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ABSTRACT

In this work a robust and efficient ap-
proach to the multipoint constrained design
is developed and applied to the optimization
of aerodynamic wings. The approach employs
Genetic Algorithms (GAs) as an optimization
tool in combination with a Reduced-Order
Models (ROM) method based on linked local
data bases obtained by full Navier-Stokes
computations. The method was implemented
in the computer code OPTIMAS (OPTI-
Mization of Aerodynamic Shapes). The code
was applied to the problem of multipoint 2D
and 3D aerodynamic wing optimization. It
was demonstrated that the optimization tool
allows to find optima located exactly on the
constraints boundary. The method retains
high robustness of conventional GAs while
keeping CFD computational volume to an
acceptable level.

INTRODUCTION

The main objective of the present research
is to create a powerful tool for aerodynamic de-
sign, which reduces the overall cost of aircraft
design and analysis.

The requirements for the computational
tool which will be capable to solve the above
problem are rather high.

First, the problem of global geometrical rep-
resentation of 3D aerodynamic shapes still re-
mains open. Second, the construction of a re-
liable CFD solver suitable for optimization in
terms of accuracy and robustness is a compli-
cated task by itself. Third, the optimization re-
quires the use of high-dimension search spaces
which makes the optimal search highly non-
trivial, especially in the presence of non-linear

Boris Epstein

The Academic College of Tel-Aviv Yaffo

Computer Sciences Department
epstein@mta.ac.il

constraints. Finally, due to huge overall com-
putational volume needed for optimization, ad-
ditional requirements should be imposed on the
computational efficiency of the whole method.

The full Navier-Stokes code NES [1-2] satis-
fies the requirements of high accuracy and ro-
bustness. In order to satisfy the requirement
of fast computational feedback, we suggest to
scan the optimization search space by using
the Reduced-Order Models (ROM) approach
[3] in the form of Local Approximation Method
(LAM) based on local data bases obtained by
full Navier-Stokes computations.

The presence of constraints significantly de-
creases the robustness and the computational
efficiency of classical optimization methods [4].
The reason for this lies in the fact that the cal-
culation of derivatives of the objective function
in the vicinity of the constraints boundary is an
ill-posed problem which can not be resolved by
conventional methods. The situation is espe-
cially troublesome in the case of constraints im-
posed on aerodynamic characteristics (such as
aerodynamic moments). In this case the ques-
tion regarding feasibility of a current geometry
can be answered only “a posteriori”, that is
only through a full CFD run.

In order to create a robust and compu-
tationally efficient optimization tool, Genetic
Algorithms (GAs) were employed. A spe-
cific feature of the new approach consists in
changing the conventional search strategy.
The proposed algorithm employs search paths
which pass via both feasible and infeasible
points (contrary to the traditional approach
where only feasible points may be included in
a path).
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PROBLEM FORMULATION

In the case of the single point optimization
problem, the objective is to minimize the cost
function (total drag coefficient Cp of a wing)
subject to the following classes of constraints:

1) Aerodynamic constraints such as pre-
scribed constant total lift coeflicient C} and
maximum allowed pitching moment Cf,.

2) Geometrical constraints on the shape of
the wing surface in terms of properties of sec-
tional airfoils - relative thickness (¢/c);, relative
radius of leading edge (R/c);, trailing edge an-
gle 6;, where i = 1,..., Ns (Nys - the number
of sectional airfolis), and (¢/c)}, 0}, (R/¢)}, Cy.
and C}; are prescribed parameters of the prob-
lem.

The point design wing must be analyzed
over a range of Mach numbers and lift coeffi-
cients to ensure the adequacy of the off-design
performance. To reach this goal the multi-
point optimization is needed where the objec-
tive function is a weighted combination of sin-
gle point cost functions.

As a gas-dynamic model for calculating
Cp, Cr, and Cy; values, the full Navier-Stokes
equations are used. Numerical solution of
the full Navier-Stokes equations is based on a
multiblock code NES [1-2].

OPTIMIZATION ALGORITHM

As a basic algorithm, a variant of the
floating-point GA is used [4]. Unfortunately,
in their basic form, GAs are not capable of
handling constraint functions limiting the set
of feasible solutions. To resolve this, a new
approach is suggested which can be basically
outlined as follows:

1) Change of the conventional search strat-
egy by employing search paths which pass
through both feasible and infeasible points (in-
stead of the traditional approach where only
feasible points may be included in a path).

2) To implement the new strategy, it is sug-
gested to extend the search space. This re-
quires the evaluation (in terms of fitness) of the
points, which do not satisfy the constraints im-
posed by the optimization problem. A needed
extension of an objective function may be im-
plemented by means of GAs due to their ba-
sic property: contrary to classical optimization
methods, GAs are not confined to only smooth

extensions.

This extension should only satisfy the con-
dition that follows immediately from the main
idea to increase a diversity of current popula-
tion: in infeasible regions, the objective func-
tion should be defined in such a way that it
keeps in the current population a certain num-
ber of infeasible individuals, which are located
rather close to the constraint boundary. In
such a case we can expect, with a rather high
probability, that the crossover between feasible
and infeasible individuals will produce high-
fitness children.

In fact, this allows to find an optimal point
located exactly on the constraints boundary.
Contrary to the conventional penalty function
method, the suggested approach does not mod-
ify the value of objective function in any fea-
sible point. In this regard, the method imple-
ments a zero-penalty approach.

In this work it is assumed that:

1) For geometry description the absolute
Cartesian coordinate system (z,y, z) is used.

2) Wing planform is fixed.

3) Wing surface is generated by linear inter-
polation (in the span direction) between sec-
tional 2D airfoils.

4) The number of sectional airfoils N, is
fixed.

5) Shape of sectional airfoils is determined
by Bezier Splines.

Roughly speaking, each CFD run requires
a different geometry and, therefore, the con-
struction of a new computational grid, which
is very time-consuming. In order to overcome
this obstacle and to maintain the continuity
of optimization stream, we made use of topo-
logical similarity of geometrical configurations
(involved in the optimization process), and the
grids are constructed by means of a fast auto-
matic transformation of the initial grid which
corresponds to the starting basic geometry.

One of the main weaknesses of GAs lies in
their poor computational efficiency. In order
to overcome this, we introduce an intermedi-
ate “computational agent” - a computational
tool which, on the one hand, is based on a very
limited number of exact evaluations of objec-
tive function and, on the other hand, provides
a fast and reasonably accurate computational
feedback in the framework of GAs search.
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In this work we use Reduced-Order Models
approach in the form of Local Approximation
Method (LAM). With the ROM-LAM method,
the solution functionals which determine a cost
function and aerodynamic constraints (such as
pitching moment, lift and drag coefficients), are
approximated by a local data base. The data
base is obtained by solving the full Navier-
Stokes equations in a discrete neighbourhood
of a basic point positioned in the search space.

Thus the above mentioned requirements to
the computational agent, related to its com-
putational efficiency, are fulfilled. However,
an additional effort should be made in order
to ensure the accuracy and robustness of the
method.

To overcome the approximate nature of
the approach, a multidomain prediction-
verification principle is employed. That is,
on the prediction stage the genetic optimum
search is concurrently performed on a number
of search domains. As the result each domain
produces an optimal point, and the whole set
of these points is verified (through full Navier-
Stokes computations) on the verification stage
of the method, and thus the final optimal point
is determined.

Besides, in order to ensure the global
character of the search, it is necessary to
overcome the local nature of the above ap-
proximation. For this purpose it is suggested
to perform iterations in such a way that
in each iteration, the result of optimization
serves as the initial point for the next iteration
step (further referred to as optimization step).

COMPUTATIONAL EFFICIENCY

Aerodynamic shape optimization is an ex-
ample of a highly challenging integral problem.
To solve it we need to resolve a number of non-
trivial partial problems: 1) to create robust, ac-
curate and efficient full Navier-Stokes solver, 2)
to find an appropriate global geometrical repre-
sentation of optimized shape and 3) to develop
an efficient optimal search able to handle vari-
ous non-linear constraints.

Nevertheless, even a successful solution of
all the three partial problems is not sufficient.
The point is that the overall computational
time needed to obtain the solution is pro-
hibitively high due to significant computational

cost of full Navier-Stokes CFD runs and huge
number of the runs.

This was partially improved by decreasing
the total number of heavy CFD runs in the
framework of the ROM-LAM approach. In or-
der to achieve a further decrease of the compu-
tational volume, an embedded multilevel par-
allelization strategy was used: Level 1 - Paral-
lelization of the full Navier-Stokes solver; Level
2 - Parallel CFD scanning of the search space;
Level 3 - Parallelization of the GAs optimiza-
tion process; Level 4 - Parallel optimal search
on multiple search domains; Level 5 - Parallel
grid generation.

The first two levels are intended to improve
the computational efficiency of the CFD com-
ponent of the whole algorithm, while the next
two levels are needed in order to reach the same
goal for the optimization part of the method.
The fifth parallelization level deals with grid
generation.

Multilevel parallelization strategy based on
the PVM software package was implemented
on a cluster of 216 MIMD multiprocessors.

An additional source of decreasing the vol-
ume of computational work is the use of com-
putational grids coarser than those needed for
exact estimations of the objective function.
It is feasible if the grid coarsening preserves
the hierarchy of fitness function values on the
search space (that is, the relation of order is
invariant with respect to grid coarsening).

Finally, the cumulative effect of the de-
scribed techniques allowed to reduce the
overall time needed for a one-point 2D wing
optimization to 5-6 hours on the above cluster.
Note, that the direct application of the Ge-
netic Algorithms to the solution of the same
problem on a single processor from the cluster,
requires about 32 years.

ANALYSIS OF RESULTS

The method was applied to the problem
of multipoint transonic 2D and 3D wing op-
timization with nonlinear constraints. The re-
sults include a variety of optimization cases for
two classical wings: a 2D test-case of RAE2822
airfoil and a 3D optimization of ONERA M6
wing.

In order to verify the optimization method
as a whole, both consistency check as well as
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comparison with available results of other au-
thors were performed.

The first test case was to find an optimal
12% thickness 2D airfoil at the design point
Cr = 0.0, M = 0.6 in the fully turbulent flow
regime.

The resulting optimal shape should be sym-
metric, and the verification of this property
is a good test to check the consistency of re-
sults. To make the problem more challenging, a
highly asymmetric supercritical RAE2822 air-
foil was chosen as an initial point of the itera-
tive optimization algorithm.

The optimization problem was solved twice,
based on CFD computations employing the
coarse and medium grids and final results were
verified through the fine grid computations.
The value of the total drag coefficient Cp was
equal equal to 74.1 and 73.5 drag counts, re-
spectively.

The resulting optimal profiles are fairly
symmetrical. An additional indication to the
symmetry of the optimal solution may be found
in fig. 1, where the surface pressure distribu-
tion for the airfoil optimized on the medium
mesh is given.

To further verify the optimization method,
the following multipoint optimization of
RAE2822 airfoil was employed. The main de-
sign point was M = 0.734, Cp = 0.8, Re =
6.5 - 10° (point 1) while the secondary design
points were: M = 0.754, Cr = 0.74, Re =
6.2 - 108 (point 2) and M = 0.680, C, = 0.56,
Re = 5.7-10°% (point 3). The target was to
minimize a weighted combination of total drag
values at these points with the following weight
coefficients: w; = 0.5, we = 0.25, wz = 0.25.
The constraints were imposed on airfoil thick-
ness and leading edge radius which can not
decrease. The comparison of drag reduction
achieved by the current optimization tool OP-
TIMAS with the corresponding AEROSHAPE
results [5] is summarized in Table 1.

It was interesting to check the performance
of the method starting from an airfoil which al-
ready possesses a fairly good aerodynamic be-
haviour at the point of design. As the starting
point we took a 18% thickness airfoil which was
the result of multipoint optimization by means
of the commercial code MSES [6] at the fol-
lowing two design points: M = 0.6, Cr = 0.4

Table 1: Drag reduction (counts)

Design Point | OPTIMAS | Ref. [4]
1 -59.0 -40.0
2 -103.0 -34.0
3 +2.0 +3.0

(point A) and M = 0.4, Cr = 0.75 (point B)
. The transition was fixed at 30% of the chord
on both upper and lower surfaces.

The current method was applied to the fol-
lowing cases: two single point optimizations (at
the above mentioned design points) and a mul-
tipoint optimization using a weighted combina-
tion of the total drag values at the same points:
Cp=06- CD(A) +04- CD(B)

The results of the optimization are pre-
sented in fig. 2-3. In fig. 2, the drag polar
at M = 0.60 for the original airfoil is com-
pared with those corresponding to the above
one- and two-point optimizations, while the
aerodynamic shapes at M = 0.40 are presented
in fig. 3.

It may be observed that also in this case the
method ( in both a one-point and two-point
mode) allowed to obtain a significant improve-
ment of the aerodynamic performance at the
design points as well as far beyond them. It
is important, that the two-point optimization,
compared to the one-point optimizations, re-
sults in an airfoil shape which possesses almost
identical drag value at point A while the re-
spective value of Cp at point B is only slightly
higher.

In the following, we present the results of
one- and multi-point drag minimization of ON-
ERA M6 wing at Re = 11.72-106 and different
values of design Cr and Mach numbers rep-
resenting a wide range of flight conditions. A
total of 10 test cases was studied. Design con-
ditions and constraints are summarized in Ta-
ble 2. The corresponding optimal wing shapes
are designated by Case_1 to Case_10. In all
the optimization cases, the number of wing sec-
tions subject to design was equal to Nys.

The optimization at the design point Cr, =
0.265, M = 0.84 (Case_1 - moderate target
lift coefficient) resulted in the destruction of
a strong double-shock, present in the original
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Table 2: Summary of test cases

Case | C} M | W; Ciy Nys
1 0.265 | 0.84 | 1.0 —0 2
2 0.500 | 0.84 | 1.0 —00 2
3 0.500 | 0.86 | 1.0 -0 2
4 0.500 | 0.87 | 1.0 —00 2
5 0.500 | 0.87 | 1.0 | —0.100 | 2
6 0.500 | 0.87 | 1.0 | —0.075 2
7 0.500 | 0.87 | 0.6 —00 2

0.400 | 0.85 | 0.4 -0 2
8 0.500 | 0.87 | 1.0 —00 3
9 0.500 | 0.87 | 1.0 | —0.100 | 3
10 | 0.500 | 0.87 | 1.0 | —0.100 | 4

pressure distribution. The optimized wing ex-
hibits a shockless behaviour along the whole
wing span which leaded to a significant reduc-
tion in the total drag: from 168 drag counts to
128 counts. Note, that the ideal induced drag
for the ONERA M6 aspect ratio at Cr, = 0.265
is equal to 59 counts, and the minimum drag
value is equal to about 71 counts for the both
wings. Thus it may be concluded that the con-
tribution of wave drag to the total drag of the
optimized wing is of a minor nature, which is
indicative of successful optimization.

At given free-stream Mach and Reynolds
numbers, the off-design performance of a wing
can be estimated through the lift-drag polar.
The corresponding results are presented in fig.4
where the drag polar for the optimized wing
(Case_1) is compared with the original one.
It is seen that the optimized wing possesses a
significantly lower drag not only pointwise but
also for all positive lift values.

Fig.4 also illustrates the convergence of the
optimization algorithm. The full convergence
was achieved after 7 optimization steps, but al-
ready after 5 steps the result was close to the
final one. By order of magnitude, such conver-
gence rate is typical of the optimization process
for all the test cases considered in this work.

Another important aspect of the off-design
performance of wings is their drag rise be-
haviour at fixed Cr,. For Case_1l these data
are given in fig.5, where drag polars of the op-
timized wing for different Mach numbers are
shown. It can be assessed that in a wide range

of lift values, the drag divergence occurs at
least not before M = 0.87, which is an es-
sential improvement compared to the original
ONERA M6 wing.

Now let us analyze the results of optimiza-
tion at a much more demanding design point
characterized by high target lift coefficient at
high free-stream Mach number (Cp = 0.5,
M =0.87 - Case-4—Case_10).

At these flight conditions, the original ON-
ERA M6 geometry generates a very strong
shock which results in a high total drag value
(Cp=544 counts). Similar to the previous
case the optimization allowed to essentially de-
crease the total drag down to C'p=300 counts
(Case4). At this point, the theoretical in-
duced drag for the ONERA M6 at Cr, = 0.5 is
equal to 209 counts, while the minimum drag
value is equal to about 87 counts for the origi-
nal wing. In fact, this indicates a very low level
of wave drag for the optimized wing.

The influence of the Mach design value (at
the same target Cp) on the off-design perfor-
mance of optimized wings is illustrated in fig.8-
9.

In fig.8 lift/drag polars for Case 3 (M =
0.86) are compared with the respective curves
for Case_4 (M = 0.87) at different Mach num-
bers: M = 0.84, M = 0.87 and M = 0.90.
It is seen that the optimized shapes exhibit a
consistent behaviour with the results close one
to another in the vicinity of the target C at
the free-stream Mach numbers lower or equal
to 0.87.

Drag rise curves of the wings optimized at
CL = 0.5 for different design free-stream Mach
numbers are compared to that of the ONERA
M6 wing in fig.9. It may be concluded that the
optimization allowed to significantly shift the
drag divergence point in the direction of higher
Mach numbers and to radically extend the low
drag zone. The shift is greater for a greater
design Mach number with a small pay-off for
0.77 < M <0.85.

As mentioned above, in the case of the 3D
optimization there exists an additional class
of constraints to be taken into account: the
aerodynamic constraints such as constraint on
the pitching moment Cjs. The results of opti-
mization indicate that the present approach is
also able to efficiently handle this class of con-
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straints. Several optimization cases, with dif-
ferent values of C}; (maximum allowed value
of the pitching moment) were considered. In
fig.10 drag polars at M = 0.87 for different
C are shown.

The unconstrained optimum wing (Case_4)
possesses Cpy = —0.15 and Cp = 300.0
counts at the design point M = 0.87, O =
0.5. A constrained optimization with C}, =
—0.10 (Case_5) achieved a similar drag reduc-
tion (Cp = 300.5 counts) while for C}, =
—0.075 (Case_6) the optimized wing possesses
a slightly higher Cp = 305.0 counts at the
same design point. It is important to under-
line, that up to C}; = —0.10 the total drag
of optimized wings is weakly influenced by C},
not only at the design point but also in the
off-design zone C'r, > 0.3.

Thus the following two conclusions may
be drawn. First, the performance of uncon-
strained pitching moment optimization can be
sometimes achieved by a constrained optimiza-
tion even with a rather significant increase in
the maximum allowed value of the pitching mo-
ment. Second, the same optimal total drag
value C'p may be obtained by markedly differ-
ent aerodynamic shapes. In other words, the
considered optimization problem is ill-posed.

On the whole, it may be also assessed that
the incorporation of constraints into the opti-
mization problem is twofold. On the one hand,
the presence of constraints (as it was explained
above) makes the solution of the opimization
problem much more complicated. But at the
same time, the constrained problem is more
well-posed , which facilitates its solution.

Another important issue is the influence of
parameter N, (the number of sectional air-
foils) on the optimal solution. This is illus-
trated in fig. 11 where the comparison of the
original M6 root shape with those of wings op-
timized for different N, is given.

The analysis shows that, in the middle part
of the wing, the optimal shapes tend to possess
low curvature immediately outside the leading
edge region. For N,, = 2 this leads to a con-
cave form of the above region at the tip section.

Airfoil shapes at the midsection of the op-
timized wings for N, = 3 and different values
of constraint on the wing pitching moment, are
shown in fig. 12.

Finally, it is interesting to note that the
multipoint optimization allows to improve the
wing performance at low Cp with no penalty
at the design C, values.

CONCLUSIONS

A robust hybrid GA/ROM approach to the
multipoint constrained optimization of aerody-
namic configurations is suggested. Main fea-
tures of the algorithm include an efficient treat-
ment of nonlinear constraints and scanning of
the optimization search space by a combina-
tion of full Navier-Stokes computations with
the ROM method, along with efficient multi-
level parallelization strategy.

The method was applied to the optimiza-
tion of wings with a variety of nonlinear con-
straints. The results demonstrated that the
method retains high robustness of conventional
GAs while keeping CFD computational volume
at an acceptable level.

The proposed optimization tool (code
OPTIMAS) incorporates  state-of-the-art
CFD software and innovative optimization
algorithms into the core of the aerodynamic
design and can be used for practical design of
aerodynamic shapes.
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Figure 1: Airfoil optimized on the medium

grid at the flight conditions Cp = 0.0, M =
0.6. Surface pressure distribution at the design
point.
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Figure 3: Profile shape. One-point and two-
point optimizations vs original airfoil.
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Figure 5: Drag polars of the optimized wing
(Case1) at different free-stream Mach num-
bers.
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Figure 6: Original ONERA-M6-Wing. Chord-
wise pressure distribution at the midsection of
the wing at M=0.87, C, = 0.5.
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Figure 7: One-point optimization - Case 4.
Chordwise pressure distribution at the midsec-
tion of the wing at M=0.87, C, = 0.5.
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Figure 8: Mach off-design behaviour of opti-
mized wings. Drag polars at different Mach
numbers. Case_3 vs. Case 4.
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Figure 9: Mach drag divergence of the opti-
mized wings versus the original ONERA M6
wing. Case_2, Case_3 and Case_4 correspond
to design M=0.84, 0.86 and 0.87 respectively.

Drag polars at M=0.87 for different pitching moment constraints.
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Figure 10: Lift/drag curves at M = 0.87. ON-
ERA M6 wing vs. one-point optimizations
with different values of constraint on the pitch-
ing moment. Case_4: no constraint on Cjy;
Case 5, Case9 and Case 10: Cpr > —0.1;
Case_6: Cyy > —0.075.
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Figure 11: Shape of optimized wings at root
section for N,,=2 (Case_5), N,s=3 (Case 9)
and Nys=4 (Case_10).
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Figure 12: Shape of the optimized wings at
midsection for different values of constraint on
pitching moment. Case_8 - no constraint on
Cu; Case9 - Cyy > —0.1. Nys = 3.



