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SUMMARY

Large quantities of experimental data
exist on the characteristics of airfoils
operating in the Reynolds number range be-
tween one and ten million, typical of conven-
tional atmospheric wind tunnel operating
conditions. Beyond either end of this range,
however, good experiemental data becomes
scarce. Designers of model airplanes, hang
gliders, ultralarge energy efficient trans-
port aircraft, and bio-aerodynamicists
attempting to evaluate the performance of
natural flying devices, are hard pressed to
make the kinds of quality performance/design
estimates taken for granted by sailplane and
ageneral aviation aerodynamicists. Even
within the usual range of wind tunnel
Reynolds number, much of the data is for
"smooth" models which give little indication
of how a section will perform on a wing of
practical construction.

The purpose of this paper is to demon-
strate the use of recently developed airfoi]
analysis/design computational tools to
clarify, enrich and extend the existing
experimental data base on Tow-speed, single-
element airfoils, and then proceed to a
discussion of the problem of tailoring an
airfoil for a specific application at its
appropriate Reynolds number. This Tatter
problem is approached by use of inverse (or
"synthesis") techniques, wherein a desirable
set nf boundary layer characteristics,
performance objectives, and constraints are
specified, which then leads to derivation of
a corresponding viscous flow pressure distri-
bution. In this procedure, the airfoil shape

required to produce the desired flow character-
istics is only extracted towards the end of
the design cycle. This synthesis process is
contrasted with the traditional "analysis"
(either experimental or computational)
approach in which an initial profile shape is
selected which then yields a pressure distri-
bution and boundary layer characteristic, and
finally some performance level. The final
configuration which provides the required
performance is derived by cut-and-try adjust-
ments to the shape. These two approaches are
shown disgramatically in Figure 1.
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Examples are presented which demonstrate the
synthesis approach, following presentation of
some historical information and background
data which motivate the basic synthesis pro-
cess. In this Tight, the present version of
the paper is largely tutorial.

INTRODUCTION

Since the dawn of human flight, encrmous
efforts have been expended on the design of
efficient wings and their constituent airfoil
sections. As such development became a race
for ever increasing speed, the problems of
low-speed flight frequently became relegated
to the status of "off-design" conditions, with
performance requirements met by fitting "high
speed" cruise airfoils with increasingly
complex and sophisticated high-1ift devices.
During the past forty years, relatively little
attention has been given to the development of
"optimized" low-speed airfoils by other than
academicians and "cut-and-try" experimenters.

While frequently outside the mainstream
of modern commercial interest, the range of
Tow-speed flying devices (characterized by
generally low values of the scale parameters
Reynolds and Mach number) covers an enormous
portion of the feasible flight spectrum. To
place the subsequent discussion in a proper
global context, Figure 2 has been prepared to
demonstrate quantitatively the relationships
between Tow-speed flight vehicle size and
performance and the sometimes arcane para-
meter, Reynolds number. While "Tow-speed"
generally implies low Reynolds and Mach
numbers, it is worth noting that recent
interest in ultralarge transport aircraft has
now expanded the Tow-Mach number flight
Reynolds number range from that typical of
small insects (10<Rn<10") through devices like
huge wing-in-ground effect aircraft (Ref. 1)
which may have chord Reynolds numbers
approaching one billion at flight speeds on
the order of 100 m/s (M~0.3). Even a "small"
monster 1ike the Boeing 747 (average wing
chord approximately 10 m) becomes a low-speed
aircraft during approach, with typical average
Reynolds numbers for the wing of 40 million at
M~0.2.

To discuss the full range of problems
associated with wing/airfoil design for the
range of vehicles shown in Figure 1,would
require several books. The present paper is
Timited to a discussion of two aspects of the
overall problem:

1. A brief survey of historical trends in
Tow-speed, single-element airfoil
development, culminating in a review of

the present state of the art in
analytic design methodology.

A demonstration of the value of modern
computational capabilities to, first,
clarify the performance characteristics
of several existing Tow-speed airfoil
sections for which experimental data
exist; and then show how one may proceed
to "synthesize" a suitable section for

a specific application from a desired
specification of boundary layer/pressure
distribution characteristics.
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Aspect ratio = b/T = b2/S

Wing span (m)

Chord (m)

Average chord = S/b (m)

Section drag coefficient

Skin friction coefficient

Wing 1ift coefficient = 1ift/qS
Section 1ift coefficient
Pressure coefficient = (p-p_)/q,
Section pitching moment coefficient
Boundary layer form parameter = §/0
Mach number

Static pressure (N}mz)

Dynamic pressure = %pvz (N/m)
Reynolds number = Vc/v

Wing area {mz}

Airfoil thickness (m)

Velocity (m/s)

Local velocity (m/s)

Weight (N)

Chordwise coordinate

Coordinate normal to chord

Greek symbols:

Angle of attack (degrees)
Boundary layer displacement thickness =

Jo - )z ,
Section 1ift-drag ratio = CRKCd

Boundary layer momentum thickness =

SV - Yo
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v Kinematic vgsgosity
m

(1.46 x 107“m~/s standard sea level)
o Air mass degsity
(1.225 kg/m> standard sea level)

Superscript:

[ 1*

Indicates "design condition"
( )r Recovery point or region

( Xr Transition point or "Trip" location
( )fp Fair point (see Fig. 9)

( JTE Trailing edge

( ) Free-stream condition

(

Ju  Airfoil upper surface value

HISTORICAL PERSPECTIVE

To clarify the present status of Tow-speed
airfoil development, it is of interest to
briefly review the history of how we got from
there to here. A map of the route is shown
in Figure 3.
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FIGURE 3 SIHGLE ELEMENT AIRFOIL EVOLUTIOM

It's important to note that well intothe
present century airfoil "design" was a
largely empirical process, drawing its main
inspiration from natural models (i.e., birds),
and only partially clarified and systematized
by recourse to potential flow theory (e.q.,
Joukowski airfoils). Elaborate testing
programs at Gottingen and by the NACA, among
others, guided by intuition, experience, and
inviscid theory eventually lead to the accu-
mulation of masses of data and subsequent
publication of airfoil section catalogs to
aid designers.

It was not until the mid-1930's that the
influence of viscous "scale effects" was
appreciated, and boundary layer theory well
enough developed to allow the qualitative
incorporation of viscous flow concepts into
the design of "low-drag" sections. The main
upshot of these new considerations was the
famous NACA 6-series "laminar flow" airfoils.
The accumulated results of fifty years of
empiricism, culminating in the matrix of 6-
series sections, are covered extensively in
the classic catalogs by Abbott and von
Doenhoff (Ref. 2), Riegels (Ref. 3) and
reports such as those by Jacobs and Sherman
(Ref. 4).

The preeminence of the 6-series sections
(slightly altered on occasion to the taste of
the individual designer) Tasted for nearly
twenty years. These sections have only been
overshadowed since the Tate 1950's by the
emergence of the revolution ushered in by the
computer. While the equations of advanced
potential flow methods and viscous flow
theory can be concisely written, it is quite
another matter to routinely solve analytically
the complex flow fields around even "simple"
airfoils in a real fluid. Thus, until the
advent of large computers, theory could only
guide what remained a largely experimental
effort.

The wind tunnel is a marvelous tool for
describing what happens, but seldom provides
much guidance on why a particular event
(e.g., boundary Tayer separation) occurs.

To go beyond the level of "design by testing",
practical quantitative solutions to the
equations of viscous flow were required to
supplement empirical experience,

The remarkable success of computer based
methods in improving airfoil performance
beyond the NACA 6-series level is well demon-
strated in the catalog of Wortmann FX-series
sections (Ref. 5) and the reports and papers
listed in Refs. 6 and 7. Despite this new

progress, designers without access to a
computer of sufficient size, or those lacking
a sophisticated background in theoretical
aerodynamics and mathematics, are still
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LOW-SPEED ATRFOIL DESIGN

The general principles of low-speed,
single-element airfoil design in Tight of
modern theory have been discussed in detail
by several authors, notably Wortmann (Ref.
9-11), Miley (Ref. 12) and Liebeck (Ref. 13},
A brief review is presented here in
Appendix A.

Whether one is designing a new airfoil
section or attempting to select one from a
catalog, it is important that all the rele-
vant criteria are kept clearly in mind. The
author's Tist is as follows:

Basic Airfoil Selection/Design Criteria
1. Basic Operating Conditions (superscript *
indicates design point):
a. Lift Coefficient Range
*
0<C 2wl g L
Yin = A =
drag

Ymax

b. Reynolds MNumber Ranye

*
Rn_. < Rn < Rn
min max

¢. Mach Number Range

*
B W< Morde

2. Airfoil Characteristics Desired (Priori-

ties to be established for each specific
application):

a. Low Qrag (e.g., absolute minimum drag
at Cp , "low" drag over operating Cﬁ
range).

b. High Lift {e.g., absolute Cj .

max

moderate C¢  with “gentle" stall).
max

¢. Pitching Moment (e.g., positive
moment for flying wing applications,
Tow negative moment to minimize hori-
zontal tail trim loads or aeroelastic
effects on wing).

3. Practical Constraints:

a. Required thickness-chord ratio and/or
required local structural thickness.

b. Anticipated surface quality (e.g.,
skin joints or slat/airfoil junctions
which might force boundary layer
transition).

HIGH-LIFT/LOW DRAG DESIGN

_From the preceeding 1ist it can be seen

that the airfoil selection/design process is
complex and this partially accounts for the
wide variety of section shapes shown in Figure
3, each intended to strike some particularly
beneficial compromise between often conflict-
ing requirements. It is seldom possible to
state categorically that a particular section
is the "best" one even for a given type of
aircraft.

Within the overall low-speed performance
spectrum, however, one is generally forced to
bias the selection/design toward achievement
of either: (a) low-drag, or (b) high-Tift.

No general rules can be given for how much
"high-1ift" one can achieve with a "low-drag"
section or vice versa, although clues are
beginning to emerge from modern viscous flow
theory. General guidelines for good design
can be formulated, and these are briefiy
reviewed in Appendix A.

It should be noted that the NACA 6-
series airfoils are basically "low-drag"
sections. Their long reign is due more to
the fortuitous fact that they scaled well with
Mach number, rather than providing the long
runs of Taminar flow which was the original
design objective. Only in the special case
of applications to sailplane wings was the
original objective met, practical construction
and operational problems (bugs, paint, rivets,
dimples, etc.) tending to abort the "Taminar
flow" behavior in other applications. None
of the 6-series sections can be categorized
as "high-1ift" airfoils.

EMPIRICAL DATA

With the preceeding 1ist of airfoil
selection/design criteria in mind, one can
consult the various catalogs to see if a
suitable section exists. Data from these
standard sources (e.g., Refs. 2-5, 7, 8) is
summarized in global terms in Figure 5.

Within the range of Reynolds number for
which Targe quantities of data exist, a
diligent searcher can find some apparently
curious anomalies - specifically the "spec-
tacular" Liebeck sections (Ref. 13). That
the Liebeck sections achieve the high-1ift
performance shown is no longer in serious
question, nor are the reasons such performance
is achieved. What remains unclear 1s the T
nature of the trade-offs in section character-
istics which are available between the
"feasible upper bound" represented by the
Liebeck sections and the "top-of-the-line"
conventional sections within the shaded bands
shown in Figure 5.
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As a prerequisite to discussion of of several familiar sections and the
systematic methods for evaluation of these relationships between this data. The more
tradeoffs, some appreciation of the traditional display of global performance
parameters of boundary layer theory as they data, section geometry and pressure
relate to airfoil performance is required. distributions, is discussed in detail in
Figures 6 through 13 show some characteristics Appendix B.
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qencn AIRFOIL PRESSURE DISTRIBUTIONS
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AIRFOIL SYNTHESIS

To advance beyond an empirically based
approach to airfoil design of selection, and
to consider the prospect of tailoring airfoil
sections to a specific application, it is
necessary to understand the difference
between a design approach based on "analysis"
as contrasted with one based on "synthesis."
The synthesis (inverse) approach to airfoil
design begins with the boundary layer charac-
teristics as they affect the pressure distri-
bution and ultimately define and Timit the
performance of a section in every way. The
airfoil shape is derived last in this process
and is that physically realizable contour
which provides the desired flow characteris-
tics. Synthesis is almost the direct
opposite to the traditional "empirical"
(analysis) approach wherein one begins with
a shape which yields a pressure distribution
and a set of boundary layer characteristics,
and thus initial values of Tift, drag and
moment. Performance requirements are finally
met by trial and error modification of the
shape. Whether these modifications are made
to a wind tunnel or computer model, the basic
processis one of iterative cut-and-try until
the solution "converges." Following the
classical approach to airfoil "design" as
typified by the buildup shown in Figure 14,
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it is very difficult to imagine an airfoil
like the Liebeck L 1003 (shown) being
developed by cut-and-try.

AN INVERSE AIRFOIL DESIGN TECHNIQUE

While the possibility of synthesizing an
airfoil has been recognized for many years,
it has only been possible to implement
satisfactory inverse methods (based on modern
boundary layer theory) since the advent of the
computer. Synthesis approaches have been
employed by Wortmann (Ref. 9) and more
recently by Liebeck (Ref. 13). A very general
technique for airfoil synthesis (applicable

. to both single and multi-element section

components) has recently been developed by
Henderson (Ref. 14), based on proven integral
boundary Tayer techniques described largely
in Schlichting (Ref. 15). While the specific
techniques used in the overall program may
seen almost old fashioned, the program has
proven to be very satisfactory in practice
and is quite a powerful tool for both single
and multi-element airfoil synthesis {particu-
larly when coupled with the methods described
in Ref. 16). Details of the method are
described in Reference 14 and only the basic
elements are listed here for reference.

Component
Laminar Boundary Layer

Laminar Separation
Laminar Separation Bubble
Transition

Turbulent Boundary Layer

Turbulent Separation
Compressibility Corrections
Profile Drag

Elements of an Inverse Boundary Layer Analysis and Design Technigue

Theory (Ref. 15 except *)
PoThausen

Polhausen

Henderson (empirical)*
Granville

Momentum integral

Power law velocity profile

Garner's eqn. for form parameter

Ludwieg-Tillman eqn. for wall
shear stress

H> 3.0
Karman-Tsien*
Squire and Young

13
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Utilizing the methodology outlined above,
it becomes possible to implement the airfoil
design process shown in Figure 15. Once an
"optimized" viscous flow pressure distribu-
tion and Tinear theory airfoil shape have
been determined, the powerful methods
described by Henderson in Reference 16 (which
also account for separated flows) are applied
to arrive at the final airfoil geometry which
yields that pressure distribution, and final
analytic performance predictions are made.
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Several points in this synthesis process
need to be clarified. For example, any
"airfoil" shape will produce a unique pressure
distribution. The converse is not generally
true. 1In order to assure that an initial
"designed" pressure distribution will result
in a closed, non-reentrant airfoil shape, an
upper surface pressure distribution is
designed free of geometrical constraints, and
a lower surface pressure distribution is
defined as that which will result in a section
with an NACA 00XX thickness form. This
yields a total pressure distribution which
will result in a realizable airfoil of desired
thickness. This initial lower surface

~=* Four Reglon G Architecture

Dptimization)
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pressure distribution and its corresponding
boundary layer characteristics are usually
poor. In the initial stage, however, it is
the upper surface which is being optimized,
and 1t is a simple matter to subsequently
reconfigure the lower surface (guided by the
preliminary result) to a more desirable form
as indicated in Figure 9.

The program allows a rather arbitrary
specification of upper surface recovery
region form parameter (H) variation as a
primary input. Thus one can systematically
study the effect of this important parameter
easily and in some detail before proceeding
to more detailed design calculations. This
feature will be demonstrated shortly. The
significance of various form parameter vari-
ations is discussed in Appendix B.

The most difficult parameter to specify
correctly at the outset is the trailing edge
pressure coefficient. This parameter has a
very powerful effect on the design 1ift Tevel
a theoretical section will achieve, and to
date the determination of its final "correct"
value has generally required an iterative
approach. The problem is discussed at some
length by Liebeck (Ref. 13).

Probably the weakest part of the
theoretical performance estimation procedure
is calculation of profile drag. In principle,
at the final stage in the design cycle,one
can integrate the total pressure and skin
friction drag components and arrive at a
total profile drag coefficient. Experience
to date with viscous flow programs which
accurately predict pressure distributions and
hence T1ift and pitching moments, gives gener-
ally less accurate drag estimates. This is
due primarily to the fact that drag is
usually two orders of magnitude Tower than
1ift and, whereas errors in 1lift computations
are small with a good pressure distribution
predictor, errors in pressure integration
(particularly in the Teading edge region)
tend to be on the same order as pressure drag
values. Thus, for simplicity, the present
state of the art is to rely on the method of
Squire and Young (Ref. 15) for total drag
prediction and,in the present case, a supple-
mentary calculation of skin friction drag to
provide a clarification of the magnitude of
this component within the total drag value.
This procedure has been found to be reason-
ably adequate, at least for purposes of
comparing the drags of single-element
sections. While absolute values of Squire
and Young drag may sometimes be questionable,
anyone experienced with the pecularities of
two-dimensional wind tunnel testing (particu-
larly at high-T1ift values) must realize the
magnitude of the error band in "good" experi-
mental drag data.
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SOME RESULTS

To indicate the use of the above method-
ology, two examples have been chosen to 2
demonstrate several aspects of the influence
of Reynalds number on airfoil characteristics.
Figure 16 demonstrates the results obtainable
from a parametric study of the influence of
variations of recovery point Tocation and
Reynolds number on a family of sections with
simple roof-top pressure distributions (cf.
Figure 15), and a common specified exponential
form factor variation in the recovery region.

%
fc
FIGURE 16 INFLUEWCE DF VARTATIONS TN RECOVERY POINT LOCATIDN
AND REYNOLDS MUMBER ON A FAMILY OF RDOF-TOP AIRFDILS

The principal observations to be made in this
example are the significant difference in
"optimum" recovery point between sections
désigned (for high 1ift-drag ratios) at two
million and thirty million Reynolds number,
and the ultimate desirability of designing to
full-scale Reynolds number conditions (i.e.,
30 x 10° in this case) to achieve maximum
performance, despite the fact that such results
may appear inferior to those obtained from a
design optimized at wind tunnel conditions
when both are tested at Tow Reynold numbers.
Figure 17 shows the effect of a systema-
tic variation of recovery region form para-
meter on the shape and characteristics of
three airfoils designed to the same 1ift
coefficient level at a Reynolds number of
five-hundred thousand. The performance
characteristics of these sections are

15
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Design Conditions
Rn* = 5x109

Mt o= 0.01
tie* = 0.16
Xelc = 0.35

Cgfiom * 1.25

FIGURE 17 THREE AIRFOILS DESIGNED FOR THE SAME
LIFT COEFFICIENT AT Rn = .5 x 106

summarized in Figure 18 and clearly show the
trades available in T1ift, drag, pitching

moment and stal' break from different speci-
fications of recovery region characteristics.

The results shown in Figure 18 are
generally nonobvious and are of some interest
in view of the discussion in Appendix B,and
the fact that relatively little modern exper-
imental data exists for sections designed
specifically for this low value of Reynolds
number. The stall behavior of the three
sections can be understood on the basis of
the discussion in Appendix B regarding the
correlation between boundary Tayer form
parameter (H) variation and upper surface
separation progression.

A more subtle and remarkable aspect of
the results shown in Figure 18 is that the
net Squire-Young drag of all three sections
at the design point 1ift coefficient is
nearly the same. The rate at which the drag
rises between the design point and maximum
1ift coefficients will be different, however,
reflecting the way in which flow separation
progresses on the three sections as stall is
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approached. The example calculations also
show the relative values of upper surface
recovery region (turbulent) skin friction
coefficient relative to the total upper
surface profile drag coefficient. Although
the highly concave recovery pressure distri-
bution of Airfoil C (which approaches a
Stratford type recovery, c.f. Appendix B)
shown in Figure 11, has the Towest skin
friction coefficients, it also has the highest
rate of growth (and final trailing edge value)
of boundary layer momentum thickness. Thus,
while Airfoil C has the lowest skin friction
drag, it has the highest pressure drag and,

in the overall balance, all three sections
exhibit similiar net profile drag values.

This effect is not Timited to the low Reynolds
number case shown. As Reynolds number
increases, the pressure drag becomes the
increasingly dominant drag term and minimiza-
tion of the recovery region turbulent skin
friction coefficient by employing a Stratford
type recovery becomes increasingly Tess
satisfactory.

CONCLUDING COMMENTS

A review of the history and present‘sta@e
' of the art of low-speed single-element airfoil
design has been presented, leading to a

description of a powerful new inverse boundary
layer scheme which can be used to synthesize
an airfoil section tailored to the requirements
of a specific aircraft. The basic intent of
this paper has been to provide background and
motivation for this alternative approach to
airfoil design, as contrasted with the more
traditional " design by experiment/analysis"
approach to the problem. Along the way
(Appendix B) it has been possible to clarify
the performance characteristics of sections
of quite different geometry and design
objectives, and indicate the influence of
Reynolds number on both "low-drag" and "high-
Tift" sections. Several examples of paramet-
ric analyses using the "synthesis" methodolo-
gy have been presented which only hint at the
potential of these new techniques.

It has been shown that airfoil design
(even when limited to very low Mach numbers
and single-element sections) is a hugely
complex problem to which no single "best"
solution exists even for a single specialized
category of aircraft type. On the other hand,
it is clearly possible to derive a section
biased and optimized to the taste of an indi-
vidual aerodynamicist with a great deal more
intelligence than was possible less than a
decade ago. Much work still needs to be done,
however, to finally free the hang glider
designer from reliance on his present very
slender catalog of airfoil candidates.
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APPENDIX A: BASIC AIRFOIL DESIGN

The purpose of this appendix is to pro-
vide a brief tutorial review of some of the
principles of airfoil design. The discussion
follows that of Wortmann (Ref. 11), Miley
(Ref. 12) and Liebeck (Ref. 13).

A1l practical airfoils will carry some
1ift loading (whether high, Tow, or moderate)
at some desired operating condition, and this
will be characterized by generation of some
peak Tevel of negative pressure coefficient on
the upper surface of the section, followed by
recovery to near free-stream conditions at
the trailing edge. The pressure loading on
the Tower surface will depend on factors like
required maximum section thickness, establish-
ment of favorable pressure gradients for low-
drag at the section design Tift level, and
the requirements of satisfactory "“off-design"
performance at low section 1ift coefficients.
At some point on both surfaces of the contour,
the initial run of laminar boundary layer
flow will transition to turbulent flow, the
particular transition points being strongly
dependent on the Reynold number, the form of
the pressure distribution (or the profile
shape which generates it), the surface quality
of the section, and the free-stream turbulence
Tevel. A1l other factors being equal, the
natural transition point will move forward on
the profile as Reynolds number increases.

At this point there is a parting of the
ways as one seeks either high-1ift, or low--
drag performance at low-to-moderate Tift
coefficients. To achieve low-drag, the long-
est possible runs of laminar flow are desired
on both surfaces of the section followed by
an orderly transition to thin turbulent
boundary layer flow as the pressure recovers
to trailing edge conditions; and separation
is to be avoided like the plague.

In the high-1ift case, attention mainly
focuses on the upper surface. As in the Tow-
drag case, laminar flow is sought, together
with high negative pressures over the forward
portion of the section. The problem in the
high-1ift case is not necessarily to delay the
onset of turbulent flow, but rather to cause
an orderly transition at some optimum point
to a healthy thin turbulent boundary layer
over the high peak values reached on the for-
ward portion without significant separation.
The "optimum" high-1ift upper surface pressure
distribution will thus be constructed to pro-
duce the highest possible loading on the
forward portion of the profile, consistent
with the recovery capability of the turbulent
boundary Tayer beginning at an "optimum"
transition point. At Tow Reynolds numbers,
detting rid of laminar flow at the recovery
point and avoidance of large scale laminar

separation become a major consideration.

A major constraint on the high-Tift
section is the character of the stall break;
all things being equal, a gradual stall pro-
gressing from the trailing edge is desired.
It should alsc be noted that the bulk of
"good" high-1ift sections achieve their
maximum 1ift coefficients after upper surface
(trailing edge) separation has begun. Con-
trolled laminar separation bubbles may even
be tolerated if they lead to orderly transi-
tion to turbulent flow in the pressure
recovery region and do not burst before
trailing edge separation is well developed.

In the high-1ift case, the Tower
surface pressure distribution will be
tailored in much the same fashion as in the
low-drag case, although the lower surface
pressure distribution can be made to produce
a significant portion of the net 1ift and/or
alter the pitching moment characteristics.
This factor and the influence of various
forms of upper surface distribution on
section pitching moment coefficients are
indicated in Figures 9 through 12 and in
Appendix B.

APPENDIX B: SOME RELATIONSHIPS BETWEEN AIRFOIL
PERFORMANCE AND BOUNDARY LAYER CHARACTERISTICS

While most aerodynamicists have some appre-
ciation of the section geometric parameters
(e.g., thickness, camber, leading edge radius,
trailing edge angle) which may influence per-
formance, relatively few have a corresponding
"feeling" for the fundamental parameters of
boundary layer theory (e.g., form parameter,
momentum thickness), and how these parameters
are influenced by scale effects. The purpose
of this appendix is to provide a brief evalua-
tion of the boundary layer characteristics of
several representative airfoils, and a descrip-
tion of how these parameters relate to the more
familiar presentations of pressure distributions
and global performance characteristics. An
understanding of the connection between boundary
layer behavior, pressure distribution, and
section geometry as they influence performance,
is essential to success in the synthesis
approach to design.

The performance characteristics of four
familiar sections are shown in Figure 6. Two
of these sections (the NACA 633-018 and
Wortmann FX 61-184) have been designed primar-
ily for Tow-drag, and the other two (the FX
74-CL6-140 and Liebeck L1003) for high-1ift.
These sections actually represent something of
a continuum in that the NACA section is a
classic "minimum drag" shape while the Liebeck
is a pure "high-1ift" section. The Wortmann




FX 61-184 (Ref. 5, 11) is a classic 1960
vintage sailplane section designed for "low-
drag" over a "wide" range of 1ift coeffi-
cients, with a compromise struck between
absolute Tow drag, thickness, and a very
benevolent stall behavior at a moderate
maximum Tift coefficient.

The FX 74-CL6-140 (Ref. 18) on the other
hand, represents an attempt to design a
section with the same level of maximum 1ift
coefficient as the Liebeck, but with a biased
compromise again being struck between thick-
ness, maximum 1ift, wide "drag bucket" and
satisfactory stall characteristics. Al11 four
sections are quite different in shape, and
in the absence of detailed information on the
types of pressure distribution and boundary
layer characteristics {including an evalua-
tion of the post-separated flow region) one
is provided only superficial clues to why
each of these sections exhibits such differ-
ent performance characteristics.

As an aside, the influence of flow
separation on the performance of a section
and the importance of accurately modeling
this effect in a theoretical design exercise,
have been graphically demonstrated by
Henderson (Ref, 16}. Figure 10 shows an
experimental Tift curve for the NASA GA(W)-1
section (Ref. 17) in comparison with theoreti-
cal calculations made with increasingly
sophisticated analytical technigues. For
this particular section, Figure 10 shows that
modeling the attached boundary layer flow
remains inadequate in predicting the varia-
tion in 1ift with angle of attack beyond 75%
of the final maximum Tift coefficient value.
The full theory developed by Henderson
(Ref. 16), which models both the boundary
layer and separation, provides excellent
predictions, however. This improved methodol-
ogy (which extends to multi-element sections)
represents a major, and so far unique,
advanee in computational capability.

To better understand the differences in
performance and shape between the sections
shown in Figure 6, it is necessary to evaluate
in detail the pressure distributions and
boundary layer parameter (specifically the
form parameter, H) variations for each
section. Example data for the NACA 633-018
(Ref. 19) at 2° angle of attack (within the
drag bucket of the section) are shown in
Figure 12 for three widely different Reynolds
numbers. The classic 6-series aft-end shape
corresponds to a roughly linear rise in the
recovery region pressure distribution and
consequent form parameter (H) variation shown.
The influence is indicated, and clearly shows
the difficulty of achieving long runs of
laminar flow as Reynolds number increases.

TECHNICAL SOARING, VOL, VI, NO. 2

As shown in Figure 17, the shape and
magnitude of the form parameter (the ratio of
boundary layer displacement thickness to
momentum thickness) variation in the pressure
recovery region of the airfoil correlate in
general with the shape of the pressure distri-
bution in this region. The specification of
recovery region form parameter variation is
one of the central inputs in the Henderson
inverse method described previously. As
discussed in Schlichting (Ref. 15), laminar
separation occurs when H reaches 3.5 and
turbulent separation begins when H exceeds
about 3.0. The influence of the H-factor
variation on airfoil stall behavior will be
discussed presently.

Wortmann (Refs. 9-11) has argued that
there are advantages to a "concave" recovery
pressure distribution (with near constant
value of recovery region form parameter) for
drag reduction, compared to the Tinear or
convex pressure distributions associated with
earlier profiles, including many of the
Gottingen/Joukowski airfoils (c.f. Figure 3).
The basic principles of the design of Wort-
mann's sailplane and related sections
(including the FX 61-184) with concave pres-
sure rises have been thoroughly discussed in
References 9 through 11, and by Miley (Ref.
12). These references alse discuss the impor-
tance of properly contouring both the upper
and Tower surfaces of low-drag profiles.

Turning attention to the high-1ift air-
foils cases, it is interesting to compare
the pressure distributions and boundary layer
characteristics of the Wortmann FX 74-CL4-140
(Ref. 18) and Liebeck L1003 (Ref. 13} shown
in Figure 13, and contrast this data with that
for the NACA 633-018 in Figure 12.

The Liebeck sections are of great
theoretical interest for several reasons.
Members of the family apparently approach the
upper Timit of 1ift coefficient achievable
with a single-element section without mechan-
ical boundary layer control. The sections
also exhibit commendably low drag coefficients
in the region of the design 1ift coefficient
and Tow pitching moments. In exchange for
these desirable characteristics, the stall
behavior is wretched and the undersurface
separates at rather high (positive) 1ift
coefficients, thus Timiting "high-speed"
performance. This latter factor can be par-
tially ameliorated by use of a camber changing
trailing edge flap; however, the abrupt stall
behavior is a fundamental characteristic of
the basic family.

The Liebeck sections have been theoreti-
cally designed by the previously described
synthesis process, in this case by use of a
Stratford recovery region pressure
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distribution (Ref. 20) to establish the max-
imum Tlevel of negative pressure on the
upper surface "roof top" region of the
section. The Stratford recovery region
pressure distribution is that which, for a
turbulent flow, results in a boundary layer
which is everywhere equally close to separa-
tion. Thus, to within the accuracy of the
Stratford formulation, the recovery region
boundary layer is either completely attached
or completely separated - there is no
(theoretical) middle ground. This factor
accounts for the very abrupt stall behavior
of the sections. Thus, by meliance on the
Stratford distribution, Liebeck generated
the single class of high Tift sections which
can be "optimized" and analyzed without
recourse to explicit partially separated
flow calculations. Herein 1lies the success
Liebeck had in designing the very much higher
1ift coefficients and section Tift-drag
ratios than had once been thought possible
for a single-element section. The resulting
shapes and pressure distributions for Liebeck
sections are entirely non-ocbvious and the
prospects of happening on them by "cut-and-
try" were remote. This example provides a
strong motivation for use of inverse methods.

The experimental verification of the
predicted performance of the Liebeck sections,
and by extension the validation of the
Stratford theory, apparently opens a whole
new prospect in high-1ift airfoil design.
However, the inability of Liebeck's methodol-
ogy to account for partially separated flows,
and the resulting formal reliance on the
Stratford distribution, severely circumscribe
the range of sections which can be designed.
The possible trade-offs in performance be-
tween the Liebeck sections,and the range of
conventional sections shown in Figure 5,
remain obscure.

The result of a highly sophisticated
attempt to design such an "intermediate"
airfoil, which trades some drag and thickness
for a better stall behavior, while achieving
the same high-1ift level, is represented by
the Wortmann FX 74-CL(X)-140 pair discussed
in Ref. 18. Referring to Figure 13, one sees
that the Liebeck and Wortmann pressure distri-
butions are quite different, although both
have "concave" distributions in the recovery
region. Where Liebeck uses a well defined
"instability" region as described by Miley
(Ref. 12) to achieve orderly transition to
turbulent flow in the recovery region, Wort-
mann forces the formation of a "well-behaved"
thin laminar separation bubble which acts as
a passive boundary layer trip.

Reviewing the performance curves for the
Wortmann and Liebeck high-1ift sections shown

in Figure 6, one sees the consequences of the
two approaches to the design problem. Look-
ing at the resulting airfoil shapes and
pressure distributions in Figure 13, one sees
1ittle in common between the two sections
however. To see how "equally" high-Tift
coefficients are generated by two such dis-
similar sections, one must refer to the
details of the boundary Tayer characteristics
for the two airfoils.

For both the Liebeck and Wortmann
sections, recovery begins at about 40% of the )
chord aft of the leading edge. Prior to this
the "laminar H" for the Liebeck section is
nearly constant through the instability
region, falling abruptly to an initial
"turbulent" value as the flow transitions.

By contrast, on the Wortmann section the
laminar H rises abruptly prior to transition
until a value of H for laminar separation is
reached, following which a "short bubble" is
formed Teading to transition and turbulent
reattachment at the beginning of the recovery
region.

Once into the recovery region, the
turbulent form parameters on the Liebeck
section rise rapidly to an initially high
value and then begin a further very gradual
linear rise to a point Jjust short of the
trailing edge. This recovery region form
parameter variation is characteristic of a
Stratford imposed pressure distribution.

On the Wortmann section, the turbulent
form parameter does not jump initially, but
rises instead from its starting value behind
the laminar bubble at a nearly identical rate
to that of the Liebeck/Stratford, until it
hooks upward at the end. The result is again
a generally concave pressure distribution on
the recovery portion of the Wortmann section.

Comparison of these form parameter vari-
ations for two very different "looking"
sections clarifies much of the difference in
stall behavior between the sections. On the
Liebeck section, as angle of attack is
increased beyond the "design" value (design
1ift coefficient equal to 1.8}, the recovery
region form parameter level is shifted pro-
gressively upward until a value of approxi-
mately 3.0 is reached, at which point turbu-
lent separation begins. With the Liebeck/
Stratford recovery pressure distribution, the

form parameter level is almost constant across J
the bulk of the recovery region. Thus, if
nothing else {a Taminar short bubble, for J

example) interferes, the whole recovery region
becomes "critical" with respect to separation
at.nearly the same time, and an abrupt stall
subsequently occurs. By contrast, the recovery
region form parameter on the Wortmann section

‘does not reach so uniform a critical level as




as angle of attack is increased towards stall.
This is reflected in the more gradual stall
break for the Wortmann section. The existance
of the short bubble ahead of the recovery
point on the Wortmann section throughout this
approach to stall clouds the issue of how the
stall progresses, and the critic will note
that the stall behavior is not that much
better than the Liebeck. That the stall pro-
gresses non-catastrophically (at least
initially) from the trailing edge is indicated
(e.f. Fig. 5) by the creeping drag rise as
stall is approached and entered.

The preceeding examples are intended to
be illustrative of a few well known sections
and demonstrate some specific trends. The
results shown are not necessarily typical of
wide classes of sections and the possible
ranges of form parameter variation and pres-
sure distribution are enormous. These limited
examples do, however, demonstrate the level of
detailed analysis which modern theory can
provide, and the necessity of delving deeply
into detail in order to understand differences
and similarities between airfoils with
different shapes and global performance
characteristics, and finally to design an
optimized profile for a given application.
Obviously, much more could and should be said
on these topics. In addition, much needs to
be said regarding the problems of "optimizing"
both upper and lower surface contours, and the
influence on drag of form parameter variation,
boundary Tayer momentum thickness, transition
point, etc. All of these investigations re-
quire a technique by which the important vari-
ables of the problem can be varied in an
orderly and systematic fashion, particularly as
a function of Reynolds number. Such a
technique has been described in this paper.
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