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Inverse Design of Adaptive Airfoils
with Aircraft Performance Considerations

Jeffrey K. Jepson* and Ashok Gopalarathnam®
North Carolina State University, Raleigh, North Carolina 27695-7910

Recent advances in the development of inverse airfoil design methods now allow for the incorporation of aircraft
performance considerations in the design of a nonflapped airfoil. Although these improvements make airfoil-
aircraft matching considerably easier, there is a need for a similar capability for adaptive airfoils. A design for-
mulation is presented that incorporates aircraft performance considerations in the inverse design of low-speed
laminar-flow adaptive airfoils in which the adaptation is achieved using a trailing-edge cruise flap. The benefit of
using adaptive airfoils is that the size of the low-drag region of the drag polar can be effectively increased without
increasing the maximum thickness of the airfoil. Two aircraft performance parameters are considered: level-flight
maximum speed and maximum range. It is shown that the lift coefficients for the lower and upper corners of
the airfoil low-drag range can be appropriately adjusted to tailor the airfoil for these two aircraft performance
parameters. The design problem is posed as a part of a multidimensional Newton iteration in an existing conformal-
mapping-based inverse design code, PROFOIL. This formulation automatically adjusts the lift coefficients for the
corners of the low-drag range for a given flap deflection as required for the airfoil-aircraft matching. Examples
are presented to illustrate the flapped-airfoil design approach for a general aviation aircraft and the results are

validated by comparison with results from postdesign aircraft performance computations.

Nomenclature
= wing aspect ratio
wingspan
aircraft or wing drag coefficient based on S,,
airfoil drag coefficient based on the chord
aircraft or wing lift coefficient based on S,
airfoil lift coefficient based on the chord
airfoil pitching moment coefficient about the
quarter-chord location
airfoil chord
Oswald’s efficiency factor
Mach number
power available
power required
aircraft range
Reynolds number
area
aircraft velocity
aircraft weight
aircraft weight without fuel
aircraft weight with fuel
angle of attack
design angle of attack for a segment
flap angle
propeller efficiency
density
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Subscripts
f =

fuselage and other components of aircraft except wing
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i = induced

Is = lower surface

max = maximum

min = minimum

P = profile

us = upper surface

w = wing

zl = zero lift

Superscripts

c = complex configuration

low = lower corner of the airfoil low-drag range
up = upper corner of the airfoil low-drag range

Introduction

VER the past several decades, significant improvements
have been made in the design of single-element airfoils.
Early methods, such as those of Mangler' and Lighthill,” al-
lowed for the prescription of the inviscid velocity distribution
at a single operating condition. Since then, considerable strides
have been made and it is now possible to design an airfoil us-
ing multipoint velocity distributions,* single-point boundary-layer
specifications,* and simultaneous multipoint velocity and boundary-
layer specifications.>® Recent methods also allow for specifications
of the laminar-to-turbulent transition curves’ and design specifica-
tions that incorporate aircraft performance considerations such as
level-flight maximum speed and maximum range.®
Although advances in single-element airfoil design methods have
occurred steadily over the past 30 years, only recently has substan-
tial progress been made in the development of inverse design meth-
ods for complex aerodynamic systems. Gopalarathnam and Selig®
have developed a hybrid approach for the inverse design of com-
plex aerodynamic systems such as flapped airfoils,” multi-element
airfoils,'®!! and airfoils for three-dimensional junctures.'? The hy-
brid approach couples a conformal-mapping-based inverse design
method with methods for analysis of the complex system and al-
lows for multipoint velocity and boundary-layer specifications on
the complex system.
The goal of the current research was to develop an inverse de-
sign method for adaptive airfoils that incorporates aircraft perfor-
mance considerations from the outset in the design of airfoils with
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trailing-edge “cruise” flaps. The use of a cruise flap allows an airfoil
to be adapted to a wide range of lift coefficients. For this reason,
natural laminar flow (NLF) airfoils with cruise flaps are widely used
in high-performance sailplanes and have potential for use in general
aviation aircraft and uninhabited aerial vehicles where good perfor-
mance is important over a large speed range. This effort builds on the
development of the hybrid inverse method® and the incorporation
of aircraft performance considerations in the design of nonflapped
airfoils.® The following section provides an overview of the design
formulation. A more detailed description of the design method is
then presented, followed by a description of the analysis tools used
for validation. Finally, examples are presented that demonstrate the
capabilities of the method and the benefits of using this design for-
mulation for tailoring adaptive airfoils.

Overview of the Design Formulation

It is well understood that the low-drag region (LDR), or drag
bucket, of an NLF airfoil can be shifted by the use of a trailing-edge
flap, also known as a cruise flap.!3~!® Positive deflection of the cruise
flap will cause the LDR to move to a higher C;, whereas negative
deflection will cause the LDR to move to a lower C;. This trend can
be seenin Fig. 1. In the figure, the drag polars for the NASA NLF(1)-
0215F airfoil”® with various flap deflections are shown along with
the points corresponding to the upper and lower corners of the LDR.
It is seen that, as the flap is deflected, the LDR moves to higher and
lower C; values, depending on flap deflection. Thus, an airfoil with
a cruise flap is an adaptive airfoil. With recent interest in adap-
tive wing technology'”'3 and the recent development of sensing
and automation schemes'® for adaptive airfoils, it is of interest to
develop efficient inverse design methods for such adaptive airfoils
with cruise flaps.

As seen from Fig. 1, the movement of the LDR occurs along a
curve, which can be straight or have a slight curvature depending on
the airfoil. This trend was also shown to occur for changes to airfoil
camber for nonflapped airfoils in Refs. 19 and 20. This “low-drag
curve” is marked in Fig. 1. Of interest in the airfoil-aircraft design
integration is the determination of values of the C; on the low-drag
curve at which the flapped-airfoil upper and lower corners need to
be located for good performance at low and high speeds.

Because deflecting a cruise flap will move the LDR along the low-
drag curve, cruise flaps can be used to effectively widen the LDR
of the airfoil drag polar without increasing the thickness of the
airfoil, which is useful when tailoring an airfoil for multiple aircraft
performance parameters.

To provide an overview of the design formulation, the drag polar
of an NLF airfoil is shown in Fig. 2. Also shown in the figure are the
partial drag polars for the NLF airfoil with a 20%-chord cruise flap
with § ; = —5.0 and 5.0 deg. The polars were obtained by analyzing
the airfoil at a constant Re/C; to take into consideration the changes
in Re that result from changes in airspeed associated with variations
in the operating C; for an aircraft in steady rectilinear flight. The
C; value for the upper corner of the LDR, C ," P for the airfoil with
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Fig. 1 Drag polars at a Reynolds number of 6 x 10° for the NASA
NLF(1)-0215F airfoil with various flap deflections from XFOIL analysis.
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Fig. 2 Example airfoil drag polars with various values of ; used for
illustration.
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Fig. 3 Illustration of the effect of C}"W on Viax.

85 =5.0 deg and the C; value for the lower corner of the LDR, C}"W,
with 8 = —5.0 deg are also shown in Fig. 2. Also shown in Fig. 2
is the low-drag curve. For a given flap defection, desired values for
the upper and lower corners can be achieved by adjusting the airfoil
camber and thickness as demonstrated in Ref. 19. It is not clear at
the airfoil design stage, however, as to what are the most suitable
values for C;” and C/°¥ to match the airfoil to a given aircraft to
maximize the performance of the aircraft.

Two aircraft performance parameters were considered in this
study: level-flight maximum speed, Vi, and maximum range,
Rinax. Earlier work®?’ demonstrated the suitability of the use of
the two lift coefficients, C,” and C}°¥, as design variables to tailor
an NLF airfoil for maximizing these two aircraft performance pa-
rameters. When tailoring an adaptive airfoil for these performance
parameters for a given aircraft, the following questions can be posed

1) Whatis the best possible value for C}°* with a specified negative
flap deflection to tailor the airfoil for achieving the highest possible
Vmax Without sacrificing low-speed performance?

2) What is the best possible value for C,” with a specified positive
flap deflection to tailor the airfoil for the maximum-range condition
without unnecessary penalties at the high-speed conditions?

The objective was to formulate the airfoil design problem so that
airfoil-aircraft matching is achieved during the inverse airfoil design
stages for adaptive airfoils.

It has been shown in Refs. 8 and 20 that, for nonflapped airfoils,
the ideal value for C/°¥ to achieve the maximum possible value of
Viax Occurs at a condition where the full-power aircraft rate of climb
(ROC) is zero at C;=C }"W. This idea can be extended to flapped
airfoils. Figure 3 shows the aircraft full-power ROC curve for the
example NLF airfoil with a 20%-chord plain trailing-edge flap with
87 = —5.0 deg. The point corresponding to C,°" is indicated in the
figure. Also shown in this figure by a dashed line is the ROC variation
for the airfoil drag variation that is represented by the low-drag curve
in the C4—C; plot in Fig. 2—this ROC curve forms the envelope of
ROC curves for the family of airfoils with a given amount of laminar
flow, regardless of flap angle. The velocity corresponding to zero
ROC is Viay; the Viax values are marked in Fig. 3 for drag variations
corresponding to the flapped airfoil and the low-drag curve. Itis seen
that, for the flapped airfoil used, V;,, occurs when operating outside
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Fig. 4 Illustration of the effect of C;]p on Ryax.

the LDR; the C; for Vi, is less than C}"W. Thus, the flapped airfoil
can be better tailored for the V., condition if C}"“’ is decreased
such that it corresponds to the C; for Vp,y. This optimum value of
C}"“’ is the C; value that corresponds to the V.« condition for the
low-drag curve, shown as a downward, filled triangle in Figs. 2 and
3. This illustration provides useful guidelines for incorporating the
airfoil-aircraft tailoring for the Vp,,x condition in the inverse design
process. A Newton iteration procedure can be used to adjust the
design parameters that control C/° until C}°¥ corresponds to the
Vinax condition, that is, until ROC=0at C;=C l“’w.

Also shown in Refs. 8 and 20 is that the maximum aircraft range,
Rumax can be achieved by setting the value of C;* equal to the value of
C; on the low-drag curve that corresponds to Rp,x. This concept can
also be used to tailor flapped airfoils. Figure 4 shows the variation
of aircraft range, R, with velocity, V, for 1) the NLF airfoil with
a 20%-chord plain trailing-edge flap deflected 5.0 deg as well as
for 2) the low-drag curve. It is seen that C;" for the flapped airfoil,
denoted by the upward open triangle symbol in Figs. 2 and 4, is
less than the C; corresponding to the R« condition for the low-
drag curve. This optimum value for C, P is denoted by the upward
closed triangle symbols in Figs. 2 and 4. Therefore, when the flapped
airfoil is tailored for the Ry, operating condition of the aircraft, C ," P
will correspond to the optimum C; for Ry,,.. This matching can be
achieved in the inverse design framework using Newton iteration
to adjust the design variables that affect C,” until the difference
between C,” and the optimum value for C,” is brought to zero.

Design Formulation

To incorporate aircraft performance considerations in the in-
verse design of adaptive airfoils, the inverse airfoil design method
PROFOIL>® was adapted. This section first briefly describes some
of the main features of the PROFOIL code. The hybrid approach’
used to design complex airfoil configurations in PROFOIL is also
briefly discussed. The development of the design formulation to
incorporate the two aircraft performance considerations (V. and
Ru.) for adaptive airfoils is then presented.

Description of the PROFOIL Code

PROFOIL>® is a multipoint inverse design method based on con-
formal mapping and builds on the theory of Eppler’s inverse airfoil
design approach.>2!'?? In the method, the airfoil is divided into a
finite number of segments each having a design angle of attack «*,
which is measured relative to «,;. At the o* for a segment, the ve-
locity distribution over the segment is prescribed and can either be
constant (as in Eppler’s method®) or can have a nonlinear varia-
tion using a cubic-spline description.® Specifying o* is equivalent
to specifying a design value of C;, C}', because o is measured from
the zero-lift line and the slope of the lift curve is approximately 27
per radian. In other words, the design lift coefficient for any segment
is related to the segment a* (in degrees) by:

Cr~01xa* (1)

In addition to single-element airfoils, PROFOIL has recently been
extended for the design of complex airfoil configurations, such as
multi-element and flapped airfoils, through the use of a hybrid
approach’ that couples the original single-element airfoil design

method>® with a two-dimensional panel method, PAN2D.? In the
approach, conformal mapping is used to design the isolated airfoils
and the panel method is then used to analyze the resulting com-
plex airfoil configuration at the user-specified operating point, C;.
The design variables associated with the conformal-mapping in-
verse technique are then automatically adjusted to achieve desired
aerodynamic specifications on the complex configuration.

PROFOIL can also solve for the boundary-layer development
along the surface of the airfoil at a specified C; on a single-element
airfoil or at a specified C; on a complex airfoil configuration us-
ing a direct integral method. Using the inviscid velocity distribu-
tion, PROFOIL can calculate boundary-layer properties such as
shape factor Hj, and transition amplification factor n. Because this
boundary-layer calculation is intended to be used as a part of the
rapid, interactive inverse method, the simple integral boundary-layer
method has two restrictions: 1) it is valid only for attached bound-
ary layers and 2) no viscous—inviscid interactions are considered.
In other words, the inviscid pressure distribution is not adjusted to
account for the effects of the boundary-layer displacement thick-
ness. The n development is calculated using Drela’s approximate
¢" method.?>?* In the current work, transition is assumed to occur
when n equals a user-specified critical value of n.; or when lami-
nar separation is encountered. This assumption is valid for flows
in which transition is caused by the amplification of Tollmien—
Schlichting waves and for airfoils that do not have significant lam-
inar separation bubbles.

In the current approach to airfoil-aircraft matching, there is aneed
to determine the airfoil C, for a given 8, at specified values of C;
within the drag bucket several times during the inverse design pro-
cess. A procedure was developed for determining an approximate
but rapid estimate for the airfoil C; within the PROFOIL code. The
assumption in the approximate method is that the pressure-drag con-
tributions can be neglected when estimating airfoil C, for C; values
that lie within or at the corners of the low-drag range. In the approach
developed in this research, the airfoil C, is computed at a given C;
by first using the airfoil inviscid velocity distribution along with
the direct integral boundary-layer method in PROFOIL to deter-
mine the locations of the upper- and lower-surface transition of the
laminar boundary layer. The skin-friction drag coefficient is then
estimated using flat-plate boundary-layer equations from Ref. 25
for the known extents of laminar and turbulent boundary layers on
both surfaces of the airfoil. The reason for using the flat-plate equa-
tions for determining the skin-friction C, of the airfoil is that the
integral boundary-layer method in PROFOIL is not valid for sep-
arated boundary layers. Although the final airfoil is not expected
to have a separated boundary layer when operating within the low-
drag range, there is a possibility that intermediate airfoils generated
during the Newton iteration process could have trailing-edge sepa-
ration. Therefore, to have a robust iteration procedure, the flat-plate
equations for known transition locations were used in the iteration
process for determining the skin-friction C,.

Figure 5 shows a comparison between the skin-friction C, cal-
culated using this approximate approach and the total airfoil C,

0.8
0.6
C
' —— XFOILC
0.4 d
0.2 — — approximate Cd
/

o I n n n )
0 0.002 0.004 0.006 0.008 0.01

C4

Fig. 5 Comparison between the skin-friction C; from the current
method and total C; from XFOIL at Re+/C;=3.42 x 10°.
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obtained from XFOIL? analysis, which computes both the skin-
friction and pressure contributions to airfoil Cy. It can be seen that
the skin-friction C, closely corresponds to the total airfoil C, at C;
values within the drag bucket. This approximate method of deter-
mining the airfoil C; was developed to obtain rapid estimates suit-
able for the potentially large number of C, evaluations that could
be required during inverse design.

One of the main features of PROFOIL is a multidimensional
Newton iteration scheme that allows for the prescription of several
aerodynamic and geometric characteristics. This multidimensional
Newton iteration scheme is utilized in the current work to incorpo-
rate the aircraft Vi, and Ry« design considerations. In this scheme,
control over some of the parameters used in the conformal mapping
is given up to achieve the desired specifications. These parameters
are altered via the Newton iteration until the desired specifications
are satisfied.

Flapped Airfoil Tailoring for Viax

As illustrated earlier in Fig. 3, an airfoil with a flap deflected up-
ward and tailored for the aircraft V,,,, condition will have ROC =0
at the level-flight speed corresponding to C}°". To examine how to
incorporate this specification in the inverse-design Newton itera-
tion structure, it is necessary to first examine the contribution of
the airfoil C, to the aircraft ROC. With the assumption that, at any
given C, the wing profile drag coefficient is equal to the airfoil Cy,
the aircraft C, can be determined by adding the wing Cp, and the
parasite-drag contribution of the fuselage and other components to
the wing profile drag coefficient:

Cp=Cy+CpsSs/Su+Ci[meR 2)

The resulting aircraft drag, power required for level flight, and
ROC can then be determined as follows:

D—1 VH(CySy + CpsSy) + 2w 3)
=27 oo PISITT brepV?

Prg= 1 V3(CuSu + CpsSy) + 27 )
req — 210 dPw Df©Of nbzepV

ROCanPavfpreq )

Another important element of the overall scheme is the capability
to generate an airfoil that achieves a desired value of C;°* when the
flap is deflected to a specified angle. The details of this capability
and the hybrid design approach are documented in Ref. 9. A brief
illustration is provided here using an example airfoil for which the
desired C}°¥ is 0.2 when the 20%-chord trailing-edge flap is de-
flected to —5 deg. For this design problem, the velocity distribution
on a large segment on the lower surface, shown in the geometry
plot in Fig. 6a, at the «* for the segment is defined using spline
support points. Using the multidimensional Newton iteration, this
velocity distribution is varied to achieve a desired variation in the
lower-surface transition amplification factor n at C; = 0.2 and at the
appropriate Reynolds number when 8y = —5 deg.

Figure 6b shows the desired transition amplification factor at
this condition, as well as the resulting n development that satis-
fies the specification. Such an n-development prescription ensures
that, while the lower surface has laminar flow to at least 0.5¢ with
8y =—>5deg at a C; of 0.2 and higher, this laminar boundary layer
is on the verge of transition at this condition. Any reduction in C;
below 0.2 for the —5-deg flap case will result in a rapid forward
movement of the lower-surface transition location. In effect, this
prescription allows anchoring of the lower corner of the low-drag

S
Sf_= 0 deg
Fig. 6a Geometry for the example airfoil for the 0-deg and —5-deg
flap settings (with the design segment endpoints marked).

Sf =-5deg

12 CI =0.2, Re =4.47 million n__ =
crit

9 ____________
n 6 —— ndevelopment

3 = n prescription

0 1 1 1 1 J

0 0.2 0.4 0.6 0.8 1
x/c

Fig. 6b n development on the lower surface for the —5-deg flap setting
as computed by PROFOIL compared with the prescription.

1.5 _
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- C|=0.2
......... P AT
0
0 0.005 0.01 0.015 0.02
Cd

Fig. 6¢c Drag polars for the example airfoil for 0-deg and —5-deg flap
settings.
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'\ /7

F=(ROC)gou -0.0 § ves

Je 9 (ROC ). Converged Airfoil

Fig. 7 Flow chart for Vy,x tailoring.

range at the desired C;°™ when the flap is deflected to the specified
angle. Figure 6¢ shows the drag polars for the unflapped and the
flapped airfoils for this example and clearly shows that C}°" for the
airfoil generated using the approachis 0.2 when 6 = —5 deg, as de-
sired. When the desired C°V is altered during the Newton iteration,
it is also necessary to alter o* for the segments on the lower surface
by 1 deg for every 0.1 change in C°", as suggested by Eq. (1).

A flowchart of the overall scheme for V4 tailoring is shown in
Fig. 7. The first step in the V. tailoring process is to assume a
starting value of C}°¥ for a specified negative flap deflection and to
generate the airfoil. The flapped-airfoil C, at this C}°" is determined
using the approximate skin-friction estimate. For this operating lift
coefficient and the corresponding flight velocity, the resulting ROC
is determined using Eqs. (2-5). Once the ROC at C}°¥ with the
flap deflection is known, the corresponding element of the residual
vector can be calculated using the following equation:

F = (ROC)C}OW -0.0 (6)

The Jacobian is calculated using a finite difference approach by
calculating the change in ROC at C)°" due to a small perturbation
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toC ,1"‘” :
3 (ROC) Cllow

acr™ @

If the residual is not zero, C}OW is adjusted and the iteration is
continued until the ROC at C}°" is zero.

Thus, by posing the design problem as a part of the Newton
iteration framework, the inverse method can be used to determine
the optimum value of C}°¥ for a given aircraft-engine—propeller
combination and to determine the corresponding airfoil shape at the
user-specified 8 ;.

Flapped Airfoil Tailoring for Rpax

An airfoil with a flap deflected downward and tailored for the
maximum-range flight condition needs to have C,” be equal to the
optimum C,”, as illustrated in Fig. 4. The range, R, at any given C;
is given by the well-known Bréguet range equation:

n C. (" aw 0
- SFCCp [y, ®)
Figure 8 shows the basic procedure used to tailor a flapped airfoil
for Ry.x. The first step is to design an initial or starting airfoil. Once
the airfoil is designed, the value of C,” can be obtained. However, the
determination of the value of C;” within the PROFOIL code is not
straightforward. Unlike with the lower surface, the values of o* for
the segments on the upper surface vary significantly from the leading
edge to the trailing edge.'? For this reason, C;" for the initial airfoil
with the user-specified flap deflection is determined by generating a
drag polar for the flapped airfoil using XFOIL. For the determination
of optimum C;*, (C;”)op» a linearized approximation to the equation
for the low-drag curve is obtained by use of finite differencing to
determine the change in airfoil skin-friction C, for a given change
in C,". This equation for the low-drag curve is updated at every
step in the Newton iteration. The optimum C,” is determined by
finding the C; value along the linearized low-drag curve that gives the
maximum aircraft range. For each C; analyzed, the aircraft velocity
is determined and the aircraft range is then calculated using Eqgs. (2)
and (8). Once the values for both Clup and (Cl'lp)opl are determined,
the elements of the residual and Jacobian can be calculated using
the following equations:

F=¢"—(C"),, )
ac”®

J=— (10)
ok

The Jacobian is calculated in the same manner as it was calculated
for the Vi, tailoring. The difference is that the a* values for the

Assume u;s and generate airfoil

Determine C\» for
positive flap angle

J

Compute linearized | qu | Adjust . and C° via Newton
low-drag curve method and generate airfoil

4 t No
‘ Determine (C*P) ‘
¥
F=C|up‘(C|up)om / ‘ Yes

ac;v Converged Airfoil
oa

J=

us

Fig. 8 Flow chart for Ry, tailoring.

segments on the upper surface, denoted by o), are used as the design

variables in this case. Once the elements of the residual and Jacobian
are calculated, the o}, values are adjusted in the Newton iteration
process and the airfoil is redesigned. As the o* values for the upper-
surface segments are altered, the value of C;' P is adjusted accordingly
using a gradient of 0.1 change in C,” for every degree change in
the upper-surface o*. This process continues until the value of C, P
equals (C;”)gp.

The use of such approximations in C; and Cy in the design for-
mulation enables rapid design via the Newton iteration process. It
must be mentioned that the objectives in the design formulation are
only to determine the best values for C;* and C°* and not to pre-
dict the resulting values of V.« and Ry,«. For these objectives, the
approximations are not only valid, but also enable rapid, interactive
design.

The aforementioned procedure describes the use of multidimen-
sional Newton iteration to simultaneously tailor a flapped airfoil for
both the V.« and R, conditions by adjusting the design variables
that control C/°* and C,”, each with the appropriate flap angle. In
doing so, the airfoil maximum camber and thickness ratios are de-
termined by the design method. Tailoring for the V. and Rpax
conditions implies that the airfoil can operate in the LDR for a wide
range of flight speeds with the appropriate flap deflection. It is noted,
however, that this procedure is one of many possibilities for posing
the airfoil design problem. As an alternate example, one could tai-
lor the airfoil for just the V;,,, condition and specify the thickness
ratio without tailoring the airfoil for the Ry.x condition. Also, for
some design scenarios, it may be desirable to tailor the airfoil for
maximum aircraft endurance, rather than Ry, by using the Bréguet
endurance equation instead of Eq. (8).

Although the procedure outlined in this paper focuses on the tai-
loring of flapped airfoils using the PROFOIL inverse design method,
it is conceivable that the overall ideas outlined in the paper can be
used in other direct design methods in which the airfoil geometry pa-
rameters form the design variables. For example, it may be possible
to use Newton iteration to adjust the airfoil maximum camber and
thickness ratios in a direct design method to tailor for the Vy,,x and
Run.x conditions with appropriate flap angles. However, because the
connections between the design variables and the final airfoil per-
formance are typically weaker for direct design approaches than for
inverse design approaches, it may be necessary to run XFOIL or
a similar analysis method in the iteration loop when using a direct
design approach.

Analysis Tools for Validation

This section describes the tools and methodology used to validate
the results obtained using the PROFOIL code. The approach used
for the validation is similar to that used in Ref. 8 for nonflapped
airfoils. The first step in the validation approach was to analyze
the converged airfoil using the XFOIL code? to calculate the drag
polar of the airfoil to take into consideration both the pressure and
skin-friction contributions to the airfoil C,.

Once the airfoil drag polar was calculated, the WINGS code?® was
used to calculate the trimmed induced and profile drag of the lifting
surfaces of the aircraft. WINGS is a vortex lattice code that can
handle multiple lifting surfaces. The code reads in the XFOIL o—C;—
C4—C,, polar output files to allow for the use of the airfoil drag polar
and pitching moment curves for various sections along the wing and
horizontal tail. In the current analysis, the incidence of the horizontal
tail at each angle of attack is adjusted to trim the aircraft (i.e., to set
Cpy., =0.0). As a consequence, the aircraft performance estimates
take into account the trimmed drag contributions associated with
changes to the wing airfoil Cy,,, that accompany changes to the
airfoil camber and flap angle.

After the total drag of the aircraft is calculated, the performance
of the aircraft was calculated using PERF.2’ PERF is an aircraft
performance simulation code that uses the equations discussed in the
preceding section along with the drag output from the WINGS code
to calculate the aircraft ROC and range at each angle of attack. This
postdesign approach was used to generate all of the performance
plots to validate the results obtained from the inverse design method.
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Table 1 Assumed geometry, drag, and power characteristics for the
hypothetical general aviation airplane
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Parameter

Value

Gross weight (W)

Wing reference area (Sy,)

Wing aspect ratio (R)

Equivalent parasite drag area of
airplane minus wing (CprSy)

Rated engine power (Pay)

Specific fuel consumption (SFC)

Fuel volume

14269 N (3200 Ibf)
9.10 m? (97.92 ft?)
9.1
0.1647 m? (1.772 ft2)

261 kW (350 hp)

8.31 x 1077 N/s/W (0.5 Ibf/h/hp)

3411(90 gal)

15r
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1
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Fig. 10 Assumed propeller-efficiency distribution.

Aircraft Specification

This section presents the relevant details of a hypothetical general
aviation aircraft used in the rest of the paper. The aircraft, used earlier
in Ref. 8, is a conventional, aft-tail configuration with a constant-
speed propeller driven by a piston engine. The planview of the wing
and tail of the aircraft is shown in Fig. 9.

Table 1 provides the relevant specifications for the aircraft. As
shown, an equivalent parasite drag area (CpSy) has been assumed
for the fuselage and all the components of the airplane except the
wing. The propeller efficiency was assumed to have the nonlinear
variation with velocity shown in Fig. 10. The static margin for the
hypothetical aircraft was assumed to be 15% of the wing mean
aerodynamic chord.

Demonstration of the Design Method

Because airplanes operate at several operating conditions, it is
desirable to design an airfoil that is tailored for a range of flight con-
ditions. Two ways of achieving this tailoring within the PROFOIL
inverse design code are by using either the design method described
in Ref. 8 for nonflapped airfoils or the current method for adaptive
airfoils. The use of an adaptive airfoil is particularly useful when
the airfoil is designed for extensive laminar flow as will be shown
in the following examples.

In the first example, the method for nonflapped airfoils in Ref. 8
was used to tailor an airfoil to maximize both V,,,x and R, for
the general aviation aircraft shown earlier in Fig. 9. The airfoil was

=

Fig. 11 Geometries and inviscid velocity distributions for the 40%c
laminar flow baseline airfoil and converged airfoil A.
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Fig. 12 Polars for the 40 %c laminar flow baseline airfoil and the con-

verged airfoil A from XFOIL analysis.

designed for a reduced Reynolds number, Re./C;, of 3.42 million.
This reduced Reynolds number corresponds to rectilinear flight at
standard sea-level conditions for the aircraft. The airfoil was also
designed to support approximately 40%c laminar flow on the upper
and lower surfaces when operating in the LDR. The thickness-to-
chord ratio of the baseline airfoil used as a starting point for the
design was specified to be 14%c. With this starting airfoil, a new
nonflapped airfoil was designed and was tailored for both V;,,x and
Rnax aircraft operating conditions. The performance specifications
were achieved by adjusting the o* values for the lower surface to
satisfy the Vi« requirements while also adjusting the o* values for
the upper surface to satisfy the R,,,x specifications.

The geometry for the baseline airfoil and the converged airfoil
(labeled A) are shown in Fig. 11. Because both the specifications
were being satisfied, the thickness ratio was left unspecified and was
determined by the method. The thickness ratio increased to 17%c
as a result of the tailoring. The drag polars for the baseline and
converged airfoils are shown in Fig 12. It can be seen that airfoil A
has the optimized values of C°¥ =0.16 and C,” = 0.82. Figures 13
and 14 show the ROC and range variations for the baseline and
converged airfoil A. It can be seen from the figures that converged
airfoil A has a small improvement in both V,,,x and R.,,x over the
baseline airfoil.

Although the first example showed that it is possible to success-
fully tailor an airfoil with 40%c laminar flow for both V. and R«
without using a flap, a designer may want to reduce the drag of the
airfoil by increasing the extent of laminar flow on the airfoil. One
consequence of increasing the amount of laminar flow while main-
taining the airfoil maximum thickness ratio is that the size of the
drag bucket decreases. As aresult, the thickness of the tailored airfoil
will increase when tailoring an airfoil with significant laminar flow
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Fig. 13 ROC curves for the 40%c laminar flow baseline airfoil and
airfoil A.
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Fig. 14 Range curves for the 40%c laminar flow baseline airfoil and
airfoil A.
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Fig. 15 Geometries and inviscid velocity distributions for the 60%c
laminar flow baseline airfoil and the converged airfoil B.

for both V.« and R, conditions. To demonstrate this result, an
NLF airfoil with 60%c laminar flow was tailored for both V., and
Rax. A baseline airfoil of 14%c thickness and 60%c laminar flow
was designed for this example. Figure 15 shows the airfoil shape
as well as the inviscid velocity distributions for the baseline airfoil
and converged airfoil B. As in the preceding example, the thickness
of the converged airfoil was determined as an output of the method.
As a result of the tailoring for both V., and Ry, conditions, the
thickness ratio increased to 25%c. This undesirably large increase
in thickness can lead to separated flow on the airfoil and large pres-
sure drag. The large thickness ratio can be avoided by the use of an
adaptive airfoil.

In the next example, the 60%c laminar flow baseline airfoil
was again used as a starting point and an adaptive airfoil with a
10%c cruise flap was designed so that V. is optimized when
8y =-—5.0 deg and Ry, is optimized when 6, =10.0 deg. This
matching was achieved in PROFOIL by adjusting the o* values on
the lower surface to satisfy the Vi, condition with §; = —5.0 deg

60% Baseline CI =0.45

OSF — — — Ajtfoil C =045

O 1 1 1 1 J

0 02 04 06 08 1
P _ xlc

Fig. 16 Geometries and inviscid velocity distributions for the 60%c
laminar flow baseline airfoil and the converged airfoil C.
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Fig. 17 Polars for the 60 %c laminar flow baseline airfoil and airfoil C
with 67 = —5.0 and 10.0 deg from XFOIL analysis.

60% Baseline
400 « —— - Airfoil C with Sf =-5deg

00
95 100 105 110 115 120 125
V (m/s)

Fig. 18 ROC curves for the 60%c laminar flow baseline airfoil and
airfoil C with &y = —5.0 deg.

while simultaneously adjusting the o* values on the upper surface
to satisfy the Ry« condition with 6, =10.0 deg. As in the pre-
ceding examples, the thickness ratio was left unspecified because
both specifications were being made simultaneously. As a result of
the specifications, the thickness ratio increased to 16.7%c, which is
quite acceptable. The geometry and inviscid velocity distributions
for the 60%c laminar flow baseline airfoil and the converged airfoil
(labeled C) are shown in Fig. 16. The drag polars for the 60%c lam-
inar flow baseline airfoil and airfoil C with flap deflected —5 and
10 deg are shown in Fig 17. It is seen that airfoil C has C}°¥ =0.21
with §; = —5.0 deg and C,” =0.91 with §; = 10.0 deg.

The ROC curves for the 60%c laminar flow baseline airfoil and
for airfoil C with §; =—5.0 deg are shown in Fig. 18. As the
figure demonstrates, when the flap is deflected to —5.0 deg, the
improvement in V., over the 60%c laminar flow baseline airfoil
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Fig. 19 Range curves for the 60%c laminar flow baseline airfoil and
airfoil C with &7 =10.0 deg.
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Fig. 20 Rpax with 87 =10.0 deg vs Viyax with 6y = —5.0 deg for several
airfoils with 60 %c laminar flow.

is similar to that achieved by airfoil A over the 40%c laminar flow
baseline airfoil shown earlier in Fig. 13. Figure 19 shows the range
curves for the baseline airfoil as well as for airfoil C with flap de-
flected 10.0 deg. As the figure shows, airfoil C with 6 =10.0 deg
achieves a greater improvement in Ry,,x over the 60%c laminar flow
baseline airfoil than airfoil A does over the 40%c laminar flow base-
line airfoil, shown earlier in Fig. 14. However, airfoil C achieves
higher values of both V,,,x and R.,,x than does airfoil A because of
the increased extents of laminar flow. These results further demon-
strate that a flapped airfoil can be tailored for both Vi« and Ryax
conditions using the current method.

Although airfoil C produces a higher Vi, with §; =—5.0 deg
and a higher Ry, with §; =10.0 deg than the V. and Ry, of
the baseline airfoil, it is unclear whether or not airfoil C achieves
the maximum values of V.x and R... To examine this further,
several airfoils were designed with 60%c laminar flow and various
amounts of camber. The airfoils were designed to have two different
thickness ratios, either the baseline 14%c or the tailored 16.7%c.
The airfoils were analyzed using XFOIL with a 10%c flap deflected
—5.0 and 10.0 deg. For each of the airfoils designed, the values of
Runax with 8§ =10.0 deg and Vjp.x with §; = —5.0 deg were deter-
mined using the validation approach discussed earlier. Figure 20
shows the results from this analysis as well as the values of Vi«
and Ry, for the converged airfoil C, marked with a filled circle.
The results for the 14%c airfoil are marked with upward pointing
triangles whereas the 16.7%c results are marked with open circles.
It is seen that the converged airfoil has the highest values of both
Rinax and Vi«. This postdesign study demonstrates that the design
formulation successfully tailors the airfoil for both Vyx and Ry«
flight conditions with flap deflection.

Conclusions

Recent advances in inverse airfoil design methods enabled the
incorporation of aircraft performance considerations in the design
of nonflapped airfoils. Although these enhancements have made
airfoil-aircraft matching considerably easier, the thickness of an

airfoil can increase dramatically when it is tailored for more than
one performance consideration. This is especially true of airfoils
with large amounts of laminar flow. This large thickness ratio can
be avoided by using an adaptive airfoil. The advantage of using
adaptive airfoils is that the size of the drag bucket can be effec-
tively increased without increasing the thickness. The objective of
the current method was to incorporate aircraft performance consid-
erations in the inverse design of adaptive airfoils with cruise flaps.
Two aircraft performance parameters have been considered: level-
flight maximum speed and maximum range. The design problem is
then posed in the form of two questions:

1) What is the optimum lift coefficient for the lower corner of
the airfoil drag polar to tailor the airfoil for the aircraft level-flight
maximum speed condition for a given negative flap deflection?

2) What is the optimum lift coefficient for the upper corner of the
airfoil drag polar to tailor the airfoil for the maximum range flight
condition for a given positive flap deflection?

This paper presents a design formulation that allows for the in-
corporation of these design considerations in a multidimensional
Newton iteration framework available in the PROFOIL inverse air-
foil design code. In this Newton iteration process, the conformal-
mapping variables that control the lift coefficients for the upper and
lower corners of the airfoil drag bucket are automatically adjusted
to tailor the airfoil for one or both of these two aircraft flight con-
ditions, each with a given flap deflection. As a result, the airfoil
lower-surface aerodynamics is tailored so that the aircraft ROC is
zero when the airfoil is operating at the lower corner of the low-drag
range with a negative flap deflection and likewise the airfoil upper-
surface aerodynamics is tailored for the maximum-range flight con-
dition with a positive flap deflection. The use of the approximate
drag model within the Newton iteration ensures that the inverse de-
sign procedure is computationally efficient, often converging within
a couple of minutes. The results of the inverse design have been val-
idated in the paper by postdesign studies using aircraft performance
computations. By utilizing adaptive airfoils, the current design for-
mulation allows a designer to tailor an airfoil with large amounts of
laminar flow for multiple aircraft performance considerations while
maintaining a reasonable airfoil thickness.
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