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Design-Oriented High-Lift Methodology for General
Aviation and Civil Transport Aircraft

C. P. van Dam,¤ J. C. Vander Kam,† and J. K. Paris‡

University of California—Davis, Davis, California 95616-5294

A high-lift system design methodology that can be incorporated during the early stages of aircraft development
is presented and thus has the potential to provide a superior and more cost-effective vehicle than one developed
utilizing traditional linear design methods. The present methodology offers two different levels of � delity: one
applicable to the conceptual design stage and the other to the preliminary design stage. The underlying � ow solver
couples a three-dimensional nonlinear Weissinger method with two-dimensional viscous data to provide fast and
accurate aerodynamic predictions for high-lift con� gurations. Several test cases that illustrate the capabilities of
this hybrid � ow solver are presented.

Nomenclature
AR = aspect ratio, b2/S
b = wing span
CL = lift coef� cient
Cl = sectional lift coef� cient
Clvisc = sectional lift coef� cient based on viscous

analysis (see Fig. 8)
ClW = sectional lift coef� cient based on inviscid

analysis (see Fig. 8)
Cl® = sectional lift curve slope
c = local chord length
c f = � ap chord length
M1 = freestream Mach number
Re = reynolds number based on freestream

conditions and reference chord
S = wing reference area
x = chord location
xtran = chordwise boundary-layer transition location
y = semispan location
® = angle of attack
®local = sectional angle of attack
®0 = sectional angle of attack for zero lift
1®visc = change in sectional angle of attack as a result

of viscous effects (see Fig. 8)
± f = � ap de� ection angle
" = allowable error
´ = nondimensional semispan station, y=.b=2/
Â = � ap � ow separation factor

Introduction

A LTHOUGH the design methods and tools used in commercial
aircraft development have changed over the years, the overall

goal of aircraft production has remained the same: to provide the

Received 31 July 2000; revision received 1 July 2001; accepted for pub-
lication 24 July 2001. Copyright c° 2001 by the authors. 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 condi-
tion that the copier pay the $10.00 per-copy fee to the Copyright Clearance
Center, Inc., 222 Rosewood Drive, Danvers, MA 01923; include the code
0021-8669/01 $10.00 in correspondence with the CCC.

¤Professor, Department of Mechanical and Aeronautical Engineering,
One Shields Avenue; cpvandam@ucdavis.edu.

†Graduate Research Assistant, Department of Mechanical and Aero-
nautical Engineering, One Shields Avenue; currently Research Scientist,
Eloret, Inc./NASA Ames Research Center, Moffet Field, CA; jvanderkam@
mail.arc.nasa.gov.

‡Graduate Research Assistant, Department of Mechanical and Aeronauti-
cal Engineering;currently Engineer/Scientist,The Boeing Company; john.k.
paris@boeing.com.

customer with a cost-effective, high-quality product that meets a
desired set of mission requirements.

In the highly competitive and economically driven commercial
aviation market of today, the trend is to make aircraft systems sim-
pler, which results in lower production and operational costs. One
such system is the high-lift system. An aircraft’s high-lift system
is vital for the takeoff and landing stages of � ight and accounts for
somewhere between 6 and 11% (potentially higher for more com-
plex con� gurations) of the productioncostof a typical jet transport.1

It is important to understand the signi� cant impact that the early
stagesof designhaveon theoverallcomplexityandcostof the result-
ing high-lift system. As outlined by Nield,2 aircraft have tradition-
ally been designed in a sequential fashion, leaving the high-lift de-
sign to near the end when much of the aircraft geometry has already
been committed. This approach is illustrated in Fig. 1. In a typical
product development program 90% of the cost is committed in the
� rst 10% of the designcycle.3 Addressingdesignof the high-liftsys-
tem earlier in the aircraft design cycle can make it possible to utilize
a simpler high-liftsystem,which would signi� cantly reduce aircraft
productioncost.Additionally,the ability to evaluatehigh-liftsystem
considerations early on in the design process makes it possible to
design for growth of the high-lift system for derivative aircraft or to
simply avoidproblems later in the designprocess, for example, � nd-
ing out after the con� gurationfreeze that the requiredCLmax calls for
anhigh-liftsystemwhosemechanismsdo not � t in theallottedspace.

This paper presents a methodology for incorporating high-lift
system design considerations in the early stages of an aircraft de-
velopment cycle. The goals of this continuing effort are to design
and developa high-liftmethodologythat 1) encompassesall critical
design elements, 2) is fast and accurate, 3) is fully scalable with re-
spect to hardware,software, and high-lifttechnologyadvancements,
and 4) can be applied early on in the airplane developmentprocess.

A high-liftsystemdesigncode, referredto as the high-liftmodule,
was developed as a “plug-in” module for an existing aircraft con-
ceptual design package called the AirCraft SYNThesis (ACSYNT)
program.4 ACSYNT, developedby the Systems Analysis Branch at
NASA Ames ResearchCenter,allowsanaircraftdesignerto perform
tradeoff studies, sensitivities, and optimizations of various aircraft
con� gurations. Analysis modules include aerodynamics, weights,
propulsion, mission performance, geometry, stability and control,
economics, and the newly developed high-lift module. The present
work is an extensionof the work by Pepperet al.5 andPepperandvan
Dam6 offering a methodology for the conceptualdesign of high-lift
systems including cost, weight, and aerodynamic prediction meth-
ods for multielement high-lift con� gurations. Recently the method
was modi� ed to allow for more � exibility in terms of wing geom-
etry, to include the aerodynamics of main/aft double-slotted � aps,
and to provide a methodology capable of producing higher-�delity
aerodynamic predictions, including maximum lift coef� cient, for
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Fig. 1 High-lift design methodology—
traditional approach.2

Fig. 2 High-lift design methodology—improved approach.

Fig. 3 Overview of the high-lift module aerodynamic analysis.

use at the preliminary design stage. Not only does this paper build
upon previous high-lift research, it also complements the efforts by
vanDam et al.,7;8 who developedan aeromechanicaldesignmethod-
ology for high-lift deployment systems.

The proposedhigh-liftdesignmethodologyis presentedin Fig. 2.
Note that it integratescriticalhigh-liftdesignelements into the early
stages of the aircraft design process. One of the key components of
this proposedapproach is the high-liftmodule.The high-liftmodule
provides the necessary high-lift system cost, weight, and aerody-
namic performance predictions utilized at the conceptual and pre-
liminary stages of an aircraft design. This paper focuses on the
aerodynamic portion of the high-lift module, which is depicted in
Fig. 3. To utilize the high-lift module at the conceptual and pre-

liminary design stages of an aircraft design, it is essential that the
aerodynamic predictions be made quickly. For this reason a fast
lifting-line method (modi� ed Weissinger method) closely coupled
with two-dimensionalviscous data is utilized to calculate the three-
dimensional aerodynamic characteristics. The result is a high-lift
module that has a good balance between speed and accuracy, mak-
ing it an effective tool for use at the early stages of aircraft design.

Two-Dimensional Aerodynamic Modeling
The sectional aerodynamiccharacteristicsare a key ingredient to

the three-dimensionalaerodynamicanalysis as illustrated in Fig. 3.
The high-lift module determines the two-dimensionalaerodynamic
characteristicsof each airfoil section in one of two ways. One option
is to utilize the two-dimensional semi-empirical equations, which
are based on computational � uid dynamics (CFD) and experimen-
tal data for various modern high-lift con� gurations (level 1 aerody-
namic database; see Fig. 2). Because this method does not require a
detailed description of the airfoil geometry but rather a parametric
representationof the con� guration, it is most applicable at the con-
ceptual design stage of an aircraft. Once at the preliminary design
stage, typically more detailed geometric and aerodynamic infor-
mation is available. At this point higher � delity two-dimensional
aerodynamic data (level 2 database; see Fig. 2) can be imported
directly into the high-lift module.

There are two ways to acquire the two-dimensionalaerodynamic
performanceresults for the level2 database:experimentallythrough
two-dimensionalhigh-lift wind-tunnel tests for a wide range of rel-
evant con� gurations or computationally using numerical simula-
tion methods. Given the current � scal climate, it is very dif� cult to
conduct extensive experimentalhigh-lift researchprograms such as
those conducted in the United States in the 1940s and the United
Kingdom in the 1970s.9;10 Fortunately,computer technologyand al-
gorithms for solving complex � ow problems have improved rapidly
in the recent years, making CFD an ef� cient and cost-effective
method of analyzing high-lift airfoils. Although a good deal of ex-
perimental data exists for a variety of high-lift systems, most of it is
at low Reynolds numbers and is based on out-datedhigh-lift con� g-
urations. Therefore, CFD provides the necessary and cost-effective
means of acquiring two-dimensionalhigh-lift data of modern high-
lift con� gurations at � ight Reynolds numbers.

A well-validated incompressible Reynolds-averaged Navier–
Stokes solver called INS2D11 was selected for the two-dimensional
CFD analysis. This code has been validated as an accurate tool in
the simulation of viscous � ow over multielement airfoils at high
Reynolds numbers.12;13 In addition, the code’s ability to accurately
predict trends caused by geometric changes of high-lift airfoils has
been veri� ed in a design optimization environment by Eyi et al.14

Van Dam et al.7;8 also show that the trends in lift and drag caused by
changes in trailing-edge � ap gap and overlap predicted by INS2D
correspond very well with experiment. Although there are other
computational tools available for the analysis of high-lift systems,
INS2D was chosenbecauseof its provenaccuracyand reliabilityand
also because the tools for pre- and postprocessingof INS2D simula-
tions are readilyavailableat Universityof California—Davis. A dis-
advantageof this incompressible� ow solver is that it does not cap-
ture Mach-number effects on airfoil maximum lift characteristics.

The Spalart–Allmaras15 turbulencemodel was used,which solves
one transport equation for a nondimensional eddy viscosity vari-
able. This model, unlike many other turbulence models, provides
a smooth laminar to turbulent transition at points speci� ed by the
user. This “ramping” effect from laminar to turbulent � ow can be
troublesome at times when precise control of the transition point
is desired. Nonetheless, this model in conjunction with INS2D has
been shown to produce results that compare very well with experi-
mental multielement aerodynamic data.

Of particular interest to high-lift design, the Spalart–Allmaras
turbulence model seems to be the best in predicting sectional stall
angleand maximumlift coef� cientClmax , as shown byRogerset al.16

in their evaluation of four different turbulence models available in
INS2D. Similar results demonstrating the excellentClmax predictive
capabilitiesof INS2D using the Spalart–Allmaras turbulencemodel
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Fig. 4 Comparison of measured and predicted (INS2D) lift curves for
a modern civil transport aircraft airfoil in cruise con� guration and
with a single-slotted Fowler � ap in takeoff position, Re = 6:9 £ £ 106,
xtranupper = 0:02c, xtranlower = 0:20c, � ap fully turbulent.

Fig. 5 Measured and predicted transition locations for the NLR-7301
� apped airfoil,® = 6 deg, ±f = 20 deg, Re = 2:51 £ £ 106, � ap gap = 0:026c,
� ap overlap = 0:053c.

are shown in Fig. 4. The airfoils (cruise and single-slotted� ap) ana-
lyzedwere rotated to 10-deg angleof attack,and then the grids were
generated.This allowed the � ow physics in the wake to be captured
more accurately at higher angles of attack, which experience has
shown to be an important factor in accurate Clmax predictions.

Because of the sensitivityof high-lift aerodynamicsto boundary-
layer transition, some attention must be paid to transition location
on the airfoil elements. Recently, a transition prediction algorithm
has been incorporatedinto the INS2D � ow solver that makes it pos-
sible to determine the onset of transition automatically as the � ow
solution converges. This methodology identi� es several transition
mechanisms. In two-dimensional airfoil � ows, where surfaces are
generally smooth and freestream turbulence levels are low, transi-
tion is governed by Tollmien–Schlichting (TS) instability, laminar
separation,or turbulence contamination.17 The latter mechanism is
often overlooked, but can be important when, for instance, the � ap
boundary layer is contaminated by the wake of the main element
and/or the slat.18 The method is described in more detail by Brodeur
and van Dam.19 The Navier–Stokes � ow solver including the tran-
sition prediction formulation has been applied to the NLR 7301
� apped airfoil. The test was conducted for the airfoil with a � ap
angle of 20 deg, � ap gap of 0.026c, and � ap overlap of 0.053c at
a chord Reynolds number of 2:51 £ 106 and an angle of attack of
6 deg. This particular multielement airfoil was selected because of
the extensive experimental data available, which include transition
measurements.20 The predicted transition locationsare comparedto
the experimentally observed locations in Fig. 5. On the lower sur-
face of the main element transition is calculated within the range
observed in the experiment, whereas transition on the upper sur-
face is predicted slightly aft of the observed range. Transition on
the upper surface of the � ap is predicted slightly ahead of that seen
in the experiment. On the lower surface of the � ap, the � ow is
predicted to remain laminar as in the experiment. In general, the
calculated transition points agree well with the experimental obser-
vations.

Level 1 Aerodynamic Database
As mentioned earlier, historically the task of high-lift system de-

sign has been conducted during the latter stages of the design pro-
cess after which much of the aircraft geometry has already been
frozen. This less-than-optimalapproach is a result of the high level
of complexityassociatedwith high-liftsystem designand the lackof
ef� cient and accuratepredictionmethods that can beused at the con-
ceptualdesignstage.Critical elementsthatmust be consideredin the
designof a high-liftsystem includeaerodynamics,cost,weight,me-
chanics, and noise. The daunting task alone of determining the two-
dimensionalaerodynamicperformanceof high-liftsystems includes
challenges such as con� uent shear layers, massive separation, and
inverse Reynolds-number effects. Typically, computational meth-
ods based on the Reynolds-averaged Navier–Stokes equations are
required to capture accurately complex � ow physics such as these.
Given the current state of computing technology, it is still not prac-
tical to utilize Navier–Stokes CFD codes at the conceptual design
stage because the solutions tend to take too much time. For this rea-
son semi-empiricalmethods such as those found in DATCOM21 re-
main widely used,but thesemethodsare not suf� cientlyaccuratefor
the design of a modern civil transport aircraft because they are often
based on low-Reynolds-numberdata and outdated high-lift system
technology. One example of this is given in Fig. 6, which presents
the empirical � ow separation factor Â as a function of � ap de� ec-
tion angle for the two-element � ap system on the Energy Ef� cient
Transport (EET).22 The factorÂ is used in the calculationof � ap lift
effectiveness to account for strong viscous effects and separation in
� ap � ows. One set of curves is obtained from DATCOM, whereas
the second set of curves is obtained from computational analysis.
Figure 6 shows that the � aps of the EET con� guration (a moder-
ately performing high-lift system by today’s standards) are about
5–7% more effective than predicted by the DATCOM method. A
second example is the maximum lift predictionfor the two-element
airfoil in Fig. 4. Here the experimental results indicate an increase
in maximum lift coef� cient 1Clmax D 1:27 caused by a � ap de� ec-
tion of 20 deg. The computationalprediction is close and indicates
1Clmax D 1:35, whereas DATCOM underpredicts the increase and
indicates 1Clmax D 0:92. To overcome the limitations of methods
such as those found in DATCOM, a new methodology for concep-
tual high-lift system design has been developed.

One key element of the methodology is called the level 1 aero-
dynamic database (Fig. 2). This is an extensible database contain-
ing two-dimensionalgeometric and aerodynamicperformancedata
for a variety of high-lift systems. From the information in this
database, semi-empirical relationships used for two-dimensional
aerodynamic performance prediction of high-lift systems are de-
veloped and updated. The resulting high-lift predictive capabilities
are well suited for the conceptualdesignstage of modern civil trans-
port aircraftbecause the method re� ects the current state of high-lift
technology and provides fast predictions based on data attained at
� ight Reynolds numbers.

Fig. 6 Comparison of DATCOM21 and present methodology for � ow
separation factor for slotted � aps.
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The complexity of developing semi-empirical performance pre-
dictionrelationshipswas mitigatedbyassumingnocouplingof aero-
dynamic effects between the leading- and trailing- edge devices. In
many cases this decoupled treatment of the problem gives good re-
sults, but as Woodward and Lean10 show the interactive effect of
leading- and trailing-edge devices can at times be signi� cant. As
more multielement high-lift data become available and we begin to
better understand the interaction between the various elements, the
level 1 database can be expanded, and the semi-empirical relation-
ships updated to account for the interactionbetween high-lift airfoil
elements.

The two-dimensionallevel 1 methods are most useful at the con-
ceptual design stage when the information available on the high-lift
systemis limited to severalkey designparameters,namely thechord
length of each of the elements, trailing- and leading-edgede� ection
angles, shroud lengths, and airfoil sectional thickness. These pa-
rameters along with the aerodynamic characteristics of the clean
(cruise) airfoil are required to compute the aerodynamic moments
and forces of the high- lift airfoil.

A database for single-slotted trailing-edge and a variety of
leading-edge devices was developed previously, and the resulting
semi-empirical relationships are presented by Pepper et al.5 and
Pepper and van Dam.6 More recently, these semi-empirical rela-
tionships were extended to include two-dimensional aerodynamic
prediction capabilities for main/aft double-slotted trailing-edge
devices.23

Three-Dimensional Aerodynamic Modeling
A modi� ed lifting-line method based on theory originally de-

veloped by Mutterperl24 and Weissinger25 and later simpli� ed by
Campbell26 and Blackwell27 is used to compute the load distribution
in subsoniccompressible� ow of arbitrary wings and lifting surface
arrangements.The simpli� cation involves replacing the continuous
lifting line of varyingstrengthby a discretesystem of horseshoevor-
tices, each of which is of constant strength. The resulting method,
called � nite-stepmethod or vortex step method,28 allows one to cou-
ple sectional (two-dimensional) viscous results with inviscid wing
(three-dimensional) theory in order to determine the total aerody-
namic coef� cients for con� gurations including wings with dihe-
dral, endplates/winglets, pylons, and biplanes, joined wings, etc.
The present method has advantages over the traditional panel or
vortex lattice methods because this method is signi� cantly faster
than traditional panel methods, and it also incorporates the critical
viscous nature of high-lift devices.

The modi� ed Weissinger method used in the high-lift module is
discussed in more detail by Paris23 and Vander Kam.29 This method
represents the lifting surfaces by a system of rectangularhorseshoe
vorticesplaced along the quarter-chordline of the lifting surfacesas
illustrated in Fig. 7. The load distribution is calculatedby solving a
linear system of equations that enforce a � ow tangencycondition at
the speci� ed control points. For subsonic � ow the effects of Mach
number on lift-curve slope and control point position are taken into
account using the Prandtl–Glauert equation. The lift is integrated

Fig. 7 Distributionofhorseshoevorticesoveramultiplelifting-surface
con� guration.27

directly from the calculated load distribution. The induced drag is
calculated based on the velocities in the Trefftz plane. If the pro� le
drag of the individualairfoil sectionsis available,it canbe integrated
along the span of the wing and added to the induced drag to get
the total drag of the con� guration. The total pitching moment is
calculated by translating the sectional pitching moment to a wing
reference line and integrating along the span of the wing.

Althoughthe modi� ed Weissingermethod reduces the liftingsur-
faces to � at plates, various airfoil shapes, including high-lift con� g-
urations,can be successfullymodeled. This is done by adjusting the
location of the control points to re� ect the proper lift-curve slope
and the panel incidence angles to re� ect the zero-lift angle of at-
tack of the airfoil. Using this methodology, a variety of test cases
have been analyzed to validate the three-dimensionalportion of the
high-lift module. These test cases will be discussed in the sections
to follow.

The modi� ed Weissinger method is capable of analyzing com-
plete aircraft lifting surface con� gurations, including the main wing
with high-lift system, horizontal tail and/or canard, and vertical tail.
The geometry of these surfaces can include sweep, taper, twist,
and dihedral. Additional features that have been added to the three-
dimensional portion of the high-lift module include a simple fuse-
lage model, a nonlinearCLmax prediction routine, and a wind-tunnel
wall model. The CLmax prediction routine is discussed in the next
section,whereasmore informationregardingthe fuselageand wind-
tunnel wall models can be found in the report by Paris.23

Maximum Lift Prediction
The nonlinear method for predicting CLmax couples the modi� ed

Weissingermethod with two-dimensionalviscous � ow calculations
(or experimental data). At a minimum two-dimensional lift data
are required for the wing root and wing tip sections. If there ex-
ists a signi� cant variation in the spanwise airfoil geometry, such
as the case of high-lift con� gurations and most cruise wings, sec-
tional data for additional stations along the wing should be used.
INS2D has shown much promise in its ability to accurately predict
two-dimensional viscous � ows for both single- and multielement
airfoils. Considerable success has been achieved using the Spalart–
Allmaras turbulence model15 and by exercising special care in the
speci� cation or prediction of boundary-layer transition locations.

The lift data for each de� ning airfoil section are compiled into a
single data � le that is read by the high-lift module. The lift-curve
slope Cl® and zero-lift angle of attack ®0 are then calculated for
each section. This information is used in the present method to
calculate the initial load distribution from which the local coef� -
cient of lift is calculated for each spanwise station. After this initial
three-dimensional calculation the following iterative procedure is
performed for each angle of attack being examined:

1) Calculate the effective local angle of attack for each station
using:

®local D Clw =Cl® C ®0 ¡ 1®visc

where the local lift coef� cientClw is calculatedfor each station from
the bound vortex strength and 1®visc is the viscous correction angle
(see step 3), which is initially equal to zero.

2) Find Clvisc at the local angle of attack ®local by interpolatingthe
two-dimensionalviscous section input data.

3) If jClvisc ¡ Clw j > ", with a typicalvalue for " D 0:01,determine
the appropriate viscous correction angle for each section such that
at the local angle of attack the lift coef� cient of the correctedsection
equals Clvisc using the following:

1®visc D .Clvisc ¡ Clw /=Cl®

See Fig. 8 for a graphical description of 1®visc .
4) Adjust the ® distribution(left-handside of system of equations

in the modi� ed Weissingermethod) by the appropriatelocal viscous
correctionangle1®visc, and calculatethe resulting load distribution.

5) Repeat steps 1–4 until jClvisc ¡ Clw j < " for all spanwise
stations.
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This iterative procedure is performed for a complete angle-of-
attacksweep.The maximumlift coef� cientand stall angle caneasily
be determined from the resultant lift curve. This iterative procedure
has proven to be robust even when encounteringnegative sectional
lift-curve slopes at poststall conditions. However, as pointed out
by Kroeger and Feistel30 care should be taken in applying nonlin-
ear lifting-line methods to poststall calculations.Several validation
test cases used in the validation of the CLmax prediction routine are
presented and discussed next.

Results and Discussion
Five test cases are presented that depict the capabilitiesand accu-

racy of the hybrid � ow solution method and in particular the CLmax

prediction routine. These test cases are as follows: 1) F-29, cruise
con� guration,whichdemonstratesaccuracyofCLmax predictionrou-
tine for a cruise con� guration; 2) � apped half-span wing, full-span
� aps, which demonstrate accuracy of CLmax prediction routine for
a high-lift con� guration and validate wind-tunnel wall model in
high-lift module; 3) � apped half-span wing, part-span � aps, which
demonstrateimportanceof nonplanarwake effect and validatemod-
i� ed trailing-wakemodel; 4) close-coupledcanard,which validates
multiple liftingsurfacepredictions;and5)RAE 1372,clean,full and
partial-span� aps, which demonstrate accuracy of lift prediction for
typical high-lift con� guration.

The � rst test case is of the F-29 swept cruise wing con� guration
shown in Fig. 9 (Ref. 31). The wing has 21 deg of sweep at the
quarter-chord, aspect ratio 10, and taper ratio 0.23. The high-lift
module utilized two-dimensional aerodynamic data at nine differ-
ent spanwise locations, as indicated in Fig. 9, for the nonlinear
CLmax calculations.The correlationwith experimental data is excel-

Fig. 8 De� nition of viscous correction angle as part of nonlinearCLmax
prediction routine.

Fig. 9 Wing-body con� guration with two-dimensional aerodynamic data speci� ed at nine stations indicated.31

lent and can be seen in Fig. 10. The good agreement between the
experimental data and the present prediction demonstrates that the
nonlinear CLmax prediction routine works very well for cruise wing
con� gurations, provided accurate two-dimensional sectional data
are available.

The next high-lift test case was chosen as an example application
of the wind-tunnel wall correction capabilities and also to further
validate the method. The con� guration selected was a wing with no
sweep or taper havingAR D 5:9 andNACA 0012airfoil sections.32;33

The half-span wing model, shown in Fig. 11, was tested in the Lan-
gley 14 £ 22 Ft subsonic wind tunnel, and the data reported had
no wind-tunnel wall corrections applied. The lift curves for the
full-span � apped high-lift test case, as shown in Fig. 12, demon-
strate that the vortex image method for modeling wind-tunnelwalls
does indeed provide accurate predictions in lift. In addition, Fig. 12
shows that the nonlinear CLmax prediction routine continues to ac-
curately predict the stall angle and maximum lift of the high-lift
wing.

The half-span NACA 0012 wing from the preceding test case
was also analyzed in the part-span � ap con� guration (test case 3).
As in the full-span � apped case, the results verify that the wind-
tunnel modeling method used in the high-lift module does indeed
provide results consistent with test data. The lift curves presented
in Fig. 13 show that with the wind-tunnel wall corrections inactive,
the lift-curve slope predictedby the high-liftmodule is less than the
experimental lift-curve slope. Turning the wind-tunnel wall model
on brings the high-lift module lift prediction into agreement with
the experimental data.

Unexpectedly, the prediction of CLmax for the part-span test case
was much lower than the experimentallydeterminedvalue as shown

Fig. 10 Comparison of predicted and measured lift curves for wing-
body con� guration at M1 = 0:19, ReMAC = 5:0 £ £ 106 .
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Fig. 11 Geometry description and pressure tap locations of NACA
0012 semispan test case.32

Fig. 12 Lift curves with and withoutwind-tunnelwall effect for NACA
0012 full-span � ap test case at M 1 = 0:15, Re = 3:3 £ £ 106 .

Fig. 13 Lift curves with and withoutwind-tunnelwall effect for NACA
0012 partial-span � ap test case at M1 = 0:15, Re = 3:3 £ £ 106 (modi� ed
Weissinger method with planar wake).

Fig. 14 Spanwise load distribution for NACA 0012 partial-span � ap
test case at ® = 4 deg (modi� ed Weissinger method with planar wake).

Fig. 15 Wake contours (total pressure) measured at 0:1c aft of � ap
trailing edge of NACA 0012 partial-span � ap wing at ® = 4 deg.34

in Fig. 13. Up to this point, the nonlinear CLmax prediction method
had produced results very consistentwith experiment. After further
investigation it was discovered that this discrepancy in test case 3
arises from a smearing of the spanwise load distribution that occurs
at the � apbreak (or otherdiscretechangein geometrysuchas a thrust
gate) and is a result of the simplifying assumptions of the modi� ed
Weissinger method. The smearing effect occurs because the planar
wake assumption tends to cause an overshoot in the effective angle
of attack on either side of the � ap break.This results in an arti� cially
increased loading of the un� apped region, thus causing a premature
stall of the un� apped region.This effect is exhibited in the spanwise
load distribution for test case 3, as shown in Fig. 14.

The smearing in the load distributionis believed to occur because
the modi� ed Weissinger method models the trailing vortex wake in
a single plane. Experimental and computation results indicate that
the wake is not planar,but ratherhasdiscretejumps where geometric
discontinuitiesexist in the lifting surface. Figure 15 illustrates this
nonplanar wake development behind the part-span high-lift wing.
This picture illustrates that the trailing vortical wake just down-
stream of the � apped region is in a completely separate plane from
the vortical trailing wake of the un� apped region.

It became evident that a differentmethod,one that allows for non-
planar wake modeling, is required to accurately predict the three-
dimensional aerodynamic characteristics of high-lift wings. After
implementing a nonplanar wake model in the Weissinger code, the
spanwise load distribution depicts the steep drop at the � ap break
(Fig. 16). Also, the maximum lift prediction is much improved and
much better agreement with the experimental results is obtained as
shown in Fig. 17. Details of the nonplanar wake formulation may
be found in the report by Vander Kam.29 Wakayama and Kroo35

do not model the nonplanarwake effect but instead include a semi-
empirical functionthat modi� es the inducedvelocitiesand sectional
maximum lift coef� cients in the � ap-edge region based on the hy-
pothesis that the vortex system originatingat the � ap edge modi� es
the effective sectional camber.

The fourth test case was selected in order to validate the capa-
bilities of the method for con� gurations containing multiple lifting
surfaces. In this con� guration two rectangular planforms utilizing
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Fig. 16 Predicted spanwise load distribution for NACA 0012 partial-
span � ap test case at ® = 4 deg.

Fig. 17 Lift curves with wind-tunnel wall effect for NACA 0012
partial-span � ap test case at M 1 = 0:15, Re = 3:3 £ £ 106 .

the LS(1)-0413 airfoil section make up a wing-canardcon� guration
as seen in Fig. 18 (Ref. 36). This con� guration was tested at the
NASA Ames 7 £ 10 ft tunnel. In the arrangement discussed here
the wing and canard are 0.48 m (1:6cwing) apart horizontally and
the wing is 0.15 m (0:5cwing ) below the canard. Two-dimensional
sectional data were obtained using INS2D and the aforementioned
transition prediction algorithm. Lift and moment results are shown
in Figs. 19 and 20, respectively. These results demonstrate the ac-
curacy of the method for multiple lifting surface con� gurations.

The � nal test case is that of the RAE 1372 tested at the No.
2 11 1

2
£ 8 1

2 ft tunnel at Farnborough,England.37 This con� guration
consists of a swept wing evaluatedin the clean con� gurationas well
as with full and 80% span � aps de� ected 10 and 25 deg. The wing
sweep angle is 28 deg at the quarter-chord, the aspect ratio is 8.35,
and the taper ratio is 0.35. The con� guration is depicted in Fig. 21.
Again, two-dimensional sectional data were obtained using INS2D
and the transition prediction method already discussed. The � ap
coordinates provided in the experimental report were quite coarse
and required that the leading-edge region be re� ned with a cubic
spline. This re� nement introduces some uncertainty into the two-
dimensional predictions as the proper geometry is unknown in this
critical area of the airfoil.

Figure 22 illustrates the accuracy of lift predictions for the clean
con� guration. Figure 23 presents lift results for the full-span � ap
case, and Fig. 24 presents lift results for the 80% span � ap case.
There is some discrepancyin the results for the 25-deg � aps setting,

Fig. 18 Geometry de� nition of the canard test case.36

Fig. 19 Lift results for the close-coupled wing-low canard test case,
Re = 1:4 £ £ 106 .

which can be caused by the aforementioned � ap coordinate issue.
The properamount of requiredgeometry re� nement was not known
and may not re� ect the actual test case geometry to within a neg-
ligible margin of error. Nonetheless, these results illustrate that the
method is capable of highly accurate results for realistic geometries
in the clean and high-lift con� gurations.

In summary, the � ow solver that is part of the high-lift mod-
ule produces excellent results for cruise and high-lift wings includ-
ing wings with partial-span � aps. In addition, the wind-tunnel wall
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Fig. 20 Pitchingmomentresults for the close coupled wing-lowcanard
test case, Re = 1:4 £ £ 106 .

Fig. 21 RAE 1372 geometry de� nition.37

Fig. 22 Lift results for the clean RAE 1372 con� guration, Re =
1:35 £ £ 106, M1 = 0:233.

Fig. 23 Effect of full-span � aps on the RAE 1372 test case, Re =
1:35 £ £ 106, M1 = 0:233.

Fig. 24 Effect of 80% span � aps on the RAE 1372 test case, Re =
1:35 £ £ 106, M1 = 0:233.

model and fuselage models are working quite well. It provides an
excellent compromise between computing time and accuracy for
calculating the high-liftperformanceof an aircraft at the conceptual
and preliminary design stages.

Conclusions
The highly competitiveand economicallydriven commercialavi-

ation market of today requires that aircraft manufacturers be able
to provide customers with a high-quality product within the short-
est amount of time at the lowest possible cost. An important key
to reducing both the investment and operating cost of an aircraft
is to keep the systems as simple as possible. At one point in his-
tory, the complexity of high-lift systems was gradually increasing
in order to achieve higher aerodynamic performance, but recent
trends are headed in the opposite direction and aircraft companies
are designing high-lift systems that achieve given levels of lift with
simpler systems. To facilitate the efforts to design simpler, and thus
more cost-effective high-lift systems, the present high-lift design
methodologyhas been developed to offer signi� cant improvements
over traditional methods.

Noting the importance of designing simpler high-lift systems, it
is critical that high-lift system considerations be included at even
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the earliest stages of the design process. In response to this need, a
high-liftsystem designmethodologyhas beendevelopedthat can be
effectively utilized in both the conceptual and preliminary design
stages of an aircraft. This makes it possible for the designer or
aircraft optimization package to examine, early on in the design
process, the effects that various high-lift con� gurations have on the
overall cost and performance of a transport aircraft.

For a design tool be to effective at the conceptual and pre-
liminary design stages, it must provide a reasonable balance be-
tween speed and accuracy. Keeping this in mind, a fast modi� ed
Weissinger method was chosen for the three-dimensional aerody-
namicanalysis.The three-dimensionalcalculationsare coupledwith
two-dimensionalviscous data, which enable the method to produce
good results at a fraction of the time required for three-dimensional
Navier–Stokes solutions.The test cases and sample applicationpre-
sented in this report demonstrate that this method does indeed pro-
vide the necessary accuracy to be useful at the conceptual and pre-
liminary design stages, while being fast enough to be used dur-
ing the early stages of design where thousands of iterations can be
examined.

The methodologypresentedin this reporthas been integratedinto
an existinghigh-lift system design computer code, referred to as the
“high-lift module.” This high-lift module is simple to use and is
capable of analyzing a wide range of high-lift systems found on
general aviation and civil transport aircraft.
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