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The multipoint aerodynamic design of transport-type wings is studied. The optimization was performed by
means of the code OPTIMAS, which was recently developed by the authors in the industrial environment of Israel
Aircraft Industries. The optimization method is based on the use of genetic algorithms, accurate full Navier-Stokes
drag prediction, and efficient handling of practical aerodynamic and geometrical constraints. The results include
a variety of optimization cases for aerodynamic design of transport-type wings.

I.

HE contribution of computational fluid dynamics (CFD) to

aerodynamic design steadily grows due to continuing improve-
ment in the accuracy and robustness of CFD simulations. The past
three decades saw a radical change in the entire process of aerody-
namic design due to the increasing role of CFD.

Until recently, the role of CFD in aerodynamic design was con-
fined to flow analysis in a limited range of flight conditions and aero-
dynamic shapes. Additional limitations were caused by the variable
accuracy level in the prediction of different aerodynamic charac-
teristics. For example, accurate CFD estimation of drag and pitch-
ing moments of three-dimensional shapes became available only
in recent years, during which the Navier-Stokes methods reached
maturity, whereas reasonably accurate estimates of dC,/da were
already accessible in the mid-1970s through linear panel methods.

The first attempts to introduce optimization tools to aerodynamic
design were made as early as 1945. (See the classical work by
Lighthill.!) More complicated CFD-driven optimization methods
appeared over subsequent years.>~’ Nevertheless, before the last few
years, these methods had a very limited impact on three-dimensional
design practice.

The reasons why the optimization tools are still not being
exploited in the design process as one would like include the follow-
ing: First, only recently has computational simulation been allowed
for the relatively accurate drag prediction required in engineering
practice. Second, the industrial optimization of aerodynamic shapes
necessitates high-dimensional search spaces, and a large number of
nonlinear constraints are placed on a desired optimum, which sig-
nificantly increases the complexity of the problem. Additionally,
the huge computational volume needed for practical optimization
presents a serious obstacle to the incorporation of CFD-based opti-
mization into the core of the industrial aerodynamic design.

The aircraft design process is generally divided into three stages:
conceptual design, preliminary design, and final detailed design.
The aerodynamic design plays a leading role during the preliminary
design stage where the external aerodynamic shape is typically fi-
nalized. The final design would normally be carried out only on the
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commercially promising completion of the preliminary stage, which
makes the preliminary design stage crucial for the overall success
of the project.

The aerodynamic design process is embedded in the overall pre-
liminary design with the starting point coming from the conceptual
design. The inner loop of aerodynamic analysis is included within
an outer (multidisciplinary) loop that is a part of a major design
cycle. Because of the limitations of the overall design technology,
this cycle is usually repeated a number of times.

Thus, the introduction of a CFD-driven robust automatic
aerodynamic optimization that would allow for the reduction of
the amount of design cycles would significantly shorten the overall
design process.

One of major objectives of the preliminary design is to develop
the minimum drag aircraft configuration at cruise conditions sub-
ject to various constraints implied by the conceptual design stage.
This means that the use of an automatic optimizer that accurately
satisfies various geometrical and aerodynamic constraints may not
only reduce the design costs but also essentially improve the qual-
ity of design, thus considerably increaseing the probability that the
following final design will result in a real aircraft.

That is why, in the last decade, optimal CFD-driven aerodynamic
shape design has aroused steadily increasing interest in the research
establishment.®~!! From the industrial point of view, the most ad-
vanced results have been achieved by The Boeing Company,!? where
multipoint design has been used extensively for airplane develop-
ment using full-potential/boundary-layer-based optimization.

The main objective of this paper is to present a new, efficient
optimization tool for aerodynamic design that was successfully
incorporated into the core of the preliminary design stage, based
on full Navier-Stokes computations.

The power of the method is illustrated by the design of a num-
ber of two- and three-dimensional aerodynamic wings typical of a
transport-type aircraft in a wide range of wing planforms and flight
conditions. It is demonstrated that the proposed method allows for
the design of practically feasible aerodynamic shapes that 1) possess
a low drag at cruise conditions, 2) satisfy a significant number of
geometrical and aerodynamic constraints (15-20 per design), and
3) offer a good oft-design performance in markedly different flight
conditions such as takeoff and high Mach zone.

This paper is organized as follows. In Sec. II, the problem for-
mulation is given. In Sec. III the Israel Aircraft Industries (IAI) in-
house optimization method is briefly described. Numerical results
are presented and analyzed in Sec. I'V.

II.

The starting point of the aerodynamic wing design cycle is an ini-
tial CAD geometry definition. In the first design cycle, this definition

Statement of Problem
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results from the conceptual design stage, which also provides the
aerodynamic performance data. These include the prescribed cruise
lift, Mach, altitude, and minimum allowed drag values that should
ensure the aerodynamic goals of the aircraft mission (such as range,
payload, fuel volume, etc.). The desired geometry is sought in the
class of solutions that satisfy various geometrical, aerodynamic, and
multidisciplinary constraints that also originate from the stage of
conceptual design. Specifically, the constraints are usually placed
on airfoils’ thickness, maximum allowed pitching moment, mini-
mum C;™ at takeoff conditions, etc.

The objective of this cycle is to develop a wing geometry with as
low a drag at cruise conditions as possible that, at the same time,
satisfies the foregoing constraints.

The main idea behind the proposed approach is to accomplish this
objective through a CFD-based solution of the properly formulated
multipoint constrained optimization problem.

To state the present optimization problem correctly, it is important
to clarify the nature of different constraints, their structure, and their
interaction in the framework of this structure.

The set of constraints may be divided into the following two
classes: the class of geometrical constraints and the class of
aerodynamic constraints. The geometrical constraints are mostly in-
dependent of flight conditions and are easily verified, that is, the ver-
ification of the tested geometry is computationally cheap, whereas
aerodynamic constraints naturally depend on flight conditions and
necessitate heavy CFD runs for their verification. The aerodynamic
constraints are subclassified into the constraints at the main design
point (typically cruise conditions) and the constraints at off-design
conditions.

The second important issue is the choice of the objective function.
We assume that the drag coefficient Cp, of a tested configuration is
a sensitive and reliable indicator of its aerodynamic performance
and, thus, we employ C), as the objective function of the considered
optimization problem.

The next basic principle is related to the implementation of
constraints in the optimization algorithm. Where possible, the
constraints should be satisfied exactly in a direct way, whereas the re-
maining constraints should be converted into alternative constraints
that can be expressed in terms of drag. For example, we managed to
satisty the geometrical constraints and such aerodynamic constraints
as the prescribed lift coefficient exactly, whereas the requirement of
asufficiently high C[™* at takeoff conditions is reformulated in terms
of drag at the corresponding flight conditions.

Finally, to ensure the accuracy of optimization, we require that,
for any geometry feasible from the viewpoint of constraints, the
value of the objective (cost) function remains exactly equal to the
value of the drag coefficient without any penalization.

Based on the preceding principles, the mathematical formulation
of the optimization problem whose solution allows achievement of
the goal of the preliminary design cycle may be expressed as follows.

The objective of the general multipoint optimization problem is
to minimize the weighted combination C}3¥ of drag coeficients at
the main design and secondary design points (flight conditions)

K
Cpe =Y wCplh)

k=1

where K is the total number of design points.

The solution is sought in the class of wing shapes subject to the
following classes of constraints:

1) The first class of constraints is aerodynamic, such as prescribed
constant total lift coefficient C; (k) and minimum allowed pitching
moment C}, (k),

Cr(k) = CL(k), Cu (k) = Cyy (k) M

2) The second class of constraints is geometrical, impacting the
shape of the wing surface in terms of properties of sectional airfoils at
the prescribed wingspan locations: relative thickness (¢/c);, relative
local thickness (Ay/c);; at the given chord locations (x/c);; (beams

constraints), relative radius of leading edge (R /c);, and trailing-edge
angle 6;,

(t/c)i = (t/o)], (Ay/e)i; = (Ay/o)y;,

* .
91‘29,-, lzlv---vasv

(R/0)i = (R/o)}
j=1,...,Ngcli) (2

where N, is the total number of sectional airfoils subject to opti-
mization, Ngc(i) is the total number of beams constraints at section
i,and values (¢ /c)7, (Ay/c);‘j, 07, (R/c);,C;,and C}; are prescribed
parameters of the problem.

Thus, in the present work the total number of considered con-
straints N, is equal to

Nuws
Nes =2x K +3 % Ny + Y _ Npc(i)

i=1

In principle, the present optimization method allows for handling
a large number of constraints of different natures in addition to the
aforementioned ones.

As a gasdynamic model for calculating Cp, Cy, and C,, values,
the full Navier—Stokes equations are used. Numerical solution of
the full Navier—Stokes equations was based on a multiblock code
NES!? that employs structured point-to-point matched grids. The
code is based on the essentially nonoscillatory concept with a flux
interpolation technique'* that allows for accurate estimation of sen-
sitive aerodynamic characteristics such as lift, pressure drag, friction
drag, and pitching moment.

The code ensures high accuracy of the Navier—Stokes compu-
tations and high robustness for a wide range of flows and geo-
metrical configurations. The high performance of NES was sys-
tematically demonstrated by testing it in a wide range of aerody-
namic configurations of different complexity: from one-element
two-dimensional airfoils (such as NACAO012 and RAE2822)
through the ONERA M6 wing, transport-type supercritical wings,
and ARA M100 wing-body geometry'® to complex wing—body—
nacelle—pylon DLR-F6 aircraft configurations.'

III. Optimization Method

In this section, we briefly describe the optimization method de-
veloped by the authors at IAIL. The method forms the basis for the
optimization tool OPTIMAS. A detailed description of the method
may be found in Refs. 16 and 17.

The optimization technique employed genetic algorithms (GAs)
in combination with a reduced-order models (ROM) method based
on local databases obtained by full Navier—Stokes computations.
The main features of the present multipoint optimization method
include a new strategy for efficient handling of nonlinear constraints
in the framework of GAs, scanning of the optimization search space
by a combination of full Navier—Stokes computations with the ROM
method, and multilevel parallelization of the whole computational
framework, which efficiently makes use of computational power
supplied by massively parallel processors.

As a basic algorithm, a variant of the floating-point GA (Ref. 18)
is used. The mating pool is formed through the use of tournament se-
lection. We employ the arithmetical crossover, the nonuniform real-
coded mutation defined by Michalewicz,'® a distance-dependent
mutation operator,'® and the elitism principle.

In the considered optimization problem, the presence of con-
straints has a great impact on the solution. This is because the opti-
mal solution does not represent a local minimum in the conventional
sense of the word. Instead, it is located on an intersection of hyper-
surfaces of different dimensions, generated by linear and non-linear
constraints. Additionally, the problem of finding such an extremum
is essentially complicated by the fact that these hypersurfaces, which
bound the feasible search space, are not known in advance and may
possess irregular topology.

For example, it is quite clear that in the problem defined in Sec. II,
with no constraints imposed on the wing thickness, the optimal wing
should be infinitely thin. Thus, it is aerodynamically expected that
in the case of the thickness-constrained optimization, the optimal
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wing will possess the minimum allowed thickness. This implies
that the optimal point should reside exactly on the corresponding
hypersurface.

In the case of constraints, imposed on the aerodynamic charac-
teristics such as pitching moment C),, the situation is even less
controlled. Similar to the preceding example, the optimal solution
should be found exactly on the constraint boundary. However, con-
trary to the case of geometrical constraints, the determination of the
boundary is a much heavier computational problem. For geomet-
rical constraints, the feasibility test is computationally very cheap,
whereas in the case of aerodynamic constraints, the corresponding
test requires a full (computationally heavy) CFD run.

Unfortunately, in their basic form, GAs are not capable of han-
dling constraint functions limiting the set of feasible solutions. To
resolve this, a new approach is suggested that can be basically out-
lined as follows. (For further details see Ref. 20.)

1) Change the conventional search strategy by employing search
paths that pass through both feasible and infeasible points (instead of
the traditional approach where only feasible points may be included
in a path).

2) To implement the new strategy, it is proposed to extend the
search space. This requires the evaluation (in terms of fitness) of
the points that do not satisfy the constraints imposed by the op-
timization problem. A needed extension of an objective function
may be implemented by means of GAs due to their basic property:
Contrary to classical optimization methods, GAs are not confined
to only smooth extensions.

One of the main weaknesses of GAs lies in their poor compu-
tational efficiency. This prevents their practical use in cases where
the evaluation of the cost function is computationally expensive as
happens in the framework of the full Navier-Stokes model, even in
the two-dimensional case.

To overcome this, we introduce an intermediate computational
agent: a computational tool that, on the one hand, is based on a
very limited number of exact evaluations of an objective function
and, on the other hand, provides a fast and reasonably accurate
computational feedback in the framework of a GA search.

In this work, we use ROM approach in the form of local approx-
imation method (LAM). With the ROM-LAM, the solution func-
tionals that determine a cost function and aerodynamic constraints
(such as pitching moment, lift, and drag coefficients), are approxi-
mated by a local database. The database is obtained by solving the
full Navier—Stokes equations in a discrete neighborhood of a basic
point positioned in the search space.

To ensure the accuracy and robustness of the method, a multido-
main prediction—verification principle is employed. That is, on the
prediction stage, the genetic optimum search is concurrently per-
formed on a number of search domains. As the result, each domain
produces an optimal point, and the whole set of these points is ver-
ified (through full Navier—Stokes computations) in the verification
stage of the method. Thus, the final optimal point is determined.

To ensure the global character of the search, it is necessary to
overcome the local nature of the preceding approximation. For this
purpose, it is suggested that iterations be performed 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 an optimization
step).

One of key difficulties in the implementation of optimization
algorithms arises because, roughly speaking, each CFD run requires
a different geometry and, therefore, the construction of a new com-
putational grid. For novel complex geometries, meshes are generally
constructed manually, which is very time consuming.

To overcome this obstacle and maintain the continuity of the
optimization stream, we made use of the topological similarity of
geometrical configurations (involved in the optimization process)
such that the grids are constructed by means of a fast automatic
transformation of the initial grid that corresponds to the starting
basic geometry.

The problem of optimization of aerodynamic shapes is very time
consuming because it requires a huge amount of computational
work. Each optimization step requires a number of heavy CFD runs,

and a large number of such steps is needed to reach an optimum.
Thus, the construction of a computationally efficient algorithm is
vital for the success of the method in an engineering environment.

To achieve this goal, a multilevel parallelization strategy®' was
used. Itincludes parallelization of the multiblock full Navier—Stokes
solver (see Ref. 22), parallel evaluation of objective function, and,
finally, parallelization of the optimization framework.

From the industrial viewpoint, the optimization method by itself
(described in the preceding section) only forms a basis for the de-
sign cycle optimization process. To be successfully incorporated
into practical aerodynamic design, it must be complemented by ad-
ditional tools, which should ensure the continuity and the technical
feasibility of the overall procedure in terms of accuracy, robustness,
cost, and time schedule. Thus, we deal with a technology that should
ensure the achievement of the preliminary design cycle goals.

Over the course of the entire technology cycle, from the very be-
ginning to final production, the geometry of the aerodynamic shape
is the main object of continuous modification. With this end in view,
the preceding requirements to the preliminary design technology
must be reformulated in terms of shape modification.

Specifically, the technology process may be divided into a num-
ber of successive stages. In each stage, the ouput geometry of the
preceding stage constitutes an input geometry to the next stage.

For example, the final geometry coming from the conceptual de-
sign cycle is an initial geometry to the stage responsible for the
construction of computational grids. In this stage, the input format
is that of CAD, whereas the output format is that of CFD, and, thus,
it may vary to fit CFD specifications. Logistically, in the framework
of the considered technology, two types of operators are applied to
the geometry: the operator of shape modification and the operator
of change in the geometry format. To satisfy the earlier described
requirements of the design technology, it is necessary to ensure the
accuracy, robustness, low time, and low cost expenses for all of the
operators involved in the geometry handling.

For example, consider the operator of grid construction. Note that
every change in the geometry necessitates a new computational grid.
With the conventional approach, the grids are constructed manually
by means of commercially available grid generators. For a complex
configuration, the time needed for this operation is measured by
days. This manual technology is prohibitive where the number of
tested geometries is high. To make the operation feasible in terms
of time, it is crucial to reduce the manual labor to a minimum and
to perform a large share of grid construction in an automatic way.

Another example is the CFD analysis of tested shapes. Where the
number of runs involved in the preliminary design cycle is measured
by hundreds, the time needed for a single CFD analysis should not
be higher than a few hours. This means that a CFD tool used in the
design cycle should be computationally efficient while remaining
accurate and robust.

With the preceding requirements in view, the technology was
developed that allows accomplishment of the major objectives of
the preliminary design cycle. The description of this technology is
given step by step.

The first step is to get a CAD representation of the aircraft con-
figuration that comes from the conceptual design cycle. In our case,
this may be a Unigraphics or CATIA representation. The second
technology step is to prepare input data for the automatic optimizer
OPTIMAS.

In the framework of the second step, the first action is to extract the
geometry of the representative wing sections and the wing planform
in the format of Cartesian coordinates (x, y, z).

The next action is to determine the Bezier spline coefficients for
the aforementioned wing airfoils. This is performed automatically
by means of a simple numerical procedure developed at IAL This
procedure is based on solving a problem of minimization by means
of an efficient and robust genetic search.

The third action is to construct a computational wing grid that cor-
responds to the considered planform (needed for the CFD analysis
in the framework of OPTIMAS). This grid is also constructed auto-
matically starting from the universal wing grid that was developed
manually (using GRIDGEN software).
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This generic grid is of C—O structure, and it comprises
161 x 33 x 37 points in the chordwise, normal-to-surface, and
spanwise directions, respectively. Existing experience shows that,
due to a high-accuracy scheme employed in NES for full Navier—
Stokes simulation, such grids ensure the sufficient accuracy for op-
timization purposes (see Ref. 23).

The final (fourth) action is to determine the flight conditions at
the main and secondary design points, together with geometrical
and aerodynamic constraints. Thus, we obtain all of the information
required to form a single input file needed to start up the optimization
technology step.

The engineering practice shows that an aerodynamic engineer is
able to perform the above four actions and to prepare an input file
in 1-2 working days. (third)

The next technology step consists of running the optimizer
OPTIMAS. From the user viewpoint, the optimizer is a sort of the
black box and the user (an aerodynamic engineer) is not supposed
to tune the code by changing parameters of the optimizer.

Because as already mentioned the optimization code represents a
highly parallelized software package, a multiprocessor cluster is re-
quired for its implementation. Specifically at IAl, a cluster of MIMD
multiprocessors consisting of 228 nodes was employed. Each node
has two processors, 2-GB RAM memory, 512-kB level 2 cache
memory, and a full duplex 100-Mbps Ethernet interface. In total, this
cluster contained 456 processors with 456-GB RAM and 114 MB
level 2 cache memory.

One single-point optimization requires an overnight run on the
aforementioned cluster. For example, a three-point optimization,
which includes one main design point and two secondary design
points, may take as much as 1.5-2 days.

As soon as the optimization process completes, it is necessary to
attain aerodynamic data for the optimum shape (drag polars, Mach
drag divergence curves, etc.). To obtain these data, massive CFD
evaluations are required, and the overall time needed for this is
measured by several days.

Thus, approximately one week after a given design task has
been determined, the project management has at hand the optimal
wing geometry together with all of the needed related aerodynamic
data.

The aerodynamic analysis of the data obtained may result in a
partial modification of the design requirements. Specifically, sec-
ondary design points or their weight coefficients may be changed,
the specific values of the existing constraints may be modi-
fied, additional constraints may be placed on the wing config-
uration, etc. In this case, a new design task is determined, the
existing OPTIMAS input file is slightly modified, and the inter-
nal loop of optimization is repeated. In practice, 2-3 such opti-
mization processes are needed to obtain a wing that fully satis-
fies the project goals and, thus, to complete the third technology
step.

The next technology step consists of the incorporation of the
designed wing geometry into the full aircraft configuration. In this
step, the first action is to transform the output OPTIMAS format of
the optimized wing into an input CAD format. This is automatically
done by a special procedure that takes only a few seconds. The
second action consists of a CAD procedure that replaces the existing
wing with the modified one. This is performed manually and may
take up to several hours.

Finally, the full aircraft configuration is CFD tested to verify
the overall aerodynamic effect. The most time consuming parts of
this action are the construction of a new computational mesh for
the complete configuration, which may take a couple of days, and
the attainment of an extensive aerodynamic database by means of
CFD computations. This may take up to 1 week on a cluster of 456
processors fully dedicated to this task.

It is clear that the incorporation of the wing into the complete
aircraft may be performed in different ways even in the framework of
the existing conceptual design solution. Usually, several alternatives
are elaborated on with different aerodynamic trade-offs. Thus, the
successfull incorporation of the wing into the complete aircraft may
necessitate a number of CAD steps.

In summary, the cost of the described wing design technology in
terms of time and human resources may vary from four to six weeks
with a design team of 2-3 aerodynamicists.

IV. Analysis of Results

In this section we present a succession of various wing designs.
The first group of examples verifies the method by applying it to
two markedly different test cases.

The first test case is that of the European AEROSHAPE project
(a multipoint two-dimensional optimization of an RAE2822 air-
foil). This test case combines different flight conditions that impose
contradictory requirements on the optimal shape.

The second test case deals with the optimization of a classical
ONERA M6 wing in transonic conditions. The original ONERA
M6 wing was not designed for real flight, and so, in principle, it
can be rather easily improved in terms of drag. Nevertheless, this
test case is a challenging one due to a low aspect ratio of the wing
that results in an essentially three-dimensional flow behavior. This
makes almost prohibitive any approach based on the optimization of
two-dimensional airfoils followed by combining them in the wing
by the methods popular in applied aerodynamics.

The second group of designs deals with the optimization of iso-
lated wings. We have chosen two well-known wings: the wing of
DLR F4 configuration and the wing of a Dornier 728 aircraft.

A. Verification Studies

The first example of the verification was the following multipoint
optimization of an RAE2822 airfoil. The main design point was
M =0.734, C; =0.8, and Re=6.5 x 10° whereas the secondary
design points were M =0.754, C;, =0.74, and Re =6.2 x 10° and
M =0.680, C; =0.56, and Re =5.7 x 10°. The target was to min-
imize a weighted combination of total drag values at the design
points with the following weight coefficients: w; =0.5, w, =0.25,
and w; =0.25, respectively. The constraints were imposed on the
airfoil thickness and leading-edge radius, which cannot decrease.
The case served for verification purposes in a number of studies,
most recently performed within the European AEROSHAPE project
and presented in Ref. 24.

The comparison of drag reduction achieved by the current op-
timization tool OPTIMAS with the corresponding AEROSHAPE
results is summarized in Table 1.

Note that OPTIMAS achieves an essentially higher drag reduc-
tion, especially at the high transonic flight conditions. A detailed
analysis shows that this is attributed to a successful shock destruc-
tion that allowed for the elimination of most of the wave drag.

The second example deals with the application of OPTIMAS to
the design of ONERA M6 wing. The value of the relative thickness
was not allowed to be lower than that of the original ONERA M6
wing, whereas the value of the relative leading-edge radius was
allowed to be lower than the original one. The set of computational
grids contained three multigrid levels. Each level included eight
blocks. The total number of points in the fine level was close to
200,000.

This wing was employed as a three-dimensional optimization test
case by a number of authors. In this work, a comparison with results
presented by Weinerfelt?> and Nielson and Anderson®® was carried
out. In Ref. 25, the CFD driver was an Euler solver, whereas the
optimizer was gradient based. In Ref. 26, the CFD simulation was
that of the full Navier—Stokes gasdynamic model, and the optimizer
employed a discrete adjoint method. To allow for a consistent com-
parison, we performed the optimization at the design point C;, = 0.3
and M = 0.84 by both Euler and full Navier—Stokes CFD drivers.

Table 1 Drag reduction (counts) for multipoint transonic
test case, one aerodynamic count =0.0001

Design point OPTIMAS Ref. 24
M =0.734, C, =0.80 —59.0 —40.0
M =0.754,C =0.74 —103.0 —34.0
M =0.680, C;, =0.56 +2.0 +3.0
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The results of comparison are as follows. In Ref. 25 (Euler CFD
driver), an initial pressure drag of 153 aerodynamic counts was
reduced by 34 counts, to a level of 119 counts. In the present
Euler-driven optimization, the reduction of pressure drag was equal
to 53 counts (from the original 148.1 counts to 95.1 counts).

In Ref. 26 (a full Navier—Stokes driver), an initial total drag of 200
counts was reduced by 16 counts to alevel of 184 counts. The present
method (applied in the Navier—Stokes mode) yielded a reduction of
51 counts in the value of total drag (from 195.4 to 144.4 counts).

We may conclude that whereas the drag estimated by the fore-
going codes for the initial ONERA M6 configuration are close one
to another, the drag reduction by the present method is significantly
higher.

B. Optimization of DLR-F4 Wing

In the following text, we present the results of one- and multipoint
drag minimization of a DLR-F4 wing.?” The main design point was
Cp =0.5 and M =0.75. The secondary design points were chosen
atM =0.8(Cp=0.5)andat M =0.2 (C, = 1.42). The geometrical
constraints (per section) were placed on relative thickness, relative
leading-edge radius, and trailing-edge angle, as well as relative lo-
cal thickness at two fixed x/c locations (beams constraints). An
additional (aerodynamic) constraint was imposed on the value of
pitching moment. The values of all of the constraints were kept to
the level of the original DLR-F4 wing.

The design conditions and constraints are summarized in
Table 2. The corresponding optimal wing shapes are designated as
CaseDLR_1 and CaseDLR_2. The number of wing sections subject
to design was equal to three (root, crank, and tip).

The original wing possesses good lift vs drag characteristics at
the main design point M =0.75 and C, =0.5. The total drag value
at these conditions is Cp = 167 aerodynamic counts, whereas the
theoretical induced drag amounts to Cp = 110 counts, and the mini-
mum drag value Cp, is 50 counts. The analysis of the corresponding
pressure distribution shows that at the minimum Cp, point almost no
wave drag is present. This means that the minimum possible drag
value at C;, =0.5 is roughly estimated by 160 counts.

The one-point design enables exact achievement of this goal
(Cp =160 counts). The pressure distributions on the upper wing
surface are shown in Figs. 1 and 2 for the original and optimized

Table 2 DLR-F4 wing, optimization conditions and constraints

Ccy M w; Cy (t/on (t/c)2 (t/0)3
CaseDLR_1

0.500 0.75 1.0 —0.16 0.148 0.123 0.123
CaseDLR 2

0.500 0.75 0.75 —0.16 0.148 0.123 0.123

0.500 0.80 0.23 —0.17 0.148 0.123 0.123

1.420 0.20 0.02 —0.32 0.148 0.123 0.123

i

Fig. 1 Original DLR-F4 wing; pressure distribution on upper surface
of wing at M =0.75 and Cr, =0.50.

Fig. 2 Optimized DLR-F4 wing (CaseDLR_1); pressure distribution
on upper surface of wing at M =0.75 and Cy, = 0.50.
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Fig. 3 Original DLR-F4 wing, M =0.75 and Cr=0.5; chordwise
pressure distribution at wing crank station: ——, body geometry; A,
Cp upper surface; and v, C, lower surface.
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Fig. 4 Optimized DLR-F4 wing (CaseDLR_1), M =0.75 and C, =0.5;
chordwise pressure distribution at wing crank station: ——, body ge-
ometry; A, C, upper surface; and v, C, lower surface.

wing, respectively. The corresponding chordwise pressure distribu-
tions at a crank station are compared in Figs. 3 and 4. The improve-
ment in pressure distribution is evident even if it yielded a relatively
modest drag reduction.

Thus, the aerodynamic analysis of the wing optimized at the main
design point shows an improvement to the original wing. However,
at a higher Mach zone, the performance is degraded in terms of
drag: For example, at the same C; =0.5 and M =0.80, the drag
was augmented by 35 counts, from 205 to 240 counts. This means
that (at least in the current case) the single-point design does not
ensure good off-design Mach performance. To improve the design,
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it appeared necessary to perform a multipoint optimization with the
two secondary design points indicated earlier. The first of the addi-
tional design points is supposed to shift the Mach drag divergence
point to a higher Mach zone, whereas the second point is required
not to deteriorate the maximum lift value at the takeoff conditions.

The results of the corresponding three-point optimization
(CaseDLR_2) are presented in Figs. 5—15. The multipoint optimiza-
tion slightly improved the drag at the main design point, whereas
at M =0.8 and C;, =0.5 the drag reduction was equal to 22 counts
(from the original 205 counts down to 183 counts). This is shown in

-
i

Fig. 5 Original DLR-F4 wing; pressure distribution on upper surface
of wing at M =0.80 and Cr, =0.50.

Fig. 6 Optimized DLR-F4 wing (CaseDLR_2); pressure distribution
on upper surface of wing at M =0.80 and Cy, =0.50.
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Fig. 7 Original DLR-F4 wing, M =0.8 and Cy =0.5; chordwise pres-
sure distribution at wing crank station: ——, body geometry; A, C,
upper surface; and v, C, lower surface.
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Fig. 8 Optimized DLR-F4 wing (CaseDLR_2), M =0.8 and Cy, =0.5;
chordwise pressure distribution at wing crank station: ——, body ge-
ometry; A, C, upper surface; and v, C, lower surface.
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Fig. 9 DLR-F4 wing, drag polars at M =0.75; one- and three-point
optimizations vs original wing.
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Fig. 10 DLR-F4 wing, drag polars at M =0.80; one- and three-point
optimizations vs original wing.
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Fig. 11 DLR-F4 wing, Mach drag divergence curve at Cr=0.50;
one- and three-point optimizations vs original wing.
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Fig. 14 Optimized DLR-F4 wing (CaseDLR_2), crank shape.

Figs. 5-8, where the pressure distribution on the upper surface of the
wing and the chordwise pressure distribution at a crank station of the
original wing are compared to those of the optimal one at M = 0.80.
Note that the optimization resulted in the destruction of the original
lambda shock and essentially decreased the shock strenth.

Lift/drag curves at M =0.75 and 0.80 are shown in Figs. 9 and
10. At M =0.75, the one-point optimization improved the lift/drag
performance in the whole range of lift coefficients between C;, = 0.1
and 0.6. As for the three-point optimization, its polar at M =0.75,
which is close to the original one, possesses a slight but consistent
improvement (about 1 count) in the vicinity of the design point. In
the same time, the comparison at M =0.80 demonstrates a clear
superiority of the multipoint optimization shape over both the one-
point optimization shape and the original wing.

The multipoint optimization slightly improved the drag value at
the main design point while considerably extending the low drag
zone at C;, =0.5 from M =0.77 to 0.80 and slightly improving
C™ at takeoff conditions.

C. Optimization of Dornier-728 Wing

In this section we present the results of one- and multipoint drag
minimization of Dornier-728 wing.?® The main design point was
C;, =0.5 and M =0.78. The secondary design points were cho-

Table 3 Dornier-728 wing, optimization conditions and constraints

c3 M w; cr (/o) (t/c)2 (t/c)3
CaseD728_1

0.500 0.78 1.0 —0.130 0.142 0.119 0.104
CaseD728_2

0.500 0.78 1.0 —-0.072 0.142 0.119 0.104
CaseD728_3

0.500 0.78 0.75
0.500 0.80 0.23

—0.072 0.142 0.119 0.104
—0.082 0.142 0.119 0.104

1.190 0.20 0.02 —0.12 0.142 0.119 0.104
0.1
L ~
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Fig. 15 Optimized DLR-F4 wing (CaseDLR_2), tip shape.

3

i

Fig. 16 Original Dornier-728 wing; pressure distribution on upper
surface of wing at M =0.78 and C;, =0.50.

sen at M =0.8 (C;, =0.5) and at M =0.2 (C; =1.19). Similar to
DLR-F4 wing, the geometrical constraints were imposed on thick-
ness, leading-edge radius, and trailing-edge angle alongside two
beam constraints per section. An additional (aerodynamic) con-
straint was placed on the pitching moment.

Design conditions and constraints are summarized in Table 3. A
total of three optimizations were performed: two single-point op-
timizations and a three-point optimization. The number of wing
sections subject to design was equal to three (root, crank, and tip).
The single-point optimizations differ in the value of Cj,. The first
of the optimizations allowed for a loose pitching moment, whereas
the second optimization (and the multipoint one) kept the pitching
moment to the level of the original wing. The corresponding opti-
mization cases are designated from CaseD728_1 to CaseD728_3.

The main design point lies in a high transonic range, where the
flow over the original wing developes a strong shock (Fig. 16).
The one-point optimization (CaseD728_1) eliminated the shock
(Fig. 17). The corresponding chordwise pressure distributions are
given in Figs. 18 and 19, respectively.

At these design conditions, a reduction of 32.6 counts was
achieved (out of initial 213.7 counts). The minimum possible drag
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Fig. 17 Optimized Dornier-728 wing (CaseD728_1); pressure
distribution on upper surface of wing at A =0.78 and Cy, =0.50.
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Fig. 18 Original Dornier-728 wing, M =0.78 and C1 =0.5; chordwise
pressure distribution at wing station y/b = 0.35: ——, body geometry;
A, Cp upper surface; and v, C, lower surface.
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Fig. 19 Optimized Dornier-728 wing (CaseD728_1), M =0.78 and
Cr. =0.5; chordwise pressure distribution at wing station y/b=0.35:
——, body geometry; A, C, upper surface; and v, C, lower surface.

value at this lift coefficient value is about 180 counts, which is prac-
tically identical to the drag of the optimized wing.

In this optimization case, the value of the pitching moment was
allowed to travel rather far from that of the original wing. It was
interesting to estimate the influence of this constraint on the results
of optimization. A more restrictive pitching moment constraint
(C3, =—0.07) placed on the optimization in CaseD728_2 resulted
in a decrease in drag reduction: In this case, the total drag of the
optimized wing is equal to 189.7 counts compared to 181.1 counts
in CaseD728_1.

e

Fig. 20 Optimized Dornier-728 wing (CaseD728_3); pressure
distribution on upper surface of wing at M =0.78 and Cy, = 0.50.

cp zic
-16 04

-

& | e84

& Rl LN N
0s 022 4

N @ LWy

& & a/

a s,
"2} ‘.A&A
| TEY VT UTVYY

n A A4 v
00 002 |, govy?v¥ o

A | %]

3 7w et
08 —uzg
16 -04 XIC

00 02 04 06 08 10
Cp

Fig. 21 Optimized Dornier-728 wing (CaseD728_3), M =0.78 and
C1, =0.5; chordwise pressure distribution at wing station y/b = 0.35.

The off-design performance of the optimal shape of CaseD728_1
was satisfactory in terms of lift and drag characteristics, but it
possesses too a high value of negative pitching moment. On the other
hand, the optimization of CaseD728_2 has a suitable value of pitch-
ing moment due to the imposition of the corresponding constraint,
but its takeoff performance deteriorated compared to that of the orig-
inal wing. To ensure good design and off-design characteristics of
the wing, we performed a multipoint optimization (CaseD728_3).

The results of the optimization are as follows: At the main design
point (C;, =0.5 and M = 0.78), the total drag of the optimized wing
was equal to 192.8 counts, a value close to that of CaseD728_2. The
corresponding pressure distribution on the upper surface of the wing
is shown in Fig. 20, whereas the chordwise pressure distribution at
a section close to the wing crank is shown in Fig. 21.

At the high-Mach secondary design point the drag amounts to
212.6 counts (compared to 244.1 counts of the initial wing and
216.7 counts of the CaseD728_2 shape). As seen from pressure dis-
tributions of Figs. 2225, the original shock strength was diminished
by the multipoint optimization.

The overall behavior of the optimized wings vs the original one
is presented in Figs. 26-29. The lift/drag polar curves at M =0.78
(Fig. 26) and at M =0.80 (Fig. 27) show that the optimization al-
lowed the improvement of aerodynamic performance at high lift
coefficients (C, > 0.4) without degrading the performance at lower
Cy.

As for the Mach drag rise curves at cruise C, =0.5 (Fig. 28),
the multipoint optimization resulted in a shift of the Mach drag
divergence point to a higher Mach zone (from the original M =0.76
to 0.80).

It was expected that the inclusion of the takeoff design point
into the multipoint optimization should at least preserve the wing
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Fig. 22 Original Dornier-728 wing; pressure distribution on upper

surface of wing at M =0.80 and C;, =0.50.
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Fig. 26 Dornier-728 wing, drag polars at M =(.78; one- and three-
point optimizations vs original wing.
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high-lift characteristics at low Mach numbers. Indeed, the analysis
of results confirmed this assumption (Fig. 29). In fact, the lift curve 200 o e
of the optimized wing is slightly better than the original one. S Ea—
Finally, comparison between the optimized wing shapes 150
0.6 0.65 0.7 0.75 0.8
Mach

(CaseD728_1 vs CaseD728_3) is shown in Figs. 30-32. The sec-
tional airfoils corresponding to CaseD728_1 are predictably more
cusped due to a greater allowed loading of the trailing-edge region of

the wing (prompted by a weaker constraint on the pitching moment). Fig. 28 Dornier-728 wing, Mach drag divergence curve at Cy, =0.50.
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Fig. 29 Dornier-728 wing, Cy, vs angle of attack at M =0.20.
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Fig. 30 Optimized Dornier-728 wing, CaseD728_1 vs CaseD728_3, root
shape.
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Fig. 31 Optimized Dornier-728 wing, CaseD728_1 vs CaseD728_3,
crank shape.
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Fig. 32 Optimized Dornier-728 wing, CaseD728_1 vs CaseD728_3, tip
shape.

V. Conclusions

A new method for optimization of aerodynamic shapes is applied
to the multipoint design of three-dimesional transport-type wings.
The method is based on CFD-driven constrained optimization to
minimum drag through the use of the optimization tool OPTIMAS
recently developed by the authors. The algorithm includes an effi-
cient treatment of nonlinear constraints in the framework of GAs
and scanning of the optimization search space by a combination of

full Navier—Stokes computations with the ROM method, along with
an efficient multilevel parallelization strategy. The results show that
the multipoint multiconstrained optimization allows for essential
improvements in aerodynamic performance at design and off-design
flight conditions.
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