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Hybrid Inverse Airfoil Design Method for Complex
Three-Dimensional Lifting Surfaces

Ashok Gopalarathnam®
North Carolina State University, Raleigh, North Carolina 27695

and

Michael S. Selig’
University of lllinois at Urbana—Champaign, Urbana, Illinois 61801

A method is presented for inverse design of airfoils for complex three-dimensional wings in incompressible flow.
The method allows for prescription of inviscid velocity distributions over different cross sections of the wing in a
multipoint fashion. A hybrid approach is used to determine the shapes of the wing cross sections that satisfy the
design specifications. The airfoils forming the cross sections of the wing are generated using an inverse code for
isolated airfoil design. A three-dimensional panel method is then used to obtain the velocity distributions over the
resulting wing. The isolated airfoil velocity distributions are then used as design variables in a multidimensional
Newton iteration method to achieve the design specifications on the wing. The method is particularly useful for
complex geometries such as junctures, where three-dimensional and interference effects have to be accounted for
in the design process. A key feature of the design method is a scheme to avoid using the panel method for sensitivity
computations for the Newton iterations. This scheme not only results in significant reductions in computation
time but also enables the integration of any readily available three-dimensional analysis code in executable form.
Examples are shown to demonstrate the usefulness of the method.

Nomenclature

airfoil lift coefficient, chord =1

airfoil/section chord

vector containing the residuals

Jacobian matrix

number of design variables

= airfoil/section velocity nondimensionalizedby the
freestream velocity

desired value for the velocity difference over a segment
angle of attack, deg

velocity difference over a segment normalized by the
freestream velocity

vector containing the corrections to the design variables
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Subscripts

index of design variable for the Newton iteration
property associated with the wing root

property associated with the wing tip

property associated with the wing

property associated with an airfoil in isolation

= property associated with a cross section of a
three-dimensionallifting surface
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Introduction

HYBRID method has been developed for wing design. The
method uses an approach similar to the one developed by the

Presented as Paper 99-0401 at the ATAA 37th Aerospace Sciences Meet-
ing and Exhibit, Reno, NV, 11-14 January 1999; received 29 March 1999;
revision received 29 January 2002; accepted for publication 1 February
2002. Copyright © 2002 by Ashok Gopalarathnam and Michael S. Selig.
Published by the American Institute of Aeronautics and Astronautics, Inc.,
with permission. Copies of this paper may be made for personal or internal
use, on conditionthat the copier pay the $10.00 per-copy fee to the Copyright
Clearance Center, Inc., 222 Rosewood Drive, Danvers, MA 01923; include
the code 0021-8669/02 $10.00 in correspondence with the CCC.

*Assistant Professor, Department of Mechanical and Aerospace Engineer-
ing, Box 7910; ashok_g @ncsu.edu. Member AIAA.

fAssociate Professor, Department of Aeronautical and Astronautical En-
gineering, 306 Talbot Laboratory, 104 S. Wright Street; m-selig@uiuc.edu.
Senior Member ATAA.

409

authors for inverse design of multielementairfoils' in potential flow,
which was subsequentlyextended to handle viscousinverse design .2
This multielement airfoil design method uses a novel hybrid ap-
proach by coupling an isolated airfoil design code®* (PROFOIL)
with a two-dimensional panel method. The inverse airfoil design
code is used to design the elements of the multielement airfoil in
isolation, and the panel method is then used to analyze the result-
ing multielement airfoil. An integral boundary-layermethod is then
used to obtain the boundary-layer developments on the individual
elements. By using a multidimensional Newton iteration procedure,
the design variables associated with the isolated airfoil design are
adjusted to achieve desired velocity and boundary-layer prescrip-
tions on the elements of the multi-element airfoil. A key feature of
the method is a scheme for rapid computation of the Newton itera-
tion sensitivities without using the panel method. This scheme was
developed based on the observation of similarities' in the changes
in velocity distributionsfor an airfoil in isolation and as a part of the
multielement airfoil. The hybrid approach as well as the sensitiv-
ity computation scheme enable rapid, interactive design even with
several multipoint viscous prescriptions?

Several experiences with successful applications of the isolated
airfoil design method>® and the more recent hybrid approach
for rapid, interactive multielement airfoil design’ have naturally
prompted the question of whether such an approach can be used for
designing complex three-dimensional wings. This paper presents
the extension of the hybrid approach to three-dimensional aero-
dynamic systems. More specifically, the current work describes a
potential-flow method for designing the shapes of wing cross sec-
tions to achieve multipoint prescriptions in velocity distributions.
For this purpose the isolated airfoil design code®* (PROFOIL) is
used to generate the airfoils that form the cross sections of the three-
dimensional aerodynamic system, and a three-dimensionalanalysis
method (the panel method PMARC/CMARC?®? in this paper)is used
to analyze the resulting wing system. The variables associated with
the design of the airfoils in isolation are then adjusted to achieve
the prescriptionson the wing cross sections. The paper shows that,
as with the multielement airfoil design problem, there are similar-
ities in the velocity-distribution changes for an airfoil in isolation
and as part of a complex three-dimensional system. This similarity
is used to an advantage to avoid repeated panel method analyses
for the sensitivity computation via finite differencing. Instead, the
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sensitivitiesare computed directly during the isolated airfoil design,
saving computational time. In addition, this sensitivity computation
scheme enables easy integration of any three-dimensional analysis
method in executable form in the current design code.

Itis illustrativeto compare the current approach to the design ap-
proachesusedin existing three-dimensionalinverse design methods.
In a broad sense inverse design methods for wings can be classified
into two categories: 1) methods for spanwise design,'°~!> which
are frequently used to minimize induced drag or specify spanwise
properties such as circulation, lift coefficient, or downwash varia-
tions (The design variables for these methods are usually spanwise
variations of chord, twist, or other such geometric properties.); and
2) methods for specifying desired chordwise velocity distributions
at several sections along the wing.

In the current work the emphasis is on methods for chordwise
inverse design to provide airfoil shapes that when used as cross
sections for the three-dimensional wing will provide desired veloc-
ity distributions on the wing. It is intended that the current design
method be used in conjunction with a method for spanwise inverse
design. The spanwise variations of chord, twist, etc., are provided
as inputs to the current method, and they remain unaltered during
the inverse design.

The methods currently in existence for chordwise inverse design
typically use the following steps in the design process:

1) Start with initial shapes for the airfoils.

2) Obtain the velocity distributionsover the wing using an appro-
priate analysis method.

3) Compare the velocity distributions from step 2 with the target
distributions prescribed by the designer.

4) Use the difference in the velocity distributions to predict the
changes in airfoil shapes necessary to better match the prescribed
velocity distributions.

The methods typically loop through steps 2-4 until convergence
is achieved.

A relatively early example of a such a design method is that of
Bristow and Hawk.!!* In theirmethod a panel methodis firstused to
analyze the baseline configuration. To predict the effect of changes
in geometry (step 4), a matrix containing the partial derivatives of
the potential at each point with respect to each geometry parameter
is used to compute the new potential and subsequently the new
velocities. These derivatives of the potential are computed using a
first-order expansion to the panel-method equations. A more recent
designmethod has been publishedby Campbell and Smith'® in 1987
for transonic wings and later extendedin 1992 to wing-body-nacelle
configurations.'® In this method an algorithm that relates changes
in local velocity to changes in surface curvature is used in step 4
to compute the changes in airfoil shapes required to better match
the target velocity distribution. A transonic small-disturbance code
thatcan handle complex three-dimensionalgeometriesis used as the
analysismodule. Other examplesare an inverse method for transonic
wing design!” and the more recent method of Hassan and Charles'®
for the design of airfoils for helicopterrotor blades.

The current method takes a slightly differentapproach. Instead of
specifyingvelocity distributionsfor an entire wing cross section, the
airfoilsthat form the cross sectionare divided into several segments.
Over the segments selected by the designer, the desired velocity dis-
tribution for the wing along with the design condition (wing angle
of attack) are prescribed. By using this approach, the difficulties
that are sometimes associated with the specification of the velocity
distribution for an entire cross section (such as the need to accu-
rately guess the stagnation-pointlocation) are avoided. In addition,
multipoint specifications are possible. That is, certain segments of
the wing can be designed for one angle of attack, while some other
segments can be designed for a different angle of attack. Such a
multipoint method avoids the tedium that is frequently associated
with designing at a single condition and determining the off-design
behavior via postdesign analysis.

The following sections provide a brief description of the current
design method and the novel approach to sensitivity computation.
It must be mentioned that the layout of the discussionin these two
sections are similar to the corresponding sections in the papers on

the multielementairfoil design method.!? They have, however, been
adapted and included here for completeness. Three example design
problems are then presented to demonstrate the method.

Design Methodology

As mentioned earlier, the current three-dimensional inverse de-
sign method IWING uses a hybridapproachby coupling the isolated
inverse airfoil code PROFOIL>* with a three-dimensional analysis
method. In the current paper the panel code CMARC? is used as
the three-dimensional analysis method. The following subsections
briefly describe the relevant features of PROFOIL and CMARC. A
subsection on IWING then describes the coupling of the CMARC
code with PROFOIL for inverse design of wing cross sections.

PROFOIL

PROFOIL is an inverse airfoil design method®* based on con-
formal mapping. In the method the airfoil is divided into several
segments. The method allows specification of a velocity difference
AV ,p (for the airfoil in isolation) over each segment along with a
design C,; for that segment. Figure 1 shows the definition of AV
as used in this paper. In addition, it is also possible to specify a
nonlinear velocity distribution over the segment** for the airfoil in
isolationby defining a fixed number of nodes through which a spline
is passed.

An important feature of the method is the multidimensional
Newton iteration scheme. The scheme allows the designer to se-
lectively give up control on some of the parameters used in confor-
mal mapping and in the isolated airfoil design in order to achieve
specified values for other design specifications. For example, it is
possible to vary the values of the design angles of attack for all seg-
ments on the upper surfaceto achieve a desired maximum thickness,
while varying the corresponding values for segments on the lower
surface to achieve a desired value of the maximum camber. Thus,
multipoint specification can be handled. Also the velocity differ-
ence AV over any segment or the velocity values at the nodes of a
segment with a nonlinear velocity specification can be selected for
iterationin the Newton method. The power and flexibility of this in-
verse design method has been used in several applicationsincluding
the design of high-lift airfoils’ for low-Reynolds-numbersapplica-
tions and the design of families of natural-laminar-flow airfoils® for
low-speed applications.

CMARC

CMARC? is an enhanced, C-language version of the well-known
three-dimensional panel-code PMARC? version 12, which was
developed at the NASA Ames Research Center. CMARC is a
low-order panel code for solving flows around arbitrary three-
dimensional configurations in inviscid, incompressible flows. The
surface of the three-dimensional wing/body is divided into several
panels. Constant-strength source and doublet distributions are as-
sumed over each panel. Wakes are shed from the trailing edges of
wings and are also discretizedinto panels thathave constant-strength
doubletdistributions. The matrix solution is performed using a fast,
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Fig. 1 Definition of AV for a 1
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iterative solver'® that does not require the whole influence coeffi-
cient matrix to be stored in memory.

Although CMARC has the capability for time stepping the wakes
to simulate wake roll up, an initial, rigid wake was used for all of
the examples in this paper, and no time stepping was done to keep
the time for each analysis as short as possible.

IWING

The following sequence of steps provide an overview of the ap-
proach used in the currentdesign method in coupling PROFOIL and
CMARC for achieving desired velocity distributionson wing cross
sections.

1) Generate the individual airfoils for the wing cross sections
using PROFOIL.

2) Scale and position the resulting airfoils according to the spec-
ified wing geometry.

3) Analyze the wing using CMARC, and obtain the inviscid ve-
locity distributions over the cross sections at the various operating
points. The section velocity distributions are obtained by neglect-
ing the spanwise components of the surface velocity normal to the
section.

4) Compare the inviscid velocity difference A V3, over the design
segments on the wing with the correspondingspecifications. Itis un-
likely,however,thatthese A V;, values will match the specifications.

5) Adjust the isolated airfoil velocity difference AV, for each
design segmentusing a Newton iteration scheme to achieve desired
values of the wing A V3 over the corresponding segments.

It must be mentioned that the isolated airfoil C; at which the ve-
locity difference AV;p is evaluated in step 5 is determined by the
requirement that the stagnation points on the isolated airfoil and on
the corresponding section of the wing occur at the same geometric
location for the wing operating point under consideration. As de-
tailed in Ref. 20, this requirement is necessary, particularly when
considering segments close to the leading edges of the sections.

The design methodology for the inverse wing design approach is
first illustrated using a low-aspect-ratioplanar wing as an example.
Itis emphasized that this wing and other wings in this paper merely
serve as examples and are not intended for any application. Figure 2
shows the planform of the low aspect ratio wing used for the first
example. This wing has an aspectratio of 2.67 and has zero dihedral.
Two operating conditions are considered. The first correspondsto a
wing angle of attack of 3.6 deg, and the second corresponds to an
angleof attackof 9.4 deg. For this example two cases are considered.
The first focuses on the segment r on the upper surface of the root
section at the first operating condition, and the second case focuses
on the segment ¢ on the lower surface of a section at 95% semispan
(close to the tip) at the second operating condition. In each case the
isolated airfoil velocity difference AV,p over the segmentis varied
to study its effect on the velocity distributions over the two wing
cross sections under consideration, in particular the AV;p over the
corresponding segments.

Figures 3a-3e show the results of varying AV, for the segment
r on the upper surface of the wing root. Figure 3a shows the three
geometries and velocity distributions for the root airfoil in isolation
with AV,p, =—0.1, 0, and +0.1 and C, =0.9. Figure 3b shows
the geometry and velocity distributionfor the tip airfoil in isolation.

Root section
Segment r

T

Fig. 2 Planform of the base-
line low-aspect-ratio planar
wing used to illustrate sensitiv-
ities.

Tip section
oo

Segment ¢

Root airfoil, CI =0.9

Tip airfoil, CI =1.1

[T\

Root section Tip section
0.5
o, = 3.6 deg o, = 3.6 deg
0
0 05 xc 10 0.5 xic 1
d) e)

Fig. 3 Case 1: Velocity distributions over the a) root airfoils and b) tip
airfoilin isolation,c) wing geometries, and velocity distributionsover the
wing d) root sections and e) tip sections at the first operating condition.

Figure 3c shows the three resulting wings. As seen in the figure,
the tip airfoil is left unchanged for this case. Figures 3d and 3e
show the three corresponding velocity distributions for the root and
the tip sections of the wings at the first operating condition. The
similarity in trends in the velocity distributions for the three isolated
root airfoils and the correspondingroot sections illustrates that the
isolatedairfoil velocitydistributionis an effectivedesign variable for
the velocity distributionover the correspondingsection on the wing.
In spite of the low aspect ratio of the example wing, it is seen that
changing the AV;p for a segment results in a change in the AV;p
for the corresponding segment on the wing, with little change in
the velocity distribution over other portions of the wing that have a
different airfoil.

Figures 4a-4e show the results of varying AV,p, for the seg-
ment on the lower surface of the tip airfoil, with the root airfoil left
unchanged. In this case the velocity distributions for the root and
tip sections (Figs. 4d and 4e) correspond to the second operating
condition. Again, the similarity in trends between the velocity dis-
tributions on the three isolated tip airfoils and on the corresponding
tip sections is clearly seen.

Figures 5a and 5b show the changes in AV;p, and AV;p, re-
sulting from perturbationsto AV;p ,, with AV,p , kept unchanged
at 0. Similarly, Figs. 5c and 5d show the changes in AV;p, and
AVip, resulting from perturbations to AV,p,, with AV,p . kept
unchanged at 0. Inspection of Figs. 5a-5d yields the following ob-
servations. First, perturbations to AV,p for a particular segment
result in an almost equal change in AV;p for the same segment,
that is,
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Root airfoil, CI =09

Tip airfoil, G, = 1.1

Root section Tip section
15
\
1
0.5[
ocw=9.4 deg
0
0 05 xkc 10 05 xic 1
d) e)

Fig. 4 Case 2: Velocity distributions over the a) root airfoil and b) tip
airfoils in isolation, ¢) wing geometries, and velocity distributions over
the wing d) root sections and e) tip sections at the second operating
condition.
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where O(1) denotes “of the order of 1.” Second, the cross-coupling
effects, such as the change in AV;p for a segment on one section
resulting from a perturbation to AV,p for a segment on an other
airfoil, are comparatively small, that is,

0A V3D.r 0A V3D.r (3)
0AV,p, 0AV,p,
0AV;p, 0AV;p, @)
0AVp, 0AVp,

These two cases show that even for a low-aspect-ratio wing the
isolatedairfoil velocity difference AV, for asegmentis an effective
design variable for the A V5p for the corresponding sections on the
wing.

The second example presents the similarity in trends in the veloc-
ity distributionsfor a complex nonplanar wing. For this example the
nonplanar wing shown in Fig. 6 is used. In this example the AV;p
on a segmenton the upper surface of the wing airfoil (airfoil B in the
figure) at the wing-winglet juncture is varied to study its effect on
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Fig. 5 Changesin AV;3p , and AV3p , resulting from perturbations to
AVZD,r and AVZD,t-

Airfoil C —

Airfoil C |
Airfoil C =< ]

Airfoil B Airfoil A

a) Front view

Airfoil A

b) plan view

Fig. 6 Nonplanar wing used to illustrate sensitivities.

the velocity distributionat a section close to the juncture at an angle
of attack o, of 10 deg. As shownin the figure, the juncture section is
formed by finding the contour resulting from the intersection of the
tip section of the wing and the root section of the winglet. Because
of the juncture geometry, the velocity distributionclose to the junc-
ture is significantly different from the velocity distribution over the
regions of the wing away from the juncture. This example, therefore,
demonstrates the need for an inverse method that can take into con-
sideration the complex three-dimensional effects of such junctures
while designing the shape of the juncture airfoils.

Figure 7a shows the isolated airfoil velocity distributions for air-
foil B with three values of AV, for the segment on the upper sur-
face. The corresponding three velocity distributions for the section
at the wing-winglet juncture are shown in Fig. 7b. A comparison
of the three velocity distributions for the airfoils in isolation and
for the sections at the juncture shows that the similarity in changes
in the velocity distributions observed earlier for the planar wing
example is also observed for this example with the more complex
juncture section. Figure 8 shows the changes in the AV3p for per-
turbations to AV, for the segment under consideration. As seen
from the figure, even for a segment close to a juncture, changes in
AV,p resultin a linear and an almost equal change in AV;p. This
example clearly demonstrates the foundations upon which the new
design method depends.

Thus, by using a multidimensional Newton iteration it is clearly
possible to control the A V;p, for several segments on the cross sec-
tions of a wing (each at a different operating point) simultaneously
using the values of AV, for the correspondingsegments as design
variables. Moreover, the direct and near linear connection between
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Airfoil B

Wing section
at juncture
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Fig. 7b  Velocity distributions
at the wing section close to the

Fig. 7a Geometries and veloc- Juncture.

ity distributions for the airfoil B.

a 0.1 T
o) .
> .
<
£ ok A ] Fig. 8 Changes in AVjp resulting
g from perturbations to AV,p for the
s : segment at the section close to the
< : :
: juncture.
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AV,p and AV;p istrueeven forregions where the three-dimensional
effects are high, such as on low-aspect-ratiowings and in complex
juncture regions as shown by the two examples.

Sensitivity Computation

Typically, a system of n nonlinear equations can be solved by an
n-dimensional Newton iteration, where a matrix equationis solved
during each step of the iteration. This matrix equationcan be written

aSZl

J-éx=—-F 5)

where F is an n-dimensional vector containing the residuals of the
functions f; to be zeroed, §x is the n-dimensional vector containing
the corrections required to the n design variables x; to bring the
vector F closer to zero, and J is the n x n Jacobian of the system
containing the gradient information. For each step of the iteration,
F and J are determined, and 8x is computed using Eq. (5). The
corrections are then applied to the design variables to bring the
residuals closer to zero.

The most obvious scheme to compute the Jacobian J would have
been to use finite differencing to evaluate the gradients numeri-
cally using the panel method. In this scheme, for an n-dimensional
Newton iteration the panel-method analysis would have to be per-
formed n times to determine the Jacobian just for a single step in
the iteration. The major shortcoming of this approachis that calcu-
lating the Jacobian by repeated panel-method analyses is computa-
tionally expensive, with the cost increasing with increasingnumber
of design variables and number of panels used for the panel-method
analysis. For instance, in the multielement airfoil design method! it
was demonstrated that for a design example with several multipoint
design prescriptions the CPU time was reduced by a factor of 32
from 16,586 s (4.6 h) to just 520 s (8.7 min) by an alternate scheme
that avoided using the panel method for computing the sensitivities.

This cost of repeated panel-method analyses for sensitivity calcu-
lations can perhaps be significantly reduced by not recomputing the
influence coefficient matrix (which determines the influence caused
by the doublet/source strength on a panel on the flow conditions at
another panel) during the gradient evaluations. However, with sev-
eral legacy three-dimensional panel codes this approach may not be
possible. In any case a method that can bypass having to perform
several panel-methodevaluationsis likely to be computationallyless
expensivethan the approachalready described.It is therefore worth-
while searching for an alternative scheme to compute the Jacobian
without using the panel method.

As done in the multielementairfoil design method,' the high cost
associated with obtaining gradient information through the panel
method can be bypassed by instead obtaining the approximate gra-
dient information using the isolated airfoil velocity difference over
the segments being considered. In other words, if y, is any design
variable associated with the design of the root airfoil, the gradient
is

aAVSD.r _ aAVSD.r aAV2D.r
y,  dAVy, dy,

(6)

Based on the results shown in Figs. 5a-5d, if we take dAV;p ./
dAV,p, =1 then Eq. (6) becomes

aAVSD.r ~ aAV2D.r (7)
ay, ay,
and similarly
0AVip, ~ 0AVsp, ®)
Ay Ay

These approximations to the gradients dAV,p,/dy, and
dAVyp,/3y, can now be computed directly during the design of
the isolated airfoil for the wing section under consideration,making
it unnecessary to use the panel method for gradient calculations.
Instead the gradient information is determined through the rapid
conformal mapping method used to generate the isolated airfoils.
The significance of the time savings resulting from this alternate
approach to sensitivity computation can be understood by noting
that a single CMARC analysis can take anywhere from ~10 s of
run time on a modern workstation for a simple geometry to a few
minutes for more complex geometries. In contrast, a single confor-
mal mapping calculationin PROFOIL takes just ~0.04 s of run time
and is independent of the complexity of the paneled geometry. As
shown in Ref. 22 for two-dimensional design problems, the present
method for computing the sensitivities is faster than computing the
sensitivitiesfrom a first-orderexpansion of the panel method as was
done by Bristow and Hawk.!*!* This faster sensitivity computa-
tion with the present method is primarily because there is no need
for additional computation of the matrices containing the first-order
expansion information with every full-panel-method computation.

Of course, by not using the panel method for computing the
Jacobian the terms coupling the root and tip sections remain un-
computed. In other words, for a design variable associated with the
root section y, the gradient 0 AV;p /9y, can be computed only by
using the panel method. This gradient can be expressed as

IAVip,  0AVsp, 0AVsp,
dy,  9AVap, 3y,

©)

Using Eqs. (3) and (4), however, we can make the approximation
that 9 AV;p, /0y, 0 and likewise dAV;p /3y, 0. Thus, in the
presentmethod the Jacobian is computed directly during the design
of the isolated airfoils for the wing sections. The panel-method
evaluationis necessaryonly for computing the residuals F, reducing
the number of panel-methodanalysesfromn + 1 to 1 foreachstep of
the Newton iteration. This reductionin the number of panel-method
evaluationsresults in significant savings in computational time. It is
emphasized that although the approximate gradients are computed
without using the panel method the residuals for every step of the
Newton iteration are still computed using the full panel method. It
is for this reason that the current design method will work even for
cases when there is a strong cross-coupling effect between design
segments on different sections. Such strong cross-coupling effects
can occur on low-aspect-ratiowings and design sections that are in
the vicinity of wing-wing junctures.

In addition, by notrelying on repeated panel-methodruns to com-
pute sensitivities to small changes in design variables (and hence,
small changes in the resulting airfoil shapes) it is not necessary to
pass information between PROFOIL and the panel method with a
very high precision. As aresult, the panel method does not have to be
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integrated with PROFOIL in subroutine form, butinstead can be ex-
ecutedusingasystemcall. Informationto and from the panel method
can then be passed by programming PROFOIL to write the input
files needed by the panel method, then execute the panel method
using a system command, and finally read the output of the panel
method to compute the AV;p for the different design segments.
This simplification in program integration has the important advan-
tage that an executable for a different three-dimensional analysis
method such as VSAERO can be easily substituted for the CMARC
executable used in the current implementation. The only effort re-
quired for such a substitution is that a routine for writing the input
file and another for reading the output of the new analysis method
need to be coded. It is well known that modern three-dimensional
aerodynamicanalysis codes are quite complex and have been devel-
oped and refined after several thousand man hours of effort. Thus,
by being able to “plug in” a ready-to-run executable for such an
analysis code the significant time and effort that would have other-
wise been spent in recoding and integrating the analysis code as a
subroutine are saved.

Demonstration

The current design approach is demonstrated using three exam-
ples. It is emphasized that none of these examples are intended for
any aircraft application; they were generated solely for the purpose
of demonstrating the method. The first example considers a nonpla-
nar wing at one wing angle of attack «,, and demonstrates how the
currentmethod can be used to achieve a desired velocity distribution
over a segment in a complex juncture region. The second example
demonstratesthe capability to achieve desired velocity distributions
on a section of a highly swept wing at two different wing angles of
attack «,,. The third example further illustrates the multipoint ca-
pability by using a joined-wing configuration and considering two
different segments each on a different wing and at a different «,, .

Figure 9 shows the geometry of the nonplanar wing used in the
first example. Also seen is the distributionof the panels used for this
demonstration. It must be mentioned that the “dished” appearance
of the wing geometry near the junctureis a visual illusion resulting
from the variation in the spanwise coordinates of the panel corner
points. As seen in Fig. 10, airfoil A is used on the wing from the
root to the 80%-semispan location. From this location the airfoils
blendto airfoil B at the wing-wingletjuncture. Airfoil C is used over
the entire winglet. The juncture is formed by finding the contour of
intersection of the wing tip and the winglet root sections.

Fig. 9 Geometry of the nonplanar wing used for the first example.

Airfoil C _D
Airfoil C J

Airfoil B Airfoil A Airfoil A
Fig. 10 Front view of the geometry with airfoils labeled.

— — — Wing section at root
05y — Wing section close T
to juncture
0 |
0 0.5 1
x/c

Fig. 11 Velocity distributions for two wing cross sections.

For the wing geometry used as the starting point for inverse de-
sign, airfoil B is taken to be identical to airfoil A. The wing is
analyzed at an «,, of 0 deg. Figure 11 shows the inviscid velocity
distributions for the wing sections at the root and at the juncture.
In examining the upper-surface velocity distribution for the root
section, it is seen that favorable velocity gradients exist to almost
0.7c. As expected, this velocity distribution for the root section is
nearly identical to the velocity distribution for the airfoil A inisola-
tion (not shown in the figure) at the section C;. Although the same
airfoil is used at the juncture, the upper-surface velocity distribu-
tion is significantly different from that for the root section. This
differenceis a result of the effect of the winglet as well as the junc-
ture. A constant velocity (zero gradient) is now prescribed for an
upper-surface segment extending from 0.1c to 0.7c¢ for the juncture
section. The velocity distribution on the corresponding segment of
airfoil B is varied to achieve this prescription. More specifically, the
design variablesused for iteration are the spline supports that define
the two-dimensional velocity distribution over the corresponding
segment on airfoil B.

Figure 12a compares the converged velocity distribution for the
wing section at the juncture with the prescription for the segment
along with the initial velocity distribution for the section. It can
be seen that the method has successfully satisfied the desired ve-
locity prescription over the segment except for small deviations at
the beginning and the end of the segment. These deviations are a
result of the panel endpoints not coinciding with the endpoints of
the segments. By increasing the number of chordwise panels, these
deviations can be reduced. The significant change in the geometry
of airfoil B as a result of satisfying the velocity prescription can
be seen in Fig. 12b. This solution took approximately 147 s of run
time on a 666 MHz Pentium III computer. Of this time 145 s were
spent in the seven CMARC runs required for the Newton iteration
to converge.

For the second example a 45-deg swept-back wing of aspect
ratio 3 is considered. Figure 13 shows the wing planform. The ge-
ometry for this wing is generated such that the airfoils are parallel
to the root and tip sections. As shown in Fig. 13, the design section
near the middle of the wing half-spanis perpendicularto the trailing-
edge generator line of the wing. This design section is used for pre-
scription of the surface velocity distributions on the wing. For the
surface velocity distribution only the component of the surface ve-
locity along the section is considered;the “spanwise” componentof
the surface velocity perpendicularto the sectionis ignored. This ap-
proachhasalsobeenusedin Ref. 23 andresultsin a velocity distribu-
tion that has a stagnation point; the location of this stagnation point
correspondsto the location of the attachmentline on the swept wing.

Two segments are considered on the upper surface of the design
section. The leading-edge segment is located between the section
leading edge and 0.1c. For this segment constant velocity is pre-
scribed at o, of 12 deg. The midchord section is located between
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Fig. 12a Velocity distributions for the wing cross section close to
the juncture for the initial and converged cases compared with the
prescription.

Fig. 12b Initial and final shapes for airfoil B.

Design Section

/

Root Fig. 13 Planform of the swept
wing.

AN

Tip

0.1c and 0.7c. For this segment the design prescription calls for
constant velocity at «,, of 5 deg. Figure 14a shows the initial and
converged velocity distributions for the design sections at the two
angles of attack, along with the two design prescriptions. The initial
and final airfoil geometries are shown in Fig. 14b. It can be seen that
the method successfully achieves the prescriptions in the velocity,
demonstrating that the hybrid approach is applicable not only for
highly swept wings, but also for design segments that are located
close to the leading edge.

For the third example the joined-wing configuration shown in
Fig. 15 is used. It must be mentioned that the front and the rear
wings are not joined in the model used in this study. By making this
simplification in the model, the difficulty associated with paneling
the jointis avoided. Because the objective of this work is to demon-
strate the design approach, modeling the joint is not essential for
the demonstration. Figure 16 shows the planview of the wing with
the airfoils labeled. Two velocity prescriptions are made on two dif-
ferent segments: 1) a linear drop in velocity by 0.2 is prescribed
for the lower-surface segment extending from 0.1c¢ to 0.5¢ of the
rear-wing section at the tip, and 2) constant velocity is prescribed
on the upper-surface segment extending from 0.1c to 0.7¢ of the
front-wing section at the tip. The design condition for the first pre-
scription is an «,, of 0 deg, and the design variables for the Newton

T
1.5 o =5,12deg’]
w
\Y
1 ‘‘‘‘‘‘
0.5 Initial
] Converged
O Prescription
0 1

0 0.5 x/c 1

Fig. 14a Initial and converged velocity distributionsfor the design sec-
tion along with the prescriptions.

Fig. 14b Initial and converged geometries for the airfoil.

Fig. 15 Geometry of the joined wing used for the second example.

Airfoil B Airfoil D

Airfoil A — Airfoil C

. Rear wing
Front wing

Airfoil A Airfoil C
Fig. 16 Planview of the wing geometry with the airfoils labeled.

iteration are the spline supports that define the isolated-airfoil ve-
locity distribution over the corresponding segment of airfoil D. For
the second condition the design condition is an «,, of 5 deg with
the design variables being the spline supports for the corresponding
segment of airfoil B. It is emphasized that these prescriptions are to
be satisfied simultaneously.

In solving design problems with multipoint prescriptions such as
in the current example, it is often beneficial to perform the Newton
iteration in stages. In the current example, for instance, the front-
wing section is left unaltered in the first stage, and the rear-wing
section is designed to satisfy the velocity prescriptions. With this
new shape for the rear-wing section, the Newton iterations for the
front-wing section are performed in the second stage. In the final
stage the entire multipoint problem is solved by designing for the
final shapes for both the sections simultaneously. All of these stages
in the iteration are performed automatically in IWING.

Figure 17a compares the initial and converged velocity distri-
butions for the segment on the rear-wing tip with the prescription
for an «,, of 0 deg. It is seen that the method has been successful
in satisfying the prescription even though the converged velocity
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Fig. 17a Velocity distributions for the rear-wing cross section at the
tip for the initial and converged cases compared with the prescription.
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Fig. 18a Velocity distributions for the front-wing cross section at the
tip for the initial and converged cases compared with the prescription.

Fig. 18b Initial and final shapes for airfoil B.

distribution is significantly different from the initial distribution.
Figure 17b shows the change in the shape of airfoil D as a result
of satisfying the design prescription. The comparison of the initial
and converged velocities for the segment on the upper surface of
the front-wing tip with the design prescription at an «,, of 5 deg is
shown in Fig. 18a. Again it is seen that the method has been suc-
cessful in satisfying the prescription. The change in the geometry
for this case is shown in Fig. 18b. This solution took about 91 s
of run time on a 666 MHz Pentium III computer, of which about
89 s were spent on the 14 CMARC runs necessary for convergence.
A total of 156 PROFOIL runs were made to compute the approx-
imate sensitivities for this example. Had CMARC runs been used
for this task instead of PROFOIL, it is likely that the run time for
this example would have been increased by about 990 s or by about
11 times. This comparison illustrates the savings in time resulting
from the approximate sensitivity computation scheme used in the
current design method.

Conclusions

A hybrid approachthat has proven successfulin multielementin-
verse airfoil design has been extended to the inverse design of com-
plex three-dimensionalaerodynamicsystems. More specifically, the
design method described in the paper allows the design of airfoils
for wing cross sections that achieve desired velocity distributions
over specified segments at the corresponding design wing angles
of attack. The airfoils for the wing cross sections are designed in
isolation using an isolated-airfoil inverse method. The wing is then
analyzed at the specified angles of attack using a three-dimensional
panelmethod. The variablesassociatedwith the design of the airfoils
in isolation are adjusted using a multidimensional Newton iteration
scheme to achieve the specified velocity distributions on the wing.
The formulation allows for design specifications on several seg-
ments of the wing, each at a different wing angle of attack, to be
achieved simultaneously.

The paper shows that, as might be expected, there are similarities
in changesin the velocity distributionsfor an airfoil in isolation and
for the same airfoil when used as a part of a more complex aero-
dynamic system. Earlier work established this similarity for two-
dimensional multielement airfoils. The current work demonstrates
that the similarity is present even for three-dimensional systems.
The currentdesign approach makes use of this similarity in comput-
ing the sensitivitiesrapidly using the isolated airfoil design method
rather than through repeated panel-method computations. In con-
trast with earlier wing inverse design approaches, there is no need
for the computation of a first-order expansion to the panel-method
equations. In addition, as the paper describes, this sensitivity com-
putation scheme allows for easy integration of any analysis code in
executable form for use in the current hybrid design approach.

Three examples are presented to demonstrate the design method.
As shown in the paper, the method can handle design specifications
on highly swept wings and even in complex junctureregions, where
the velocity distributions for a section can be significantly different
from those for the correspondingairfoil in isolation. In other words,
the method is capable of designing wing sections in regions where
there are strong three-dimensional effects. This capability in com-
bination with the multipoint design capability makes the method
a valuable tool for an airfoil/wing designer. The present potential
flow design method can be particularly useful for rapid, interactive
design of candidate wing shapes prior to postdesign analyses using
computationally intensive viscous codes.
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