HYpe (2) e The interpolation in all three coordinate di-
Za=Aa,=A C1Zpe =HZpe (3) rections is independent.
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e The interpolation is time-invariant, and so
only needs to be computed once.

e The interpolation is perfectly parallel.

3 Optimisation Method

When considering practical optimisation of aero-
dynamic performance of a solid body, there are
usually constraints which need to be imposed

generated also satisfy all constraints simultane-
ously. This particular algorithm has been imple-
mented across a wide range of optimisation prob-
lems, most relevant and notable is the work of
Qin and Le Moigne [30, 31, 32, 33] where the al-
gorithm is used for CFD constrained optimisation
of a blended wing body using an inviscid adjoint
solver to obtain the sensitivities.

The development of generic optimisation
tools encompassing a wide range of applicabil-

(minimum thickness, minimum volume, min- ity has been the principle aim of the current re-
imum lift, maximum moment etc), and con- search. This has ultimately required the use of
strained gradient-based optimisers are fast and a finite-difference technique for evaluating gra-
efficient at providing solutions to local optimi- dients to enable independence from the flow-
sation problems [28, 5]. Unconstrained optimi- solver; the sensitivity for each design variable
sations can incorporate constraints by using a is easily obtained by the relative change in the
penalty function for designs that are near or be- value of steady-state objective function due to a
yond the constraint boundary, but these methods geometric perturbation. To ensure no biasing to-
are now considered inefficient and have been re- wards one direction, and to increase accuracy, a
placed by methods that focus on the solution of second-order accurate finite-difference stencil is
the Kuhn-Tucker equations. used.

The solution of these equations forms the ba-
sis of the nonlinear programming algorithm. The 4 3D Aerodynamic Optimisation
constrained quasi-Newton method guarantees su-
perlinear convergence by accumulating second- The MDO wing corresponds to a typical, tradi-
order information relating to the Kuhn-Tucker tional design of a large modern transport aircraft
equations using a quasi-Newton updating proce- wing, with its primary design point being that of
dure, i.e. at each major iteration, an approxima- transonic cruise flight efficiency. At this design
tion is made of the Hessian of the Lagrangian point the objective of optimisation is minimum
function. Thisis then used to generate a quadratic drag, but this must be achieved without detriment
programming (QP) subproblem where the solu- to other aerodynamic, structural and geometric
tion is used to form a search direction for a line quantities. Hence, four constraints are imposed
search procedure. This forms the basis of the on each optimisation;
sequential quadratic programming (SQP) algo-
rithm. Schittkowski [29] has implemented and
tested an SQP algorithm that outperforms all
other tested methods in terms of efficiency, accu-
racy, and percentage of successful solutions, over
a large number of test problems. The feasible
sequential programming (FSQP) algorithm used
in the current research was originally developed
by Zhou, Tits, Lawrence, and Panier [3, 4, 5].
The feasibility aspect of the optimiser relates to
a generated design satisfying all constraints, i.e.
if an initial design does not satisfy the specified
constraints, the optimiser first achieves a satis- These constraints ensure that the results of
factory design, and then all subsequent iterates any optimisation represent practical solutions,

[1] Total lift > Total lift of initial wing.

Internal volume> Internal volume of ini-
tial MDO wing.

[2]

[3]

Root bending momerk root bending mo-
ment of the initial MDO wing.

Root torsion momenkK root torsion mo-
ment of the initial MDO wing.

[4]



A.M.MORRIS,C.B. ALLEN, T.C. S.RENDAL

and that any improvements achieved can be at- level 2 parameterisation would also include an-

tributed solely to improvements in geometric de-
sign.

The economical cruise flight Mach number
for the MDO wing defined by Allwright [6, 7]
is 0.85, with the wing trimmed to obtain a
lift coefficient of 0.452. This design case is
well suited to inviscid flow analysis by solu-
tion of the Euler equations, since induced and
wave drag form a major part of the total drag.
Furthermore, two-dimensional aerofoil optimisa-
tions have shown previously that the improve-
ments achieved through inviscid optimisations in
transonic Mach numbers are also realised in vis-
cous analysis [1, 2]. The grid used in each opti-
misation is a 330,000 point structured multiblock
mesh [34]. Flow solutions are provided by an
inviscid, structured multiblock finite volume up-
wind solver [10, 35, 36, 37] using the flux vector
splitting of van Leer[38, 39], and incorporating
multigrid acceleration [42].

4.1 Results

The optimisation was run with the following de-
sign parameters:

1. Global; Only two issues are considered,
anhedral/dihedral, and sweep. There are
15 domain element slices, and the root sec-
tion is fixed in position and, hence, there
are 14 sweep design variables, and 14 an-
hedral variables. 28 parameters.

. Intermediate; Each domain element slice
has two local design variables, thez) lo-
cation of the centre of rotation. 30 param-
eters.

. Detailed; Each two-dimensional domain
element slice also has the full set of 22
active design variables developed for free-
form aerofoil design[1, 2]. 330 paramters.

The three levels of parameters above are com-

bined to gives a total of 388 active design vari-
ables. It should be noted that if level 1 param-

gle of attack and chord and thickness for each
domain element, but these are already included
in the 22 parameters per section in level 3, so are
not required when combined.

The results of this optimisation are given in
Table 1. Fully free-form control of aerofoil pro-
file geometries is combined with design variables
that enable truly three-dimensional planform al-
terations, and this achieves a reduction in drag
coefficient of over 18%. This is a significant
reduction and may be the global minimum for
such an optimisation problem (discussed in detail
later).

Figure 2 shows the optimisation history of
objective function and constraints, showing only
30 evolutions are required. Furthermore, this
could be halted even after only a few evolu-
tions and significant improvements would still
have been obtained; even after only 15 evolu-
tions, a 15% drag reduction would still have been
achieved. Optimisation has had the beneficial ef-
fect of significantly reducing both root bending
and root torsion moments.

Initial  Optimised %Diff
Cl 0.4523 0.4530 +0.14
CMbending | 0.1340 0.1004  -25.03
Cmrson | -0.0547  -0.0471  -13.93
\olume 387.14 401.60  +3.73
Cd 0.02780 0.02287 -18.29

Table 1. Wing optimisation results

Initial and optimised domain element and
wing geometries are depicted in Figure 3. The
most notable change to the optimised wing is to
the sweep distribution; not only has sweep been
increased significantly, but the leading edge is
no longer straight such that there is increased
sweep angle towards the tip. This is surprising;
root torsion moment is rigidly constrained and
an increased sweep angle normally impacts neg-
atively on this. Observation of Figure 6 demon-
strates that loading has moved significantly in-
board such that sweep angle can be increased in

eterisation was used alone, angle of attack and an effort to reduce drag with no penalty to root

a twist parameter would need to be added, and torsion moment.

In fact both root torsion and
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Fig. 2 Optimisation history

root bending moments have been reduced signif-
icantly when compared to the initial MDO wing.
Although cruise flight is not usually the deter-
mining case for structural wing box design, re-
duced root aerodynamic moments could provide
possible weight savings. Figure 6 also shows that
drag has increased slightly inboard due to the in-
creased loading there, but at all outboard loca-
tions the drag is significantly reduced.

Figure 4 depicts views of CFD surface and
volume meshes corresponding to initial and opti-
mised wing geometries. Even though the defor-
mation is dramatic, the parameterisation method
maintains a high quality of CFD mesh.

Fig. 3 Domain element and wing geometries
(initial MDO-green, optimised-blue)

an
//

//,
OO
*\\k\\
2

Fig. 4 CFD volume mesh deformation. Initial

MDO mesh-black, optimised mesh-white

Figures 5 depict contours of coefficient of
pressure@p) for the initial MDO and optimised
wing geometries, showing the large change in
flow structure. The MDO wing in its economical
cruise flight exhibits a strong shock along the en-
tire length of the span. The free-form design con-
trol allowable by the parameterisation developed
here achieves a reduction in drag of over 18% and
results in a completely shock-free wing. Thisis a
considerable result considering the constraint on
a high value of lift and at a high transonic Mach
number. Given the inviscid nature of the opti-
misation this may be a truly optimum geometric
design given the rigid constraints.

Sectional slices through the transformed wing
are shown in Figures 7 and compared to the initial
MDO wing geometry. Significant aerofoil sec-
tion changes (and twist distribution) are clearly



(a) Initial MDO

(b) Optimisied

Fig. 5 Cp distributions

seen. Root incidence is increased, but with a
larger wash-out, highlighting that inboard sec-
tions are more highly loaded with relief towards
the tip.

5 3D Aeroelastic Optimisation

The CFD solver is a structured multiblock fi-
nite volume upwind unsteady code[37, 42] with
the flux vector splitting of Van Leer[38, 39]
and the implicit pseudo-time stepping scheme of
Jameson[41, 40]. The flow solver has been par-
allelised and shown to have very good scaling
properties[37]. A modal structural solution is
used, and weak coupling adopted between fluid

and structure each time step since exact synchro-

nisation of fluid and structural models is unim-
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Initial MDO wing lift
- Optimised wing lift
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(a) Lift

Initial MDO wing drag
—————— Optimised wing drag
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Span position (m)

(b) Drag

Fig. 6 Spanwise distributions

portant for a steady result. Use of an approxi-
mately critical amount of damping ensures that
the wing converges relatively quickly to its de-
formed equilibrium position.

The structural grid consists of only the upper
and lower portions of the wing box, so there is
a significant gap between the fluid and structural
grids, necessitating a robust and accurate inter-
polation between the two. This interpolation is
dealt with using radial basis functions and is for-
mulated to conserve total force, total moment and
energy between the two grids[11].

Typical deformed shapes of the MDO wing
are shown in fig8 for Brite-Euram case Ill. These
are compared to previously published results to
confirm the accuracy of the solver. Details of the
solver can be found in Rendall [11].
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The aeroelastic optimisation of the MDO Wl
wing, again in transonic cruise flight, using the -
same parameterisation and active design vari- o5 T

Normalised spanwise position

ables as for the purely aerodynamic optimisation
of the previous section is currently underway.
The optimisation procedure is simply 'wrapping-
around’ the aeroelastic solver instead of the rigid
Euler solver. In this way both the optimiser has
knowledge of both the objective function under
aeroelastic conditions, and improves the geome-
try based on accurate knowledge of the aeroelas-
tic sensitivities.

(b) Trailing edge deflection comparison

Fig. 8 Aeroelastic Solver

The interpolation and updates to the geometry
and its associated CFD mesh are of extreme high
quality, robust, fast and efficient. This domain el-

ement technique is mesh topology and mesh gen-

6 Conclusions eration package independent, requiring only an
initial mesh.
Generic 'wrap-around’ aerodynamic optimisa- The parameterisation technique allows the

tion tools have been developed and applied here combination of variables of different scales and
to three-dimensional wing optimisation. This types with only a few parameterisation nodes,
comprises a new geometric parameterisation and this leads to a significantly reduced num-
technique for application to CFD-based aerody- ber of design variables for three-dimensional ap-
namic optimisation. The parameterisation uses plications when compared to many other types
radial basis functions to interpolate positions of of shape parameterisation method. Derivatives
the domain element and the grid coordinates to of these design parameters are computed via
provide simultaneous deformation of the design second-order finite-differences and fed into a fea-
surface and its corresponding aerodynamic mesh. sible sequential quadratic programming (FSQP)



gradient-based optimiser.

The optimisation tools have been applied to
aerodynamic shape optimisation of the MDO
wing in transonic cruise, with the objective func-
tion being drag, subject to strict constraints. 388
combined global and local parameters were used,
and this results in a totally shock-free wing with
over 18% reduction in inviscid drag, combined
with significantly reduced root aerodynamic mo-
ments.

An aeroelastic flow solver has recently been
developed, and the aeroelastic optimisation of the
same MDO wing in cruise flight condition is cur-
rently underway. The objective of the optimi-
sation is again aerodynamic, however, with the
aeroelastic solver accounting for static aeroelas-
tic deflection will give the optimisation increased
accuracy and real world relevance.

It should be noted that although ’in-house’
CFD grid generation and flow solver codes are
used here, the method is completely generic and
can be wrapped around any appropriate tools.
Furthermore, although an external aerodynamic
design problem is presented, this is not a re-
striction, and the methods can be applied to any
steady-state fluid dynamic design problem.
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