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ABSTRACT

An overview of recent developments at Boeing in unpowered
high-lift aerodynamics for transport airplanes is presented. Results
for two-dimensional multielement airfoils and finite wings, and ad-
vances related to testing are summarized. These include means of
designing desirable pressure distributions and the corresponding
geometry in two dimensions, and three-dimensional multielement
lifting surface theory to relate the airfoil results to finite wings.
With these methods, the high lift designer can account for the sec-
tion effects of Reynolds number and modify his designs according-
ly.

I. INTRODUCTION

Reviews of advances in highdift aerodynamics have occurred
periodically in the past.(l)'(s) The traditional development of
high-lift aerodynamic systems has relied heavily on experimental
and empirical techniques.

Six years ago, the Boeing Commercial Airplane Company be-
gan a concerted effort to develop new technology for unpowered
high-lift acrodynamics as applied to commercial transport air-
planes. The empbhasis has been on analytical methods, although
empirical and experimental techniques have not been ignored.
This paper summarizes the developments and results obtained to
the present and has sections on two-dimensional airfoils, finite
wings, and advances related to testing. Both analysis and design
methods are discussed; the former produces aerodynamic char-
acteristics as a function of geometry, while the latter is the in-
VErse process.

The achievements listed are perhaps best described as applied
research. The objective of this work is to provide improved theo-
retical, empirical, and experimental technology in readily usable
form to those aerodynamicists at Boeing who design unpowered
high-lift systems. Specifically excluded from this paper is the
large body of research and development work that has led fo the
design and flight-testing of the QSRA and YC-14 airplanes.

II. TWO-DIMENSIONAL METHODS

The development of two-dimensional methods continues to
make heavy demands. Potential flow solutions for multielement
airfoils are well understood and available in several forms; they are
not a concern here. The work described in this section concerns
improved calculation methods for viscous flows, airfoil design, and
separated flows.

Viscous Algorithms

One recent effort has concentrated on the development of
improved viscous algorithms for multiclement airfoils.(6)-(8) Im-
provements in both lift level and slope have been demonstrated
(Figure 1). Results for drag and pitching moment are encouraging
(Figures 2 and 3), but the method is restricted to angles of attack
for which the boundary layer remains attached.
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Figure 1. — Multielement Airfoil Lift Curve
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Figure 2. — Multielement Airfoil Drag
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Figure 3. — Multielement Airfoil Pitching Moment

First results of an emerging technology for confluent bound-
ary layers are promising. Figure 4 shows a comparison of velocity
profiles predicted by this technology with test data.®) A descrip-
tion of the final form of the technology and additional results
will be published at a later date. Experiments to obtain additional
data for confluent boundary layers and for flow in flap coves have
begun.
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Figure 4. — Velocity Profiles of Confluent Boundary Layer

Design and Separated Flow Modeling

Another effort on two-dimensional multielement airfoils is
directed toward both design and analysis capability. The design
method includes potential flow panel algorithms, is iterative, and
can be used to design either complete airfoil elements or only
parts of elements, the balance of which remain fixed. An inverse
boundary layer method is available to determine desirable pressure
distributions.(10)
precisely a specified pressure distribution, the desired pressure dis-
tribution is satisfied in a least-squared-error sense.

Results of a design study for an airfoil are shown in Figure 5.
An initial shape and pressure distribution are shown together with
the desired pressure distribution. In four iterations, the airfoil
shape having the desired pressure distribution is computed to with-
in plotting accuracy in pressure coefficient. The algorithm is a
true design method—calculate geometry as a function of specified
aerodynamics, and is a two-dimensional Frototype of a more gen-
eral three-dimensional design method.(11)
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Figure 5. — Airfoil Design

Results for a flap design study are given in Figure 6. The
main airfoil geometry is fixed. The desired flap pressure distribu-
tion and the corresponding flap geometry are obtained in four it-
erations.
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Figure 6. — Flap Design

In the analysis mode, boundary layer properties are account-
ed for by state-of-the-art methods. Laminar flow, transition, lam-

inar short bubble separation and possible turbulent reattachment,
turbulent flow, and turbulent séparation are all predicted as a
function of pressure distribution. The influence of boundary layer
displacement is included by an iterative process.

At higher angles of attack, separation is no longer confined to
the immediate vicinity of trailing edges; its effects must be ac-
counted for in the solution for pressure distribution. 12) An ini-
tial shape corresponding to a steady-state wake is assumed, and the
design methodology is used to determine a wake shape that carries
no load. This, too, is an iterative solution if separation occurs on
one airfoil element, since separation location varies with pressure
distribution; it becomes a series of imbedded iterations if separa-
tion is modeled on more than one element.

Figure 7 shows the importance of modeling the separated
wake.(12) Note the agreement between theoretical result and test
data, particularly in the separated wake on the main airfoil. Po-
tential flow theory without modeling of the separated wake is
clearly inadequate. Figures 8 and 9 illustrate the effectiveness of
the method in modeling separated flow about highly deflected
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All of this design and analysis technology has been incorpo-
rated into a single computer code which has recently gone into
production usage at Boeing.

These developments are significant for they chance funda-
mentally the techniques for designing and analyzing multielement
airfoil sections. The inverse boundary layer technique greatly re-
duces the task of defining a desirable pressure distribution and
provides a largely automated rational method. The design tech-
nique is essential to produce the geometry corresponding to the
desired pressure distribution. The analysis capability including
separation is important for predicting off-design aerodynamic
characteristics.

Throughout all of these is the explicit use of Reynolds num-
ber as an independent variable. It is now possible to design airfoil
sections for flight conditions, rather than for the conditions of
substantially lower Reynolds number typically used to develop
and validate designs in low-speed wind tunnels. The final, essential
element is production software that produces results quickly, so
that production aerodynamicists can apply all of the technology
routinely.

III. FINITE WING METHODS

The development of analysis and design capability for three-
dimensional wings in high-lift configuration proceeded in two
stages. First a vortex lattice method was developed, and was fol-
lowed by the development of a distributed vorticity lifting surface
method. This Section discusses these developments as well as a
collection of achieved airplane maximum lift coefficients for com-
parative purposes.

Vortex Lattice Methodology

The development of vortex lattice capability did not involve
new methods, byt concentrated instead on producing a reliable
computer code.. However, to the vortex lattice code has been
added capability to model thickness with source panels fromn an
established method.(1
ing of the fuselage, but less important for modeling wing thick-~
ness, at least for high-lift configurations. The analysis capability is
especially complete. Theoretical forces and moments are com-
puted as a function of pitch, roll, and yaw attitudes and steady-
state rates of change of pitch, roll, and yaw. Flow field velocities,
streamlines, ground effects, and linear free surface effects are all
included in the analysis mode.

In addition, significant design capability has been incorpo-
rated. It is possible to solve for the load distribution, and the
corresponding geometry, for minimum induced drag, subject to
one or more of a number of constraints, such as:

® A given bending moment at any span station of the wing.

® A specified amount of lift or side force carried by the
whole configuration or by parts of it.

® A specified pressure on certain panels.
® A specified shape of the chord§vise loading.

® A relationship between deflection angles of specified
panels of the configurations.

Some results of the vortex lattice method for highdift analy-
sis of multielement wings have been disappointing. The difficulty
lies in the sensitivity of the results to the assumed position of the .

4) This is particularly important for the model-

trailing vorticity near the spanwise edges of flaps. Large changes
in lift curve level and slope result from seemingly modest changes
of shed vorticity at flap ends. The expert user can achieve good
results, but confidence in results produced by the average user is
not high. An example of the variations in lift curve and span load-
ing produced by different models of shed vorticity is shown in Fig-
ures 10 and 11. Pressure distributions compare well with test data
when the comparison is made at the same lift, rather than the
same angle of attack.
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Figure 10. - Comparison of Vortex Lattice Theory and
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Figure 11. — Comparison of Vortex Lattice Theory and
Experimental Span Flapped Wing With
Aileron Cut Out

Results for aerodynamic design applications of the vortex lat-
tice code are promising, although the applications to date are pri-
marily for cruise configurations rather than for high-lift configura-
tions. Winglets have been designed for the KC-135 by this meth-
0d.(16) Other examples demonstrate further the flexibility of

this method.(17):(18)

The importance of the vortex lattice code, apart from the ob-
vious increment in capability, is that it demonstrates the possibili-
ties of analyzing high-lift configurations. Difficulties with the
shed vorticity are manageable by experienced users. These diffi-
culties are not present for design applications.

Lifting Surface Method

A computer program utilizing an established distributed vor-
ticity singularity(w) has been tailored for high-lift applications.
A great deal of emphasis has been placed on automation. The user
need only specify gross geometry for multielement wings primari-
ly in terms of the airplane parameters he is accustomed to, and the
program generates its own detailed vorticity networks. The singu-
larity automatically satisfies the Kutta condition at each frailing
edge. A two-dimensional algorithm is used by the program to
specify the downstream path of shed vorticity. The analysis capa-
bility differs primarily from that developed earlier(1) in that pro-
visions are made for multiclement wings, a slender body, and a
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ring-wing representation of nacelles; none are made for representa-
tion of wing thickness. The latter omission is justified on the
grounds that surface pressures due to lift are much greater than
those due to thickness at high-lift conditions; in addition; the ig-
nored effects of airfoil thickness and boundary layer displacement
are in opposition. Design capability has been provided similar to
that in the vortex lattice program already described.

At low angles of attack and small-to-moderate flap deflec-
tions, the method provides both lift and span load distributions
that agree with test data. Little separation is present, and the
physics of the flow are modeled reasonably well.

When separation becomes substantial, the model no longer
applies strictly. Lift is overestimated, as shown in Figure 12, and
the shape of the span loading might be incorrect, depending on
the spanwise variation of separation.
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Figure 72. ~ Span Loading Discrepancy Due to Separation

However, the two-dimensional method described in Section
II that models separated flow can be used to improve the theoreti-
cal three-dimensional lift results when separation is sufficient to
affect overall lift. Figure 13.shows a flapped airfoil with substan-
tial separation. The two-dimensional method is used to predict
lift and the shape of the separated wake. The effective camberline
for the potential flow solution that determines the pressure distri-
bution lies midway between the upper surface of the separated
wake and the outer edge of the boundary layer on the lower sur-
face. The two-dimensional method can be used to calculate a cor-
responding effective flap deflection defined by this aerodynamic
camberline as a function of the flap deflection defined in the usual
way by the geometric camberline. Figure 14 shows that the theo-
retical results predict test data reasonably well.

The effective flap deflection is then used in place of the geo-
metric flap deflection in the calculation of three-dimensional lift
by the distributed vorticity lifting surface method. Figure 15
shows that this method significantly improves the span loading cal-
culation.

The distributed vorticity lifting surface method has been used
in combination with the two-dimensional method to design a lead-
ing edge device that improves lift-to-drag ratio in takeoff for a
twin-engine study airplane. The three-dimensional method is used
to compute span loading at the design lift; the choice of the span
station for the slat design is then based on the span loading. The
two-dimensional design method is used to design both a better
pressure distribution on the leading edge slat, and the revised slat
geometry. The result is a 5 percent improvement in lift-to-drag

" ratio demonstrated _in the wind tunnel. - This work has been des-
cribed previously.

The design method has only been applied to test cases thus.
far to demonstrate its capacity to treat many types of cases. One

of these has been the subject of speculation and is worth men-
tioning because of the largely negative result.

Designers of high-lift systems having one or more spanwise
breaks have speculated that significant reductions of induced drag
could be achieved by setting the various spanwise flap segments at
different deflections, each differing moderately from the nominal
uniform deflection. For a swept wing planform typical of today’s
jet transports having inboard and outboard flaps, the design meth-
od has been used to select the inboard and outboard flap deflec-
tions that would minimize induced drag, subject to a constraint on
lift. The resulting reduction of induced drag is very small, indicat-
ing that differential flap deflection does not necessarily offer a
powerful means of idealizing span loading. Continously varying
twist of the flaps would, of course, be required to minimize in-
duced drag by means of the flaps.

Maximum Lift Coefficient Compilation

The maximumm lift coefficients of a number of airplanes have -
been collected and compared. The objective is to develop a
data base to establish technology levels and trends, not to estab-
lish a simple predictive procedure of coarse accuracy as a function
of a few geometric parameters.
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Figure 16 shows maximum lift coefficient data for 30 trans-
port airplanes as a function of quarter-chord sweep angie. The

497



data have been fitted with four cosine trend curves corresponding
to configurations with only trailing edge flaps, and single-, double-,
and triple-slotted flaps with leading edge devices.
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Figure 16, — Maximum Lift Coefficients of Some

Transport Airplanes
These data are used to assess the relative capabilitics of new

airplanes and to rationalize their performance differences in terms
of detailed configuration differences.

IV. ADVANCES RELATED TO TESTING

Two advances related to testing are discussed in this Section.
One is the design of a thick symmetrical airfoil section to be used
as a strut for mounting instrumentation to survey flow fields.
While the section will certainly be useful, a larger result obtained
from the validation testing of the section is improved empirical
methodology in the design method described in Section II. The
second advance is an improved method for the analysis of the dy-
namic stall maneuver in flight test.

Design of Thick Strut

The High-Lift Research Group has received a request to de-
sign a thick symmetrical strut from the Boeing Wind Tunnel Test-
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ing Methods Group. They want to survey the flow in various sec-
tions of Boeing wind tunnels, apart from the test sections them-
selves, to determine the potential for improving flow qualities and
for reducing losses. The Methods Group proposes to mount suit-
able instrumentation on a long strut to be moved at will in the
low-speed flow in the closed circuit wind tunnel legs, and want the
thickest symmetric airfoil section that can be designed conserva-
tively to have little separation. The operating Reynolds number
range is 10° to0 105, The section should not separate badly for angles
of attack up to three-to-five degrees; this will allow for small local
crossflows.

The inverse boundary layer method(10) has been used to de-
sign a pressure distribution that satisfies the airfoil design require-
ments, and the two-dimensional airfoil design computer program
has been used to compute the corresponding airfoil section. This
section has a thickness-to-chord ratio of 0.288. Figure 17 shows
the airfoil section, the design pressure distributions at zero angle
of attack, and an experimental pressure distribution measured in
the Boeing Research Wind Tunnel. At the indicated condition, the
design pressure distribution has been achieved.
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Figure 17. — Thick Strut and Its Design Pressure Distribution

Figure 18 shows the predicted separation location as a func-
tion of angle of attack for the limits of the available Reynolds
number testing range. Here it can be seen that the design is con-
servative, and in fact, the results of this test have been used to re-
calibrate empirical elements of the methodology of Section Il at
low Reynolds number.
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Figure 18. — Separation Location of the Thick Strut

The results of the test, therefore, include not only the strut
section itself but also improved methodology for airfoil design at
low Reynolds number. The latter is particularly important, for
the various segments of a three-dimensional high-lift system tested
in a low-speed wind tunnel frequently operate within the low Rey-
nolds numbers range of this design study. The capability to design
and analyze models in these conditions has thus been improved.

Dynamic Analysis of Airplane Stall

The principles of the dynamic stall maneuver and its impor-



tance to certified stall speeds are understood.(?2) Before the
development of this technology, stall dynamics were accounted
for by empirical factors, which led to imprecise prediction of stall
speed. An accurate means of calculating airplane and flight path
parameters as a function of time and specific airplane characteris-
tics is essential to the accurate prediction of stall speeds. Figure
19 compares flight test data for the 747 with theoretical results
from a new dynamic stall computer program. This code does not
represent inherently new technology. However, the development
of a dynamic analysis code tailored for this problem, rather than
the adaptation of a more general dynamic maneuver code, is indic-
ative of the importance of the problem.
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Figure 19. — Dynamic Stall Maneuver for the 747

V. CONCLUDING REMARKS

The applied research in high-lift aerodynamics described in
this overview has brought advances in capability in several areas to
the Boeing high-lift designer. Improvement in viscous aerodynam-
ic analysis has been restricted to two dimensions thus far, but the
acquisition of more powerful and efficient computing machines
leads to optimism that productive work on three-dimensional,
multielement viscous methods can proceed within a year or two.
Candidate technological elements include PAN AIR, (!1) for po-
tential flow analysis and design, and a three-dimensional boundary
layer analysis.(23)’(24) The two-dimensional viscous developments
will lead to a better understanding of such phenomena as the sep-
arated flow in flap coves, which hopefully will be applicable to
airplane detailed design.

The inverse boundary layer method provides a readily usable
and effective means of obtaining desirable pressure distributions
for airfoil and/or flap elements; the design methodology provides
the corresponding geometry. The appearance of Reynolds number
as a design variable is important, for it permits the designer to ac-
count for the differences in viscous aerodynamics between the
wind tunnel model and the airplane, both for the analysis of de-
fined geometry and for the design of new geometry. This devel-
opment has led the author to the growing belief that high-lift wind
tunnel models should be designed to simulate the aerodynamics of
the airplane; currently, great pains are taken to ensure that the air-
plane’s geometry is simulated.

If this view is accepted, then the wind tunnel model geome-
try should be different from that of the airplane. The detailed
geometry of each element of the wind tunnel model high-lift sys-

tem, and perhaps even the relative lengths of the elements, should
be changed as necessary to achieve the aerodynamic goal. That
goal should be a high-lift wind tunnel model test for which viscous
phenomena occur at the same angle of attack as they do for the
airplane. The two-dimensional design method, coupled with the
three-dimensional lifting surface method, provides a first means of
accomplishing this. This combination has already achieved some
success, even though it does not account for the nonlinear acrody-
namics of wing-mounted engine nacelles and their pylons that are
caused by separated and vortex flows.

A necessary element for succesful production use of both the
two-dimensional design method and the three-dimensional lifting
surface method is tailoring of the computer software for high-lift
application. The tailoring includes suitable representation of mul-
tielement airfoils and wings, the use of configuration specification
variables that are natural to the production aerodynamic designer
of high-lift systems (such as flap gap and overlap, deflection
angles, and the like), and a high degree of automation of such de-
tails as locating the individual vorticity elements and positioning
the shed vorticity. These features together produce a method that
gives reasonable results in a brief period of time, which is a neces-
sity in the production aecrodynamic design environment.

The design and validation of the thick strut airfoil is instruc-
tive. The developer of the technology was involved in this appli-
cation and was thus in a position to immediately assess its con-
servative nature and promptly revise it. The timely recalibration
of the empirical methodology in the two-dimensional design and
analysis computer program has justified all of the effort.

The work described in this paper has been directed toward

providing the high-lift designer with improved methods. While it
has been successful in those terms, much remains to be done.
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