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Summary

Modermn techniques in aerodynamic surface construc-
tionallow long runs of Natural Laminar Flow (NLF) along
airfoils and fuselages provided that their shape has been
properly designed. A numerical optimization iterative
procedure for drag reduction by shape modification of
mono- and multi-component airfoils and three-dimen-
sional fuselages, has been developed. To this aim we
propose a geometric parameterization of a general 3D
body. Reduction of drag through an extension of laminar
flow runs, for airfoils and 3D glider fuselages, is shown. A
modular numerical code developed to perform shape
optimization for drag reduction has proven to be efficient
and reliable.
Introduction

Present airplane construction techniques result in the
productionofsmoothand accurateaerodynamicsurfaces,
allowing for long runs of natural laminar boundary layer
flow (NLF), with a resultant drag reduction.

Attention has been focused on

friction drag can reach about 70% of the total profile drag
when wing and tail surfaces work in laminar flow (Refer-
ence 2). Table 1 shows drag coefficients for an
axialsymmetricbody with fineness ratio of fr = 5 are listed
for various transition locations.

The present study investigates the possibility of obtain-
mg:

1) low-drag airfoils

2) high-lift and low-drag multi-component airfoils
3) fuselage shapes with a large extension of laminar
flow, not only for axialsymmetric bodies, but also
for general three-dimensional configurations.

The main goal of this work is to refine and validate
computational methods for the design of airfoils and
general 3D fuselages.

A computational iterative optimization procedure to
design airfoils, axialsymmetric bodies and general 3D
glider fuselages has been developed. The design code is
based on the numerical optimization technique and is

made up of several replaceable

airplanelifting surfaces (Reference
1). Many airfoils have been de-
signed in the past with large exten-

TABLE1
Drag coefficients for an axialsymmetric body.

modules, each of which addresses

sionof laminar flow. In gliding itis xtr
also important to have high-lift for (transition
climbing with as low drag as pos- location)
sible. Variable geometry sailplanes 0.50
apply thisidea incorporating multi- 0.40
component airfoils. 0.20
Furthermore, fuselage shaping 0.10

is important for sailplane and hy-
drodynamicbodies. Fuselageskin-

*reference area for Cpy calculation is
maximum frontal area

and solves a part of the complex
problem.
. Previous Studies .
‘p Most two-dimensional airfoils
designed for gliders have been de-
0.035 signed using the very well known
0.042 Eppler'scode(Reference3) orcodes
0.052 based on one-point inverse design.
0.055 However, Eppler’s code gener-
ated airfoils suffer from the fact
that they are generated through
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conformal mappingand thus they arealwayscharac-
terized by a sort of a ‘commeon base shape’. On the
other hand, inverse design codes, like Marsden'’s
(Reference 4), need the inviscid velocity distribution
to be specified. Selig (Reference 5) has proposed a
code for viscous airfoil design based on Newton
iteration where the designer needs to specify just the
desired aerodynamic global coefficients; it is, how-
ever, based on Eppler’s conformal mapping,.

Multi-component airfoils have been mostly de-
signed by trialand error procedures, moving the flap
around and finding the best ratio L/ D (Reference 6).
In this paper we propose a method to design airfoils
starting from a given geometry through numerical
optimization. Constraints, both geometrical and aero-
dynamic, such as minimum thickness or maximum
moment coefficient canbe imposed. Objective coeffi-
cients, such as Cdmjn, or Cl can be imposed on more
than one point of the desired polar.

A comprehensive review of previous research re-
lated to axialsymmetric bodies has been made by
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Dodbele et al. (Reference 7). However, little experi-
mental data are available for flows characterized by high
Reynolds number (based onbodylength),i.e, forReynolds
number range of 30 to 70 X 10°. It seems that the transition
from laminar to turbulent flow occurs beyond the point of
maximum thickness. This would indicate that the pressure
gradient on the forebody of the configuration is the pre-
dominant factor in designing the body shape.

In this work we propose a method (Reference 8) to
design the optimal shape of a general three-dimensional
body, modifying directly the original geometry and inves-
tigating the effect of the local curvature variation on pres-
sure distribution, transition and total drag.

Design optimization procedure

The numerical optimization method includes three ele-
ments: a constrained minimization program, an aerody-
namic code (a solver to evaluate at each iteration the
objective function that we want to minimize) and a para-
metric modification technique applied to the geometry.
The computational design procedure proposed in this
paper is described in the flow-chart presented in Figure 1.

Asanoptimizer, the constrained-minimization method
proposed by Vanderplaats (Reference 9) has been used in
the present investigation.

The objective function to be minimized is taken to be a
function of a certain number of parameters

FOBJ = F(X 1 X2,-rvvueeees XN)

These N parameters must satisfy Nc constraints condi-
tions:

= |

and must be included in prescribed limits:
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A good choiceof the geometric parametersisimperative
inorder toobtaingood optimizationresults. Itis important
to choose parameters to which the objective function is
moresensitiveand tochoose the correctnumber of param-
eters for geometric representation because there must be
sufficient numbers to allow significant shape modifica-
tions. However, an excess number could render obtaining
the desired results infeasible. '

It is important to note that it is of fundamental impor-
tance tointroduce and control both geometricand aerody-
namic constraints for the problem under consideration, to
avoid unsatisfactory solutions. The selection of pertinent
parameters requires good knowledge of the physical prob-
lem by the designer.

Aerodynamic Analysis

The aerodynamic analysis is performed using an invis-
cid potential flow solver coupled with a viscous solver
which predicts theboundary layerdevelopmentalong the
bady.

Two-dimensional viscous calculation

To predict mono and multi-component airfoils viscous
characteristics, a numerical code (Reference 10) able to
predict acrodynamic coefficients up to stall has been em-
ployed. The code is based on panel technique for external
flow prediction coupled to direct or inverse boundary
layer formulation in semi-inverse fashion (Reference 11).
Boundary layer calculations are based on an integral for-
mulationof theequationsand transitionis predicted using
the Drela version of the e’n method. When bubbles are
present, they aresolved throughdirectcomputationusing
the semi-empirical formulation proposed by Dini (Refer-
ence 12).

Three-dimensional inviscid calculation
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Because one of the main goals of the present work is to
design, through numerical optimization, general three-
dimensional bodies, we developed a 3D numerical code
based on surface singularities distribution (Reference 13),
to predict pressure distribution around the body.
Boundary layer calculation for 3D fuselages

Anintegralaxialsymmetricboundary layer method has
beencoded and used toevaluate the effectof viscosity after
external inviscid pressure distribution computation. The
energy equation has been used in conjunction with the
Von Karman momentum equation and Drela 2D closure
correlations (Reference 14) have been coded forboth lami-
nar and turbulent parts of the boundary layer.

Drag is evaluated with the Young formula (Reference
15) which is based on integral quantities of the boundary
layer, evaluated at the body’s trailing edge. For general
three-dimensional bodies we have calculated the
axialsymmetric boundary layer along streamlines con-
tained in the fuselage symmetrical plane (see Figure 2). The
calculations were obtained from the 3D velocity field,
using the radius distribution of an “equivalent
axialsymmetric body.” This was obtained from the origi-
nalbody by assigning a circular shape (of thesamearea) to
every section.
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FIGURE2.5M701 airfoil - pressure distributionatalpha=0",
Re = 2.5e6 for original and optimized shape.

Transition

Because an accurate prediction of transition onset is a
crucial point in designing low-drag airfoils and fuselages
with large natural laminar flow area, we tested various
methodsand compared them toexperimental results (Ref-
erence 16). As results of that investigation we found that
e'n method, as proposed by Drela was able to predict
transition even if, owing to the lack of experimental data,
we could not test the validity of the method at high
Reynolds numbers.

In general we can say that at those numbers there is a
strong influence of external streamline curvature on tran-
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sition onset. Furthermore, we are assuming that transition
occurs always for spatial growth of T-S disturbances.

Also, the instabilities due to crossflow effect should be
monitored for general three-dimensional configurations.

The prediction of transition onset is particularly difficult
forbodies characterized by high fineness ratiobecause the
pressure distribution is almost flat for a large part of the
streamline, leading to an uncertainty in the predicted
transition point.

Discussion of results
Mono-component airfoil design

After testing the code onthe NLF(1) airfoil (Reference 1),
we decided to optimize an airfoil specifically designed for
World Classsailplanes: the SM701 airfoil designed by Dan
Somers and Mark Maughmer (Reference 17). All design
specifications are reported in cited reference and we sum-
marize here the principal ones.

The objective was to obtain the Clmax equal to 1.6 at Re
=0.5e6 withanegative moment coefficient notgreater than
0.1 and the maximum thickness greater than 16%c.

The optimization was performed at same time for two
angles of attack and Reynolds numbers: specifically at
alpha = 0° and Re = 2.5e6, corresponding to cruise, and
alpha = 3° and Re = 1.0e6, relative to climbing condition.
Figure 2 shows theinitialand optimized pressuredistribu-
tionsatalpha =0° along with the two geometries. In Figure
3 the enlargment of the airfoils forward part is presented.
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FIGURE 3. SM701 airfoil - leading edge shape for original
and optimized shape.

The optimized airfoil presents a greater laminar flow
region on the upper surface with a lower drag coefficient.
Figure 4 shows the Cl versus Cd curve at Re = 2.5 millions;
a Cd reduction at cruise Cl coefficient of about 15% canbe
seen. In this figure we also report the experimental values
obtainedatStuttgart (Reference 17):inbothinvestigations,
thereisalittle underestimation of Cd in thelaminarbucket
range.
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FIGURE 4. SM701 airfoil — Cl-Cd polar for original and
optimized shape (Re= 2.5¢6)~Comparison withexperimen-

tal results (Reference 17).

The moment coefficientwas also kept close to that of the
original airfoil (see Figure 5); furthermore, weran thecode
forboth SM701 and optimized geometry up tostall condi-
tions and the results seem to predict almost the same
maximum lift coefficient. The resulting curves are not
shown here, because the code is still under validation for
stall and post stall conditions.

-0.0%

T T T

SM701
SM701 oplimized J

1t

-0.06) Re=2.5 millions
Cmf
-0.07L .
-o.c8l 4

-0.09b 4

-0 -

LR RE S
—o.1ap 1 o

-l <

014 1 i ! i
4 -7 [} 2 4 alpha Ll

FIGURE 5. SM701 airfoil- moment coefficient for original

and optimized shape.

Figure 6 shows the two drag polars at the two design
Reynolds numbers: it can be clearly seen the extension of
low Cd range obtained with respect to the SM701 original
airfoil at both Reynolds numbers.

A typical run to optimize an airfoil for two design
conditions takes about 1 hour on a 486 cpu based PC.
Multi-component airfoil design

The shape optimization of a multi-component airfoil
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FIGURE 6. SM701 airfoil — Drag polar for original and
optimized shape at Re = 2.5e6 and 1.0e6.

consists in finding the best position and shape of the flap.
The results, in terms of liftand drag coefficients are greatly
affected by the values of the gap and overlap.

We have performed the optimization of the UAG92
slotted flap airfoil designed by D.Marsden (Reference 6),
introduced to increase the climb capability of his glider.
The smk speed of a glider is proportional to the airfoil Cd /
(C11-3) ratio. Our goal was to optimize this parameter. Itis
clear that to decrease the above mentioned ratio, the
direction is to increase the lift coefficient without big
change of the drag coefficient value.

The optimization hasbeen performed atan incidence at
which the 0r1gma1 geometry hastheminimum valueof the
Vsp = Cd/( C1ko) parameter choosing the Vsp itself as
objective function, using the code to optimize flap position
and shape.

InFigure7 the pressure distributionrelative the original
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FIGURE 7. UAG92 slotted flap — Pressure distribution on
initial and optimized configuration.
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and the optimized airfoil is shown. The flap shape and
position, along with the original ones, are represented in

Figure 8. It is seen that with the gap reduction and flap

sent a modification of an initial shape with a limited

number of parameters.
By using a parameterization shape relative to the airfoil
shape modification (Reference 18), thatisbased on

the Legendre polynomials equation, it is possible
ik : ! 5 | ' T — to establish a parametric dependence by using 6
S initial —
os | UAGH o fapopHamaion optimized --- parameters for each of the following functions:
o Ku(x): K](X), Ky()()
) initial  optimized ThenwehaveK(a],ap, a3, a4, a5, ag, x), whereai
gap 26% 19% - ag are the 6 parameters ; Ky(x) is used for the
0.05 overlap 26% 4.6% upper surface modification, Kj(x) for the lower
surface modification, and Ky(x) for the lateral
0 ] variation of each fuselage section.
Foreachx constant cross section, the coordinates
-0.05 1 y and z of each point P = (x,y,z) are modified in the
following way:
-0aL - yI"[c\v — y * Ky
Znew = Xz * Ku for P belonging to the upper
s ] surface
Znew = 2 *Kjfor Pbelonging to the lower surface
-2 1 L 1 1 L 1 1 = bl =
675 08 085 03 095 | 105 1L /g 15 Through these 18 parameters, it is then possible
FIGURE 8. UAGY2 slotted flap - flap shape and position for initial and FD Ol?tajn a modification for each section as shown
optimized configuration. in Figure 9. This is particularly efficient for fuse-

geomeltry modificationshown, the main com-
ponent trailing edge pressure has become
lower than that of the original airfoil. In this
way we obtained higher total lift coefficient
with basically the same Cd (see Table 2). Vsp
was reduced by about 10% in all flight condi-
tions.

Three-Dimensional Glider Fuselages Design

With the aerodynamic analysis technique
for 3D bodies previously described, we have
donemany calculations fordifferent fuselage
shapes (Reference 16).

Obviously the goal was to obtain a lower
value of the equivalent parasite area, indi-
cated by f (product of Cd times the dimen-
sionless frontalarea) throughagreaterexten-
sion of natural laminar flow area.

Tosetupaniterative computational proce-
dure, to design three-dimensional fuselage
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FIGURE 9. Cross section shape modification technique.
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shapes, we had to solve the problem of the
parameterization of such shapes. The problem is to repre-

TABLE2
Aerodynamic results for UAG92 slotted flap optimization.
a=2° Re=1million
initial optimized
Cl 1.84 1.94
Cd 0.0152 0.0149
Vsp=Cd/Cl1-5 0.0061 0.0055
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lages, becauseit permits preservationof the characteristics
of the original shape.

Initially no geometric constraints were imposed on the
fuselage’s shape (for example, maximum fineness ratio).
The code found a shape with a greater laminar flow
extension, but with a greater maximum frontal area. The
result is that the drag of the optimized fuselage is greater
than that of the initial shape.

The optimization was then performed with animposed
constraint on the fineness ratio fr, attempting to increase
the natural laminar flow area. Figure 10 shows the shape
modificationin the forebody region, favorable dorsal mid-

49




-0.8

zation procedure to the choice of the objective
e : ' itial functionand constraintshasbeenhighlighted.
PRESSURE DISTRIBUTION ALONG DORSAL MIDLINE = _
optimized - Furthermore, we have proposed a way to
_gal alpha=0°  Re ;=10 millions i parametrize the geometry of a general three
initial  optimized dimensional fuselage. Presented are results
xte/L (lower) .34 37 of optimization processes, showing drag re-
—o.2) xtr/L {upper) .36 42 | duction up to 15% and an increase in the
f=Cd*Amax .00039 .00034 transition location. We have also shown the
multi-point design capability of such an ap-
proach. Finally we canstate that the proposed
methodology is suitable for designing glider
components. Extension of the procedure to
the optimization of wing-body junctions is
under development.
References
(1) Somers D.M., 1981, “Design and Experi-
mental Results for a Natural Laminar Flow
Airfoil for General Aviation Application,”
NASA TP 1861.
0 0.2 0.4 0.6 0.8 T XL 12 (2) Dodbele, S.S., van Dam, C. P, and Vijgen,
e P., “Design of Fuselage Shapes for Natural
FIGURE 10. Glider fuselage optimization — pressure distribution along| LaminarFlow,” NASA CR-3970,March1986.
dorsal midline for original and optimized shape. (3) Eppler, Richard, and Somers, Dan M.: “A

Cp

Bk TOTAL DRAG REDUCTION : 13%

line pressure distribution and transition 0.1 T T T i T
locabons. initial  optimized initial shapc =

A drag reduction of about 13% was oplimized shape -
obtained.

In Table 3 are described geometric and 0.5
aerodynamic characteristics of the two
fuselages.

Initial and optimized longitudinal sec-
tion are shown in Figure 11.

A typical run that requires about 400
iterations, using 500 surface panels took
about 30 seconds per iteration of a CON-
VEX 34 cpu time,

Conclusions -0.05

A numerical optimization procedure,
to design mono- and multi- component
airfoils and three-dimensional glider fu-
selages, has been developed. The code is o ‘ ' J | 3
completely modular, in that it is easy to o 0.2 0.4 0.6 0.8 U o, 12
change a module and address a different
problem (for example axialsymmetric |FIGURE 11. Glider fuselage optimization — longitudinal section for initial and
bodies design). Sensitivity of the optimi- |optimized shape.

L fineness ratio  9.16 9.52

TABLE 3 . .

Geometrics and aerodynamics characteristics for comptlter Pr ogr a{n {?r the Design and Analysis of

initial and optimized glider fuselage. Low-Speed Airfoils.” NASATM-80210, 1980.
(4) Kennedy, ].L. and Marsden, D. J.: “A potential Flow
@=0° Rej=10e6 Design Method for Multicomponent Airfoil Sec-
fr xtr | xtr | Cp Cp | Cp | /- tions,” Journalof Aircraft, Vol. 15, No1, January 1978,

up | low | up low tot | 103 pp- 47-52.

initial _ |9.16 (036 |0.34 |0.04]1 ]0.043 |0.042 1039 (5) SeligM.S., “Multi-Point Inverse Design of Isolated
opt. [9.52 042 [037 [0.037 10042 [0.039 [0.34 Airfoils and Airfoils in Cascade in Incompressible

Flow ,” Ph. D. Thesis - Penn State University, 1992

50 TECHNICAL SOARING




(6)Marsden, D. J.:"Wind Tunnel Tests of the UAG92170/
SESlotted Flapped Wing Section," Technical Soaring,
Vel. 18, No 1, January 1994, pp. 21-26.

(7) Dodbele, S.S., Van Dam, C. P, Vijgen, P. M.H. W, and
Holmes, B. ]., “Shaping of Airplane Fuselages for
Minimum Drag,” Journal of Aircraft, Vol. 24, No. 5,
May 1987, pp. 298-304.

(8) Nicolosi, F., “Design Aerodinamico Bidimensionale e
Tridimensionale tramite OttimizzazioneNumerica.”
Graduation Thesis, Univ. of Naples, February 1994

(9) Vanderplaats, G. N. ,"Numerical Optimization Tech-
niques for Engineering Design: With Applications,”
McGraw-Hill Book Company, 1984.

(10) Dini, P., Coiro, D.P., Bertolucci, 5., “Vortex Model for
Airfoil Stall Prediction Using an Interactive Bound-
ary Layer Method,” to be presented at the ASME
Congress, February, 1995.

(11) De Nicola, C., Coiro, D.P.,and Losito, V., “ An Efficient
Multi-Methods Computer Code for the Prediction
of the Inviscid and Viscous Flow over Multi-Com-
ponent Airfoils,” AIAA Paper 88-3564, in AIAA
CP888, AIAA NFDC Congress, Cincinnati, OH,

VOLUME XIX, NO. 2

July 1988.

(12) Dini, P. and Maughmer, M.D., “Locally Interactive
Laminar Separation Bubble Model,” Journal of Air-
craft, Vol. 31, No. 4, July-August 1994, pp. 802-810.

(13) Hess, J., Smith, A.M.O., “Calculation of Non-Lifting
Potential Flow About Arbitrary Three Dimensional
Bodies,” DOUGLAS report ES40622.

(14) Drela, M., “Two-Dimensional Transonic Aerodynamic
Design and Analysis using the Euler Equations,”
GTL report n. 187, 1986.

(15) Young,A. D., “The Calculation of Total and Skin
Friction Drag of Bodies of Revolution at Zero Inci-
dence,” ARC R&M 1874, April 1939.

(16) Coiro, D.P., and Nicolosi, F. ,"Design of Natural
Laminar Flow Fuselages,” proceedings of XIX
ICASCongress, Anaheim, California USA, Sept. 1994.

(17) Somers, D.M., and Maughmer, M.D., “The SM701
Airfoil an Airfoil for World Class Sailplanes,” Tech-
nical Soaring, Vol. XVI, No. 3, 1992, pp. 70- 77.

(18) Renaux, J., “Methode de Definition de Profils par
Optimisation Numerique,” La Recherche
Aerospatiale, 1984, n. 5, pp 303-321.

51



