
Sharp Leading, Edges '-, < 
i 

L E k d l i d G  E D G E 5  [ N A S A )  5 4  

NASA 
, '  

~. 

I 
. /  



NASA 
Tec hnica I 

l Paper 
2653 

1987 

and Space Administration 

Scientific and Technical 
Information Branch 

Applicability of Linearized- 
Theory Attached-Flow Methods 
to Design and Analysis of 
Flap Systems at Low Speeds 
for Thin Swept Wings With 
Sharp Leading Edges 

Harry W. Carlson 
PRC Kentron, Inc. 
Hampton, Virginia 

Christine M. Darden 
Langley Research Center 
Hampton, Virginia 



Summary 
Low-speed experimental force data on a series 

of thin swept wings with sharp leading edges and 
leading- and trailing-edge flaps are compared with 
predictions made using a linearized-theory method 
which includes estimates of vortex forces. These 
comparisons were made to assess the effectiveness 
of linearized-theory methods for use in the design 
and analysis of flap systems in subsonic flow. Re- 
sults demonstrate that linearized-theory, attached- 
flow methods (with approximate representation of 
vortex forces) can form the basis of a rational sys- 
tem for flap design and analysis. Even attached- 
flow methods that do not take vortex forces into 
account can be used for the selection of optimized 
flap-system geometry, but design-point performance 
levels tend to be underestimated unless vortex forces 
are included. Illustrative examples of the use of these 
methods in the design of efficient low-speed flap sys- 
tems are included. 

Introduction 
A study of the use of linearized-theory methods 

for the design and analysis of simple low-speed flap 
systems is presented in reference 1. The application 
of the methods to the special case of sharp leading- 
edge flaps was considered in reference 2. The under- 
lying premise of these studies was that high levels 
of aerodynamic performance for any flap system can 
be achieved only if the flow about the wing remains 
predominantly attached. Because of the implied need 
for criteria to judge the degree of flow attachment, 
a better staternelit of the premise would be that the 
highest achievable levels of flap-system aerodynamic 
performance require a flow that is as nearly attached 
as circumstances allow. Simple hinged leading-edge 
flaps with sharp leading edges prevent the attainment 
of attached flcw because of the separation that occurs 
at  either the leading edge or the hinge line. However, 
the selection of flap geometry to provide a reasonable 
division of flow turning between that which occurs at  
the leading edge and that which occurs at the hinge 
line helps minimize the overall extent of flow sepa- 
ration. Also, the use of trailing-edge flap deflection 
to reduce the wing angle of attack for a given lift 
serves to reduce the necessary flow turning over the 
forward portion of the wing and further aids in the 
goal of providing an approach to attached flow. Ref- 
erences 1 and 2 illustrate how an attached-flow wing- 
design method (ref. 3) can be used in the selection 
of candidate flap systems to approximate attached- 
flow surfaces and loadings and how an attached-flow 
flap-system evaluation method (ref. 4) can be used 
to estimate achievable performance levels. 

A limited validation of the design procedure with 
correlations of theoretical and experimental data was 
presented in references 1 and 2. In previous studies 
(refs. 5 and 6), an attached-flow camber surface was 
used as a point of departure, and that surface was 
then modified to create a small detached leading-edge 
vortex force for optimization of aerodynamic perfor- 
mance in separated flow. These studies show good 
aerodynamic performance and good agreement be- 
tween experiment and vortex-flow modified linearized 
theory. Nevertheless, there is a need for a more com- 
plete exploration of the applicability and limitations 
of linearized-theory attached-flow methods to  the de- 
sign and analysis of low-speed flap systems. For 
that purpose, the present paper utilizes a relatively 
complete set of experimental force data for a series 
of thin swept wings with leading- and trailing-edge 
flaps. (See ref. 7.) Extensive correlations of theoret- 
ical and experimental results are used to illustrate 
the relatively good agreement for flap settings which 
result in good performance and the poor agreement 
for flap settings far from optimum values. The study 
also shows, in some detail, the variation of optimum 
leading-edge and trailing-edge flap deflections with 
lift coefficient as well as the ability of attached-flow 
methods to predict these settings and the resultant 
performance levels. 

wing aspect ratio, b2/S 

wing span, in. 

wing axial- or chord-force coefficient 

wing drag coefficient 

drag coefficient due to lift, 
C D  - CD,o 

drag coefficient at CY = 0' for a wing 
with no camber or twist 

wing lift coefficient 

wing design lift coefficient 

wing lift curve slope at Q = Oo, per 
deg 
wing pitching-moment coefficient 

wing design pitching-moment 
coefficient 

wing normal-force coefficient 

lifting-pressure coefficient 

mean aerodynamic chord, in. 

leading-edge flap chord, in. 



wing root chord, in. 

trailing-edge flap chord, in. 

wing reference area, in2 

suction parameter, 

maximum suction parameter 
achieved when both leading-edge 
flap deflection and trailing-edge flap 
deflection are free to change 

maximum suction parameter 
achieved when leading-edge flap 
deflection is free to change, but 
trailing-edge flap deflection is held 
at  a fixed value 

Cartesian coordinates 

distance in 2-direction measured 
from wing leading edge 

wing angle of attack, deg 

leading-edge flap deflection angle 
measured normal to hinge line, 
positive with leading edge down, 
deg 

value of 6~,, at which Ss,max,~ is 
achieved 

leading-edge flap streamwise de- 
flection angle, positive with leading 
edge down, deg 

trailing-edge. flap deflection angle 
measured normal to hinge line, 
positive with trailing edge down, 
deg 

value of 6~~~ at which Ss,max is 
achieved 

trailing-edge flap streamwise de- 
flection angle, positive with trailing 
edge down, deg 

Flap Design and Analysis Methodology 
The flap design and analysis concepts originally 

presented in references 1 and 2 are based on the as- 
sumption that only through an approach to attached- 
flow conditions can wing performance be maximized. 
Thus, under circumstances in which flow separation 
is unavoidable, that separation should be reduced 
and locally confined insofar as possible. To begin 

a brief review of these concepts, consider the twisted 
and cambered wing section shown in sketch A. Wing 
sections such as this are employed to avoid flow sep- 
aration that occurs at the leading edge of thin, flat 
wing surfaces and prevents the achievement of the- 
oretical leading-edge thrust. A distributed thrust 
over the forward portion of the curved wing sec- 
tion replaces the flat-surface, concentrated, theoret- 
ical leading-edge thrust and offers comparable aero- 
dynamic efficiency. The gently curved surface and 
the more nearly uniform lifting pressure distribution 
(compared with the flat-surface distribution with its 
leading-edge singularity) helps to avoid flow separa- 
tion that occurs when sharp changes in flow direction 
are encountered. The dependence of the onset of flow 
separation on Mach number, Reynolds number, and 
other possible factors is not fully understood, but it 
is clear, as shown in reference 4, that high Mach num- 
bers and low Reynolds numbers decrease the possi- 
bilities of fully attached flow. Increased design lift 
coefficients also increase the severity of the problem. 

Acpn 
I 

X' 

Sketch A 

When the designer is not free to choose a con- 
tinuously curved surface, but must rely on simple 
hinged flaps, the problem becomes more complex. 
As shown in sketch B, for an airfoil composed of con- 
nected straight-line segments, theoretical singulari- 
ties cannot be avoided. Singularities will appear at 
the leading edge and/or the leading-edge flap hinge 
line-generally both. The airfoil section shown also 
employs a trailing-edge flap to reduce the wing angle 
of attack required for a given lift coefficient and to 
reduce the requirement for flow turning at the lead- 
ing edge and at  the leading-edge flap hinge line. The 
trailing-edge flap hinge line introduces a third the- 
oretical singularity; however, for reasons discussed 
in references 1 and 2, flow separation associated 
with this singularity is not nearly as detrimental to 
wing aerodynamic performance as separation in the 
leading-edge flap region. 

With no leading-edge flap deflection, as shown at 
the top of sketch B, a strong theoretical flat-wing 
leading-edge singularity develops. But , of course, 
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Sketch B 

there will be no leading-edge flap hinge-line singu- 
larity. For that airfoil section, flow separation at the 
leading edge is unavoidable, and the loss of the the- 
oretical leading-edge thrust brings about severe per- 
formance penalties. 

If, as shown at the bottom of sketch B, the 
leading-edge flap is deflected enough to bring about 
a smooth local onflow at the leading edge (an align- 
ment of the local upwash field and the flap sur- 
face) , the leading-edge singularity and the resultant 
leading-edge separation can be avoided. However, for 
such a severe deflection, the theoretical attached-flow 
solution would show a performance penalty relative 
to that of an optimum deflection. (See ref. 1.) Fur- 
thermore, the performance of this flap depends on 
the loading in the vicinity of the hinge line which 
may not be achievable. The hinge-line singularity, 
which would be comparable in strength to the un- 
deflected flap leading-edge singularity, would in all 

probability induce a local flow separation and cause 
a further performance loss. 

The compromise leading-edge flap deflection 
shown in the middle of sketch B is intended to ap- 
proximate, as closely as possible, the camber surface 
and pressure distribution of a well-designed wing sur- 
face such as that shown in sketch A. For this airfoil 
section, t,heoretical pressure singularities appear at 
both the leading edge and hinge line. The leading- 
edge singularity is of reduced strength compared with 
that of a flat wing, but it is not reduced to zero as in 
the case of the well-designed camber surface or the 
fully deflected leading-edge flap. Thus, there remains 
some theoretical leading-edge thrust, which together 
with distributed thrust over the leading-edge flap sur- 
face, preserves good theoretical attached-flow perfor- 
mance comparable to that of the flat wing with full 
theoretical leading-edge thrust. It is anticipated that 
a reasonable division of singularity strength between 
the leading edge and the hinge line would reduce the 
flow separation tendencies and the resultant perfor- 
mance penalties. 

The actual flow about a deflected-flap airfoil ap- 
proximating a well-designed camber surface can be 
quite different from the flow depicted in the middle 
of sketch B. With a sharp leading-edge airfoil, the 
leading-edge singularity would not develop, and the 
theoretical leading-edge thrust would be converted 
to a vortex force according to the Polhamus analogy. 
(See ref. 8.) A flow field similar to that shown in 
sketch C would be expected to form. The boundary 
layer separates from the surface at the leading edge 
and encloses a region of circulation whose strength 
is related to the theoretical leading-edge thrust. Be- 
cause the theoretical thrust for the deflected leading- 
edge flap is relatively small (compared with the the- 
oretical thrust for the flat wing), the vortex force 
associated with the circulation within the separated 
region is also relatively small. 

The relationship between separated and theoreti- 
cal attached flow for efficient flap systems may be fur- 
ther explored with the aid of sketch D. The dashed 
line represents the mean camber surface of a flap- 
system airfoil section and the corresponding theoret- 
ical attached-flow lifting-pressure distribution. For 
the same section in separated flow, most of the force 
distribution (excluding the vortex force) is caused 
by the flow external to the separated region, a flow 
described by a streamline which emanates from the 
wing leading edge and reattaches on the wing upper 
surface. The short-dash-long-dash line represents an 
effective mean-camber surface for the separated flow 
and the corresponding lifting-pressure distribution. 

If, as shown at the bottom of sketch D, the sepa- 
rated flow returns to the surface in the vicinity of the 
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Sketch C 
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- 

X ’  

Sketch D 

leading-edge flap hinge line, the efficiency of the sys- 
tem is close to that of the fully attached flow depicted 
at the top of the sketch. This can happen because 
the change of downward momentum of the flow over 
the flap itself is approximately the same for sepa- 
rated and attached flow; therefore, the lifting force 
is approximately the same. The distribution of this 
force over the flap is different from the attached flow, 
perhaps as shown in the pressure distribution of the 
sketch; however, because of the uniform slope of the 
flap surface, the integrated force in separated and 
attached flow is approximately the same. Thus, for 
reasonably efficient flap systems, the attached-flow 
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solution can model the forces generated in the actual 
separated flow, even though the attached and sepa- 
rated flow fields have entirely different structures. 

When the vortex force associated wit,h circiilation 
within the separated region is taken into account, 
the total loading on the flap is somewhat larger for 
separated flow than for attached. Thus, there is 
no loss in lifting efficiency for the separated flow 
relative to the attached flow, except for the exchange 
of the theoretical thrust for the less-efficient vortex 
force. As discussed in reference 1, the attached-flow 
solution can also model the vortex contribution to the 
pressure distribution by using the Polhamus analogy 
and deleting the leading-edge thrust term. 

The flow depicted in sketch C and at the bot- 
tom of sketch D is considered to be predominantly 
attached because, to a large extent, the flow pat- 
terns are as close to  attached-flow patterns as circum- 
stances (sharp leading edges and sharp hinge lines) 
allow, and the performance level should be close to 
that achievable with attached flow. The principle of 
seeking reattachment at the hinge line in the design 
of sharp leading-edge flaps was originally discussed 
by Rao in reference 9 and was verified experimen- 
tally by F’rink in reference 10. In a subsequent sec- 
tion of this report, experimental data are used in 
an assessment of the sensitivity of flap-system aero- 
dynamic performance, and the associated flow sep- 
aration and reattachment, to leading-edge flap de- 
flection. Although double-hinged flaps selected to 
approximate an efficient camber surface design could 
be handled by the present method and would be ex- 
pected to offer improved performance relative to the 
single-hinged flaps, that additional complexity is be- 
yond the scope of the present study. Performance 
benefits that would arise from rounding of the wing 
leading edge are also excluded to keep the focus of 
the study on problems associated with thin, sharp 
leading-edge wings. 

Sharp leading-edge wing-flap systems intended 
to produce reattachment of the separated leading- 
edge vortex at the leading-edge flap hinge line as 
described in the preceding paragraph are commonly 
called “vortex flaps.” This name, because it may im- 
ply the deliberate creation of a powerful vortex force, 
can be misleading to the uninitiated. Descriptions of 
the concept sometimes encourage this interpretation. 
For example, in reference 9 the author states, “This 
paper presents a new concept, the ‘vortex flap’, which 
aims to exploit rather than suppress the natural ten- 
dency towards flow separation and vortex formation 
at highly swept leading edges, and thus offers a more 
rational approach to flow management for improved 
subsonic efficiency of slender wings at high angles 
of attack.” Reference 10 more correctly refers to  a 
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“small vortex over the flap” whose purpose is to  “pro- 
mote flow reattachment along the hinge line.” The 
goal of vortex flap design is actually the same as that 
for the design of any efficient lifting system-to ap- 
proach a predominantly attached flow condition as 
closely as circumstances allow. 

The foregoing considerations led to the hypothesis 
that flow patterns as close to those of attached flow as 
circumstances allow are required for good flap-system 
performance and that linearized-theory attached- 
flow methods (with separated vortices taken into 
account by means of the suction analogy) are well 
suited to  the design and analysis of efficient flaps. 
The study of the validity of the concepts initiated in 
references 1 and 2 has been extended in this paper to 
cover a wider range of planforms and a wider range 
of lift coefficients. 

The wing-design method of reference 6 has a 
fundamental similarity to the design approach dis- 
cussed in reference 1 and in this report, but there are 
some significant differences. Both approaches begin 
with a linearized-theory attached-flow solution for an 
optimized wing camber surface and modify that sur- 
face in an attempt to achieve high levels of aerody- 
namic efficiency under constraints imposed by actual 
flight conditions and design limitations. The study 
of reference 6, however, dealt with the selection of 
a modified wing camber surface for a design Mach 
number of 0.9 rather than with the selection flap sur- 
faces for low speeds. The two approaches also differ 
in the detailed steps used in the derivation of the 
modified surface. 

Vortex flap design methods based on the concept 
introduced in reference 9 differ from the present a p  
proach primarily in the use of wing analysis meth- 
ods in an iterative manner to define the required 
flap chords and deflections. This iterative process al- 
lows the definition of leading edges which are curved 
in planform so as to  promote flow reattachment at 
the straight hinge line of single-segment leading-edge 
flaps. The present approach is tailored to the di- 
rect design of segmented leading-edge flaps acting in 
combination with trailing-edge flaps. Single-segment 
leading-edge flaps can also be treated as described in 
reference 1. The design of curved leading edges by 
using the present approach would require an iterative 
process. 

Evaluation of Flap System Performance 
The comparisons of theory and experiment used 

in this paper to  validate the concepts are restricted to 
force data. This is believed to be sufficient because 
the simple nature of the surface slope distribution 
for the wings of this study and the analysis of the 

data through the use of axial- and normal-force co- 
efficients allows a piece-by-piece study of the factors 
contributing to aerodynamic efficiency. A sufficient 
proof of the concept is believed to be a demonstra- 
tion of the ability of computational methods employ- 
ing the previously described accounting techniques to 
predict the performance of reasonably efficient flap 
systems. 

W i t h o u t  v o r t e x  
W i t h  v o r t e x  

-e-- 

a 0 

Sketch E 

W i t h o u t  v o r t e x  ---- 
- W i t h  v o r t e x  

30 

15 

0 

CN 

0 

a 0 

Sketch F 

An indication of the value of axial- and normal- 
force data in the analysis of flap-system perfor- 
mance is given in the following discussion and 
accompanying sketches. Sketches E and F show the 
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different nature of the performance benefits of 
leading- and trailing-edge flaps. The data repre- 
sent program results obtained by the method de- 
scribed in reference 4 for sharp leading-edge wings. 
The results shown here include estimates of vortex 
forces but no leading-edge thrust. Sketch E shows 
the characteristic near-linear nature of the variation 
of axial-force coefficient with angle of attack for two 
leading-edge flap deflections and for the undeflected 
case. The slope of the “without vortex” line tends 
to vary linearly with the deflection angle. An enve- 
lope of lines representing a series of flap deflections 
forms a curve approximating the shape of the flat- 
wing full theoretical leading-edge thrust curve. In 
effect, a distributed thrust over the flap surface re- 
places a good portion of the concentrated flat-wing 
leading-edge thrust. Leading-edge flap deflection also 
reduces somewhat the wing normal force. The ben- 
eficial change in axial force, however, far outweighs 
this detrimental effect. As described in reference 1, 
the wing design program of reference 3 and the flap 
evaluation program of reference 4 can be of help in 
predicting the required deflection angles for a given 
lift coefficient. As shown in sketch F, the primary 
effect of increasing trailing-edge flap deflections is to 
raise the level of normal-force coefficient throughout 
the angle-of-attack range. The change in level tends 
to be proportional to the deflection. There is also a 
uniform increase in the axial-force coefficient, which 
tends to increase as the square of the deflection an- 
gle. The increased drag resulting from this increased 
axial force, however, is not as important as the ben- 
eficial effect of the increased lift caused by the in- 
creased normal force. The performance benefits of 
trailing-edge flaps are the result of the reduction of 
angle of attack required for a given lift coefficient. 
The optimum trailing-edge flap deflection for a given 
lift coefficient is in turn dependent on the division of 
load between the trailing-edge flap and the main wing 
surfaces. The wing-design and analysis programs can 
be of use in the prediction of this optimum deflection. 

In the actual flow about the flap systems, there 
may be serious departures from the idealized flap be- 
havior discussed in the preceding paragraph. These 
departures may be greater than those caused by 
mild leading-edge flow separation, which permits a 
predominantly attached flow. An example of the 
use of axial- and normal-force data in assessing the 
nature of departures from attached flow with vor- 
tex separation as calculated by the computer pro- 
gram of reference 4 may be described with the aid 
of sketches G and H. These data represent a wing- 
flap system that is operating in a predominantly 
attached-flow manner for the middle portion of the 

a 

Sketch G 

c N  

a 
Sketch H 

angle-of-attack range shown. However, there is more 
severe flow separation at higher and lower angles of 
attack. At an angle of attack large enough to cause 
the upper-surface separated flow to reattach aft of 
the leading-edge flap hinge line but ahead of the trail- 
ing edge, there is a decrease in distributed thrust on 
the leading-edge flap surface and an increase in ax- 
ial force; however, there is little or no loss of normal 
force. At angles of attack large enough to prevent 
reattachment ahead of the trailing edge for much 
of the wing, there is a loss of normal force as well 
as an increase in axial force. These changes bring 
about drastic losses in performance. At an angle of 
attack sufficiently low to cause a lower-surface sep- 
aration which originates at the wing leading edge 
but reattaches ahead of the trailing edge, there is 
a reduction in axial force but little or no change in 
normal force. For this situation, separated-flow per- 
formance may be better than theoretical attached- 
flow performance. At even lower angles of attack, 
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the separated flow may not reattach ahead of the 
trailing edge and the normal force is more positive 
than for attached flow. In the data analyzed herein, 
there is only limited evidence of high-angle-of-attack 
separation (within the range of angles considered), 
but there is ample evidence of low-angle-of-attack 
separation. 

Computer Program Description 

The wing-design program introduced in refer- 
ence 3 generates an optimized twisted and cambered 
lifting surface for a given wing planform operating at 
specified flight conditions, provides the correspond- 
ing lifting-pressure distribution, and gives wing force 
and moment data. The program provides an instan- 
taneous analysis of the designed surface and may be 
operated in an analysis-only mode. Supersonic as 
well as subsonic speeds can be handled, but it is not 
a transonic code. Because the solution is based on 
the use of candidate surfaces, it can provide a twisted 
and cambered surface restricted to specified wing re- 
gions (a mission-adaptive design) as well as a whole- 
wing-area design. 

The wing-analysis program described in refer- 
ence 4 is almost identical to the subsonic-analysis 
portion of the design code described in reference 3. 
In fact, this program is a predecessor of the design 
code. For a given camber surface, this program pro- 
vides lifting-pressure distributions and wing forces 
and moments. It provides an analysis-only mode 
and is applicable to  subsonic speeds only, but it pro- 
vides for special handling of flap systems, including 
simplified flap-geometry input and computed results 
for various combinations of leading-edge and trailing- 
edge flap deflections in a single run. 

Both programs provide linearized-theory 
potential-flow solutions for a zero-thickness lifting 
surface represented by an array of horseshoe vortices 
and employ a solution by iteration rather than by a 
matrix inversion. Special integration techniques are 
employed to account for leading-edge singularities. 
The programs also provide for an estimate of attain- 
able leading-edge thrust and of the forces caused by 
separated leading-edge vortices. Attainable leading- 
edge thrust considerations play a direct part in the 
design process, but vortex force estimates do not, 
except for a reduction of design lift coefficient (and 
camber surface severity) due to  the vortex lift contri- 
bution. Of course, for the sharp leading edges treated 
herein, no thrust is realized. 

A discussion of the use of the wing-design pro- 
gram, with particular emphasis on leading-edge 
thrust considerations, is contained in reference 11, 
and a discussion of the use of both programs for the 

design and analysis of flap systems with both sharp 
and rounded leading edges is contained in reference 1. 

The computer programs 

WINGDES - Design of Wing Surfaces at 
Subsonic or Supersonic Speeds, 
LAR-13315 (see ref. 3) 
SUBAERF - Aerodynamic Analysis of 
Low-Speed Wing Flap Systems, 
LAR-13116 (see ref. 4) 

may be obtained for a fee from: 

COSMIC 
Computer Services Annex 
University of Georgia 
Athens, GA 30602 
(404) 542-3265 

Calculations for this paper were made with a version 
of the “SUBAERF” program, which includes correc- 
tions and additions as of April 1985. 

Experimental Data 
Reference 7 provides a relatively complete set of 

experimental data for an assessment of the appli- 
cability and limitations of the previously described 
computer programs at low subsonic speeds. The data 
selected for analysis cover four different planforms 
and a series of leading- and trailing-edge flap deflec- 
tions. The wings were constructed of thin materials 
and, except for the flap deflections obtained by the 
use of hand-brake equipment, were flat. This geome- 
try provides a valuable simplification in the analysis 
of some complex aerodynamic phenomena. 

The tests were performed in the Northrop 21- by 
30-inch low-speed diagnostic facility. Six-component 
force and moment data were obtained at angles of 
attack up to and beyond 20’ for most configurations. 
The data were corrected for sting deflection and for 
blockage and wall effects. Tests were performed 
at a Mach number of about 0.1 and at Reynolds 
numbers, based on mean aerodynamic chords, from 
about 0.35 million to about 0.50 million for the 
various configurations. As discussed in reference 4, 
such low Reynolds numbers are generally suspect 
because of a tendency toward severe flow separation 
and poor aerodynamic performance. This concern 
is somewhat alleviated by the very high levels of 
aerodynamic efficiency that were achieved. There 
was little evidence of drastic flow separation, except 
at flap deflections far from optimum settings (wings 
with no-flap deflection at large angles of attack and 
wings with highly deflected flaps at low angles of 
attack). 

Drawings of the models of reference 7, which 
provided data used in the present analysis, are shown 
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in figure 1. 
pertinent model dimensions: 

The following table lists some of the 

Model 
50"-swept cropped 

60°-swept cropped 

65O-swept cropped 

7Oo/5O0 cranked 

delta wing 

delta wing 

delta wing 

leading-edge wing 

S, in2 
47.8 

51.1 

59.1 

51.0 

E, in. 
5.34 

6.24 

7.49 

7.39 

b / 2 ,  in. AR 

4.59 1.65 

The wing reference area S includes the flap areas. 
Wing and flap geometric data in the form used for 
input to the computer program of reference 7 are 
given in table I. 

Comparison of Program and Experimental 
Data 

A comparison of results obtained by using the 
computer program of reference 4 with experimental 
data scaled from the plots of reference 7 is presented 
in figures 2 through 6. The wing planform used for 
the program calculations did not include the fuselage. 
Sketches of the program planform representation are 
shown in the figures. For all wings, the lifting sur- 
face was represented by an array of elements, each 
of which had a span one-tenth of the wing semispan 
and a nominal aspect ratio of 2.0. The number of 
elements representing the wing planform (both left 
and right panels) ranged from 380 to 580. As with 
most numerical methods, the accuracy of the solution 
is dependent on the degree of discretization. The 
problem is particularly severe for attached flow on 
simple hinged flaps. The pressure peaks as shown 
in sketch B make it difficult to obtain accurate inte- 
grated forces with a limited number of elements. The 
chosen element aspect ratio of 2.0 offers a reasonable 
compromise between computational costs and the so- 
lution accuracy. However, as is shown subsequently, 
a somewhat better aerodynamic efficiency of the de- 
flected flap systems would have been predicted if a 
larger number of elements had been employed. 

The wing evaluation program has a feature which 
permits simultaneous solutions for a number of com- 
binations of leading- and trailing-edge flap deflec- 
tions by use of a perturbation process. This time- 
saving program option is sufficiently accurate for 
small deflection angles (streamwise angles of about 
20' or less), but because of the large deflection an- 
gles treated in this investigation, this feature was not 
used. For the most part, individual computer runs 
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were performed for each pair of leading- and trailing- 
edge deflections. 

Throughout this paper, the program basic 
attached-flow solution, which includes no leading- 
edge thrust forces nor any separated leading-edge 
vortex forces, is shown by the short-dash line. Pro- 
gram estimated forces for a flow with a separated 
vortex whose strength is determined by the Polhamus 
leading-edge suction analogy (ref. 8), and whose lo- 
cation is given by delta-wing empirical data (ref. 4), 
are shown by the long-dash-short-dash line. 

Comparisons of program results and experimental 
data for the 50O-swept cropped delta wing are pre- 
sented in figure 2. Figures 2(a) through 2(d) form a 
series in which the leading-edge flap deflection varies 
from 0' to 60' measured normal to the hinge line and 
in which the trailing-edge flap remains undeflected. 
Figure 2(a) indicates that the flat wing behaves as 
anticipated. There is little or no leading-edge thrust 
for the sharp leading-edge wing as shown by the in- 
sensitivity of the axial force to angle of attack. As 
shown by the normal-force curves, the program pre- 
dicts an appreciable contribution of the vortex force, 
and the total predicted normal force agrees well with 
the experimental measurements. The vortex force 
is apparently responsible for the achievement of a 
suction parameter S, of about 0.20 throughout the 
lift-coefficient range. 

Data for the 30' leading-edge flap deflection in 
figure 2(b) show the characteristic linear variation 
of axial force with angle of attack for a wing with 
flap deflection or camber in the leading-edge region. 
In effect, a distributed leading-edge thrust over the 
surface of the flap replaces a large part of the the- 
oretical concentrated leading-edge thrust of the flat 
wing. The reduced value of the theoretical leading- 
edge thrust caused by the leading-edge flap deflection 
also reduces the strength of the vortex force accord- 
ing to the Polhamus analogy. There is reasonably 
good prediction of both axial and normal force over 
most of the angle-of-attack range. There is also good 
prediction of drag up to a lift coefficient of about 0.9. 
This flap deflection produces a maximum suction pa- 
rameter of about 0.70 at  a lift coefficient of about 0.5, 
which is very close to the program prediction. 

For the 45' leading-edge flap deflection of fig- 
ure 2(c), appreciable discrepancies between theory 
and experiment begin to appear. However, the dif- 
ferences are not excessively large at an angle of at- 
tack of about 16' and a lift coefficient of about 
0.8, where this flap deflection produces its maxi- 
mum lifting efficiency as measured by the suction 
parameter. The measured suction parameter of this 
lift coefficient is about 0.68, compared with a talue 
of about 0.52 given by the program results with 



vortex effects included. The largest discrepancies be- 
tween theory and experiment occur at very low lift 
coefficients, where the measured axial force and drag 
are much lower than the predicted attached-flow val- 
ues. This discrepancy occurs because, as discussed 
previously, a leading-edge flow separation on the un- 
dersurface of the highly deflected flap that does not 
reattach brings about. a reduction of the negative nor- 
mal force on that surface and reduces the axial-force 
contribution. 

With the leading-edge flap deflection increased to 
60° in figure 2(d), there are large discrepancies be- 
tween theory and experiment at all lift coefficients. 
The only positive feature is a tendency for differences 
in predicted and measured drag to be smaller in the 
lift-coefficient range between 0.8 and 1.0, where the 
best performance is obtained. In other words, as may 
be observed in most of these correlation figures, the 
better the actual wing aerodynamic performance the 
more likely it is that linearized-theory attached-flow 
methods will be applicable. It is probably not realis- 
tic to expect better results from a simple theoretical 
method for such a large deflection angle. Even the 
corresponding streamwise deflection angle of about 
48" is large. The agreement between predicted and 
measured moment coefficient must be fortuitous. 

Data for the 50" cropped delta wing in fig- 
ures 2(a), 2(e), and 2(f) may be used to  show the 
effect of trailing-edge flap deflection of up to 30" on 
the wing performance with undeflected leading-edge 
flaps. A comparison of these three figures shows that 
the primary effect of the trailing-edge flaps is to in- 
crease the level of wing normal force over the full 
angle-of-attack range with little change in the slope of 
the curves. This increase allows a given value of nor- 
mal force to act on a less-inclined main wing surface 
which, up to a point of diminishing returns, lowers 
the drag level. Comparable trailing-edge flap deflec- 
tions can often match and sometimes exceed the per- 
formance benefits of leading-edge flaps. In general, 
the program results predict quite well the changes 
in force characteristics due to trailing-edge flap 
deflect ion. 

Figures 2(g) and 2(h) show data for the 50" 
cropped delta wing with both leading- and trailing- 
edge flaps deflected. The 30" leading-edge flap de- 
flection combined with the 15" trailing-edge flap de- 
flection in figure 2(g) gives good performance. A 
relatively high measured maximum suction param- 
eter of about 0.88 was achieved at  a lift coefficient of 
about 0.7. Program results give a reasonable predic- 
tion of this performance. In fact, measured drag is 
somewhat lower than the program drag throughout 
the lift-coefficient range. For the larger deflections of 
figure 2(h), there are large discrepancies between the- 

ory and experiment because of the limitations of the 
linearized-theory method. As is shown subsequently, 
leading-edge flap deflections of 60' and trailing-edge 
flap deflections of 30' would be called for only in at- 
tempts to optimize performance of this wing at lift 
coefficients well in excess of 1.0. 

Data for the remaining three wings (figs. 3 
through 5) cover only the undeflected surface and 
one or two other specific combinations of leading- 
and trailing-edge flap deflections. Generally, the 
same pattern of theoretical-experimental correlation 
as seen for the 50" cropped delta wing is followed. 
Reasonably close agreement between predicted and 
measured results are obtained for the flat surfaces. 
The vortex provides a substantial contribution to 
the total normal force. The 30" deflection of the 
leading-edge flap in combination with the 15' deflec- 
tion of the trailing-edge flap produces good perfor- 
mance (suction parameters of about 0.80 or more at 
lift coefficients in the 0.6 to 0.8 range) for each of 
the wings. In general, the program results agree well 
with the experimental data for these deflections. At 
the larger deflection angles ( 6 ~ , ~  = 60°, 6 ~ , ~  = 30°), 
there is generally a poor correlation between theory 
and experiment. 

Figure 6 provides data that allow a comparison 
of the performance of leading-edge flaps of the same 
area but with different planforms on a 6O0-swept 
leading-edge delta wing. For this comparison, data 
are available only for leading-edge flap deflections of 
30" and trailing-edge flap deflections of 0". In spite 
of a noticeable change in flap planform, there is only 
a small difference in measured force characteristics, 
and likewise, there is only a small difference in pro- 
gram predictions. The performance of these two flap 
systems is discussed further in the section "Analysis 
of Flap Performance." 

Analysis of Flap Performance 
The purpose of this exercise is to determine as 

accurately as possible the maximum aerodynamic 
efficiency of the flap systems and the flap deflec- 
tions required. This information is helpful in assess- 
ing the applicability of linearized-theory attached- 
flow methods (with or without an account of vortex 
forces) to the analysis (and presumably the design) of 
flap systems operating at or near maximum-efficiency 
conditions. 

Figure 7 shows suction parameter as a func- 
tion of leading-edge flap deflection angle for the 
three trailing-edge flap deflection angles and for four 
selected lift coefficients. These suction parameters 
were found from fairings of experimental data and 
from the program data curves shown in figures 2 
through 5. Each wing planform is treated separately 
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in figures 7(a) through 7(d). The primary purpose 
of these plots is to provide data for further analysis. 
It is worth noting, however, that there is generally a 
smooth variation of suction parameter with leading- 
edge flap deflection angle and little evidence of any 
“peaking” at a specific angle. This indicates that 
there is not as stringent a requirement for reattach- 
ment to occur precisely at  the hinge line as might 
have been supposed from the discussion in the sec- 
tion “Flap Design and Analysis Methodology.” Data 
for a cranked leading-edge wing tested at a Mach 
number of 0.5 and a Reynolds number of 2.9 x lo6 
as analyzed in reference 2 displayed sensitivities to 
leading-edge deflection similar to those shown here, 
except for a tendency toward more severe penalties 
for large deflections, that are possibly associated with 
hinge-line separation. 

The data shown in figures 8(a) through 8(d) have 
been obtained from the plots of the corresponding 
parts of figure 7. For each of the selected lift co- 
efficients, the restricted maximum suction parame- 
ter Ss,max5~ and the corresponding optimum leading- 
edge flap deflection & i ~ , ~ , ~ ~ ~  from figure 7 are plotted 
as functions of t,railing-edge flap deflection. These 
plots are then used to determine an unrestricted max- 
imum suction parameter S$.m,, the corresponding 
optimum trailing-edge flap deflection angle 6T,n,opt , 
and the accompanying optimum leading-edge flap 
deflection angle 6 ~ , ~ , ~ ~ ~ .  At the bottom of each 
part of figure 8, the final or unrestricted maximum 
suction parameter and the corresponding optimum 
leading- and trailing-edge flap deflection angles are 
shown as functions of lift coefficient. As expected] 
the optimum suction parameter is relatively constant 
over the lift-coefficient range, and both the optimum 
leading-edge deflection and the optimum trailing- 
edge deflection tend to vary linearly with lift coeffi- 
cient. For the most part, there is good agreement be- 
tween measured and predicted optimum deflections 
and only a small tendency for the program to under- 
estimate the performance level. It is shown subse- 
quently that a part of this underprediction is caused 
by the inability of numerical methods to fully account 
for the effects of attached-flow hinge-line singulari- 
ties. As shown by the difference between the “with- 
vortex” and the “without-vortex” program curves, 
the vortex contribution at optimum conditions is ap- 
preciable only at the larger lift coefficients. These 
results support the applicability of linearized-theory 
attached-flow methods (with approximate represen- 
tation of vortex forces) to the analysis (and presum- 
ably the design) of efficient flap systems. In effect, 
for near-optimum flap settings, the attached-flow so- 
lution models the major portion of the forces gen- 
erated by the actual separated flow, even though 
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the attached and separated flow fields have an en- 
tirely different structure. Even attached-flow meth- 
ods that do not take vortex forces into account can 
be used for the selection of optimized flap-syst,em ge- 
ometry, but design-point performance levels at high 
Reynolds numbers tend to be underestimated unless 
vortex forces are included. 

The data of figures 7 and 8 show clearly that 
both leading-edge and trailing-edge flaps are required 
for performance maximization. The data also show 
that near-maximum performance can be achieved 
over a fairly broad range of leading- and trailing-edge 
flap deflection angles on either side of the indicated 
optimum angles. 

In figure 8(d), there is a notable overestimation of 
the optimum leading-edge flap deflection for the lift 
coefficients approaching 1.0. There is also a tendency 
toward the underestimation of the required trailing- 
edge flap deflection. This phenomenon was also en- 
countered in the study of reference 2. Data analyzed 
in that report showed an abrupt loss of lifting effi- 
ciency at CL = 0.8 as leading-edge flap deflections 
were increased beyond the theoretical optimum for a 
7Oo/2O0 cranked leading-edge wing tested at a Mach 
number of 0.5 and a Reynolds number of 2.9 mil- 
lion. It is perhaps significant that similar penal- 
ties of leading-edge flap deflection beyond theoretical 
optimums were observed in the present analysis only 
for the 70°/500 cranked leading-edge wing. There 
is much yet to be learned about the influence of 
Mach number and Reynolds number on flap-system 
performance. 

Another way of examining flap-system aerody- 
namic performance is through the use of contour 
maps such as those shown in figure 9. This figure 
provides only a sample of the use of performance 
maps. Data are shown for the four wings, but only 
for a lift coefficient of 0.8. The contour lines of con- 
stant suction parameter give an indication of the per- 
formance given by various combinations of leading- 
and trailing-edge deflections and serve to  identify 
maximum performance and optimum deflections. An 
advantage of such plots is that other aerodynamic 
characteristics that influence the selection of deflec- 
tion angles may be superimposed. For the exam- 
ples shown herein, contour lines of pitching-moment 
coefficient have been added. As with the data of 
figure 8, there is reasonable agreement between the 
program theoretical and experimental optimum an- 
gles] and there is a tendency of the theory to un- 
derpredict the maximum suction parameter. In gen- 
eral, there is also a reasonable agreement between 
pitching-moment contours, so that if it became nec- 
essary to limit the pitching moment (e.g., to minimize 
trim drag), the program results would serve as a good 
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guide in the absence of experimental data. For ex- 
ample, if it were necessary to restrict the pitching 
moment to values no less than 0.04 at CL = 0.8 for 
the 50' cropped delta wing, experimental data would 
give the best performance at about S L , ~  = 38' and 
6~,, = 5 O ,  and program data would give the best 
performance at  about SL,,  = 34O and  ST,^ = 5'. 

Data for the 60' cropped delta wing with different 
leading-edge flap planforms are presented in figure 6. 
Figure 10 provides a closer examination of perfor- 
mance differences. Unfortunately, this comparison 
can be made for only one leading-edge flap deflec- 
tion, and no comparison data with trailing-edge flap 
deflections are available. For the 30' leading-edge 
flap deflection, the experimental data show a small 
advantage for the tapered flap over the vortex design. 
Program data also show better performance for the 
tapered flap, but by a smaller margin. However, in 
data not shown herein, the program predicted essen- 
tially the same performance for the two flap plan- 
forms when both leading- and trailing-edge flaps are 
employed and when deflections are optimized. 

As mentioned previously, the accuracy of the prc- 
gram attached-flow solution depends on the detail 
of the lifting-surface representation. A problem can 
arise because of the theoretical hinge-line singular- 
ities in the pressure distribution and the difficulty 
of accurately representing these singularities in the 
numerical integration process. With the present 
method, the only way of approaching a true theo- 
retical solution is by reducing the size and increasing 
the number of wing elements. As part of this study, 
an estimate of numerical errors caused by practical 
limits on element size has been made. For this exer- 
cise, the element aspect ratio serves as the variable 
that dictates element size and number. Changes in 
element aspect ratio are more effective than changes 
in element span in obtaining better representation of 
hinge-line singularities. An example of the variation 
of the program suction parameter with element as- 
pect ratio is given in sketch I. These data are for the 
50' cropped delta wing with 6 ~ , ~  = 30°, 6T,n = 15', 
and CL = 0.8. The scale has been chosen to per- 
mit inclusion of an infinite element aspect ratio. The 
scale is linear in the reciprocal of the aspect ratio. For 
this representative example, the extrapolated suc- 
tion parameter for an infinite aspect ratio is greater 
than that for the nominal aspect ratio of 2.0, used 
throughout the paper, by about 0.06. For 6~,, = 60' 
and 6T,n = 30°, the difference is somewhat smaller, 
and for undeflected flaps there is essentially no differ- 
ence. Additional examples of the difference between 
suction parameters given by the nominal element as- 
pect ratio of 2.0 and by the extrapolation are given in 
figure 11. These data repeat the plots of maximum 

suction parameter versus lift coefficient shown in fig- 
ure 8, except that the program data are estimated 
for an extrapolation to  an element aspect ratio of 
infinity. Generally, the extrapolation to a presum- 
ably more accurate attached-flow solution improves 
the theoretical-experimental correlation. However, 
in view of the complications involved and the rea- 
sonable results obtained without extrapolation, such 
a procedure is rarely required. It was done in this 
instance only to show the closer agreement with ex- 
periment that could be obtained with a more exact 
at tached-flow solution. 

r 
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Element aspect ra t io  

Sketch I 

Study of Flap Design Concept 
The flap-system design approach discussed in ref- 

erences 1 and 2, of course, was not used in the se- 
lection of the flap systems tested in reference 7 and 
analyzed in the preceding section of this paper. How- 
ever, in view of the good performance of the tested 
flap systems, it would be instructive to apply the de- 
sign process to these wing planforms and compare 
the resultant flap surfaces with those found to of- 
fer good performance. The 60' cropped delta wing 
is used for an example because for that wing, data 
(although limited) are available for two leading-edge 
flap planforms. Figure 12 shows a camber surface 
generated by the wing-design program of reference 4 
for the 60' cropped delta wing at a selected design 
lift coefficient C L , ~ ~ ~  of 0.7. This, according to the 
terminology of reference 1, is a "whole-wing" design. 
There is, however, one significant difference between 
this example and those of reference 1. For this de- 
sign, the program default set of chords for leading- 
edge modification surface was replaced by an input 
set of chords corresponding to the actual wing plan- 
form chords. This change yielded a wing surface with 
less spanwise twist, which made an easier task of fit- 
ting flap surfaces to the design camber surface. There 
was also a small increase in the suction parameter. 
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As stated in reference 3, program defaults provide 
candidate surfaces which generally provide a camber 
surface design with good aerodynamic efficiency, but 
it is suggested that the program user may want to 
tailor a camber-surface solution more appropriate to 
the problem at hand and may want to search for so- 
lutions offering greater efficiency. 

Figure 12 shows the wing design program lifting- 
surface ordinates nondimensionalized with respect to  
the wing root chord as a function of distance behind 
the leading edge nondimensionalized with respect to  
the wing root chord. Airfoil section mean-camber 
surfaces are shown for 10 semispan locations from 
-L = 0.05 to $$ = 0.95. For convenience, the 
b I 2  
program-generated wing camber surface is shown for 
a reference angle of attack of 0'. An appreciable 
spanwise twist results from the spanwise growth in 
upwash at the leading edge for this swept leading- 
edge wing. The wing-design process utilizes this up- 
wash to generate lift on surfaces which are inclined 
so as to produce a distributed-thrust force. Accord- 
ing to program estimates, this camber surface should 
provide a relatively high aerodynamic efficiency, a 
suction parameter of 0.95 at the design conditions. A 
well-designed flap system should attempt to match as 
closely as possible the surface and, thus, the loadings 
of the camber-surface design. Particular attention 
should be paid to the wing outboard stations, where 
most of the distributed thrust is developed. The solid 
line represents an attempt to approximate the design 
camber surface through a schedule of deflections of 
the leading- and trailing-edge flap segments as shown 
in the plots on the right-hand side of the figure. To 
approximate the outboard section ordinates, it was 
necessary to rotate the flat-wing surface to a refer- 
ence angle of attack of -10'. There was no need to  
alter the original leading-edge flap chord schedule to 
fit the flap surface to the camber surface. A much 
better fit could have been made if it were possible 
to increase the chord of the trailing-edge flap at the 
inboard span stations. For this design, however, the 
original trailing-edge flap chord was retained, and the 
flap deflection was selected to match the slope of the 
camber surface at the wing trailing edge. This should 
tend to preserve the design section normal force. 

In figure 12, the plot of the fitted leading-edge flap 
deflections shows that a single-segment leading-edge 
flap would require an optimum streamwise deflection 
of just under 20'. This agrees well with the experi- 
mentally determined optimum for the design condi- 
tions, which was about 32' measured normal to the 
hinge line or about 17' measured in the streamwise 
direction. The fitted trailing-edge flap deflection of 
about 15' also corresponds reasonably well with the 

experimental optimum of about 18O. The require 
ment for a larger deflection than that given by the 
design method should be expected, because the ac- 
tual trailing-edge flap does not, extend to the wing 
centerline. 

As noted previously, for the 60' cropped delta 
wing, the tapered leading-edge flap with the larger 
inboard chord performed better than the vortex de- 
sign. This comparison, however, was made only for 
the case of undeflected trailing-edge flaps; it should 
be interesting to apply the wing design program to 
this situation. Because the trailing-edge flap has a 
dominant effect on the wing pitching moment, the d e  
sign program was used to generate an optimum lifting 
surface for this wing at CL,+.~ = 0.7 with an imposed 
pitching-moment coefficient restraint of 0.05, which is 
the experimental pitching-moment coefficient gener- 
ated by the wing with no trailing-edge flap deflection. 
This should call for a design surface with only small 
slopes in the trailing-edge region. The results of the 
computer program design process are shown in fig- 
ure 13. As before, a flap system was chosen to match 
as closely as possible the surface given by the design 
program. Particular attention was given to  the out- 
board span stations. The resultant leading-edge flap 
deflection schedule is shown in the plot on the right- 
hand side of figure 13. There is a subtle difference 
between this design surface and that for the u n r e  
stricted pitching moment shown in figure 12. Here, 
there is a larger curvature in the inboard leading-edge 
region of the wing, such that a better surface match is 
provided by the larger inboard chords of the tapered 
flap. Thus, there is at least a qualitative agreement 
between the observed phenomenon and the results of 
the predominantly attached-flow numerical methods. 

The discontinuous sweep of the 7O0/5Oo cranked 
leading-edge wing presents a problem in the selection 
of optimum leading-edge flap deflection angles. Test 
results were gathered for flap deflections measured 
normal to  the hinge line that were the same for both 
inboard and outboard wing panels. It is possible, 
however, that better performance could be obtained 
with another arrangement. A wing-design program 
example (fig. 14) was used to  study the problem. For 
this purpose, the mission-adaptive design feature of 
the program was applied for a design lift coefficient of 
0.7 and for an unrestricted moment coefficient. The 
sketch at the top of figure 14 delineates the wing ar- 
eas affected by the mission-adaptive design. Design 
area chords are taken to  be about one and one-half 
times the actual flap chords. As illustrated in fig- 
ure 14, this provides a convenient way of defining flap 
surface slopes by extending the midregion surface 
to the flap hinge-line location and connecting this 
point to either the wing leading or trailing edge as 
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appropriate. In using the program for this purpose, 
it is neither necessary nor desirable to use more 
trailing-edge candidate surfaces than trailing-edge 
flap segments. For this example, the single-segment 
trailing-edge flap requires only the first trailing-edge 
candidate surface, which results in a constant deflec- 
tion angle. 

Ss,max 

I N O  jestraint 

1. 
- 0  

.8 

.7 
-.l 0 

S S  

-.2 

Cm 

Sketch J 

For this design problem, no restraint was placed 
on pitching moment. Application of the mission- 
adaptive design option to problems of this sort has 
shown that the numerical solutions tend to call for 
greater use of leading-edge surfaces and less use of 
trailing-edge surfaces than would a true optimum de- 
sign. The difficulty seems to be associated with a d e  
sign process that uses normal and axial forces instead 
of lift and drag in the optimization procedures. This 
characteristic is common to all linearized-theory de- 
sign methods because of a fundamental assumption 
that all surface slopes are small. The problem does 
not arise to any appreciable extent for the whole- 
wing design, but does affect results for the mission- 
adaptive design where relatively large surface slopes 
are needed to generate the required loadings on r e  
stricted areas. An improved design can be found by 
running the mission-adaptive design program for a 
selected series of design pitching-moment coefficients 
and using a plot such as that shown in sketch J. 
The unrestrained design provides a suction parame- 
ter of about 0.88 and a Cm,des value of about -0.06, 
whereas an optimum suction parameter of about 0.90 
occurs for a Cm,des value of -0.12. This large nega- 
tive moment might present a trim drag problem in an 
airplane design project. When horizontal-tail contri- 
butions or canard trim contributions are considered 
in the definition of a desired wing moment coefficient, 
and when that moment is specified as a wing-design 
program input, a better overall design should result. 
In that case, the previously described search for op- 
timum performance of the wing alone is avoided. 

The dashed line on the typical airfoil section of 
figure 14 shows the design surface for the Cm,des = 
-0.12 restraint, and the solid line shows the selected 
flap deflection for that section. The plots at  the bot- 
tom of figure 14 show the spanwise distribution of 
leading- and trailing-edge flap deflections that are 
dictated by the design program results. For com- 
parison, the dashed line in these plots shows the de- 
flection angles that the experimental data showed 
to be optimum. The experimental-optimum uni- 
form hinge-line deflection of about 35' translates to  
streamwise angles of 11.5' and 27.2' for the inboard 
and outboard panels. The design program data, how- 
ever, indicate that the schedule of the streamwise 
deflection angle should be much more uniform. Al- 
though the experimental-optimum leading-edge flap 
deflection is smaller than the theoretical-optimum 
deflection, the experimental-optimum trailing-edge 
flap deflection is larger. As pointed out in refer- 
ences 1 and 2 and previously in this paper, this dif- 
ference is probably the result of flow separation not 
restricted to the leading-edge flap surface. 

Conclusions 

An analysis of the low-speed aerodynamic perfor- 
mance of simple hinged flap systems for thin swept 
wings with sharp leading edges has led to  the follow- 
ing conclusions: 

1. Linearized-theory attached-flow computer pro- 
gram methods (with approximate representation 
of vortex forces) can form the basis of a rational 
flap design and analysis system. 

2. Even attached-flow methods that do not take 
vortex forces into account can be used for the 
selection of optimized flap-system geometry, but 
design-point performance levels at high Reynolds 
numbers tend to be underestimated unless vortex 
forces are included. 

3. Both leading- and trailing-edge flaps are needed 
for maximum performance, and the required de- 
flection angles can be predicted with reasonable 
accuracy. Also, near-maximum performance can 
be achieved over a fairly broad range of deflection- 
angle combinations. 

4. For design problems in which pitching-moment 
restraints must be imposed, program estimates 
can be used to predict the necessary limitations on 
flap deflections and the resultant change in lifting 
efficiency. 

5. Sample applications of the wing-design program 
showed reasonable agreement between optimized 
wing surfaces and the surfaces formed by flap 
systems operating at optimum deflections. 
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The important influence of Mach number and 
Reynolds number on flap-system performance was 
not addressed in this study, nor were the effects of 
rounded leading edges considered. The conclusions 
are restricted to thin swept wings with sharp leading 
edges at  low subsonic Mach numbers and at  Reynolds 
numbers sufficiently high to avoid appreciable perfor- 
mance degradation at or near design conditions. 

NASA Langley Research Center 
Hampton, VA 23665-5225 
November 17, 1986 
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Table I. Wing Planform Input Data for the Computer Program of Reference 7 

50°-swept cropped d e l t a  wing 

SREF=47.8, CBAR=5.34, XMC4.22, 
NLEY=S,TRLEY=O. 0,0.64,1.12,4.50,5.08, 

TRLEX=O.O,O. 51,0.90,4.97,5.83, 
NTEY=2, TRTEY=O. 0,s .  08 ,  

TRTEX=7.42,7.42, 
NLEFY=6,TBLEFY=O. 0,O. 63,O. 64,l. 12,4.50,5.08, 

TRLEFC=O.O,O.OO, 0.46,0.61,0.61,0.42, 
NTEFY=G,TBTEFY=O. 0 , O .  63,O. 64,4.20,4.21 ,5.08, 

TRTEFC=O. O,O.OO, 0.94,0.48,0.00,0.00, 

6O0-swept cropped d e l t a  wing 

SREF=51.1 ,CBAR=6.24, XMC=5.36, 
NLEY=4,TBLEY=O. 0 , O .  64,4.56,4.98, 

TRLEX=O.O, 0.69,7.38,8.34, 
NTEY=2 ,TBTEY=O. 0,4.98, 

TBTEX=9.11,9.11 
NLEFY=S,TBLEFY=O. 0 , O .  63,O. 64,4.56,4.98, 

TRLEFC=O.O, 0.0,O. 66,1.06,0.80, 
NTEFY=6,TBTEFY=O. 0,O. 63,O. 64,4.17,4.18,4.98, 

TRTEFC=O. 0 , O .  00,l .16,0.38,0.00,0.00, 

65O-swept cropped d e l t a  wing 

SREF=59.1,CRAR=7.49,XMC=5.67, 
NLEY=S,TBLEY=O. 0 , O .  64,l. 26,4.17,4.60, 

TALEX=0.0,0.64,1.26,7.19,8.22, 
NTEY=2,TBTEY=O.O00,4.600, 

TBTEX=l 0.1 7,lO. 1 7, 
NLEFY=G,TBLEFY=O. 0 , O .  63,O. 64,l. 26,4.17,4.60, 

TBLEFC=O. O,O.OO, 0.33,1.03,1 .40,1.22, 
NTEFY=G,TBTEFY=O.O, 0.63,O. 64,3.81 ,3.82,4.60, 

TRTEFC=O. O,O.OO, 1.34,0.61,0.00,0.00, 

7Oo/5O0 cranked l ead ing-edge  wing 

SREF=51.0, CRAR=7.39, XMC=5.8 2, 
NLEY=4,TBLEY=0.0,0.64,3.17,4.59, 

TRLEX=O. 0 , O .  46,7.44,9.14, 
NTEY=2,TBTEY=O.000,4.590, 

TBTEX=lO. 26,lO. 26, 
NLEFY=6, TBLEFY=O. 0 , O .  63,O. 64,2.50,3.17,4 59, 

TBLEFY=O.0,0.00,0.90,1.96,0.82,0.37, 
NTEFY=G,TBTEFY=O. 0 , O .  63,O. 64,3.77,3.78,4.59, 

TRTEFC=O. O,O.OO, 1.35,O. 50,O. oo,o.oo, 
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Figure 11. Suction parameters given by program with nominal element aspect ratio compared with extrapolated 
values. 
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Figure 12. Wing-design program camber surface for 6O0-swept cropped delta wing at a design lift coefficient 
of 0.70. 
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Figure 13. Wing-design program restricted-area camber surface for 60O-swept cropped delta wing at a design 
lift coefficient of 0.70 and a design moment coefficient of -0.05. 
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Figure 14. Wing-design program restricted-area camber surface for 7Oo/5O0 cranked leading-edge wing at a 
design lift coefficient of 0.7 and a design moment coefficient of -0.12. 
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