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FOREWORD

This 1s the tinal report on the aeradynamic design, test and
analysis of maditied wing leading edges for cruise drag reduction on
the C-141 aircratt. This work was pertormed by the Lockheed=Georgia
Campany, Marietta, Georgia, under Contract No. F09603=77-A=0204-0010
for the Air Force Flight Dynamics Laboratory. The studies and wind
tunnel testing were accamplished between June 1977 and September 1978,

; This report is published in two volumes. Volume 1 covers the

aerodynamic design approach for modifying an existing 0.044 scale

C-141B model tor high speed tests at the ABEIC lo-Foot Transonic
Facility, the analysis and correlation of the wind tunnel results and
a fuel and cost savings evaluation of the pertormance improvements due
to the selected leading odge madification.  Volume 11 contains the
details ot the wind tunnel model, the test program and plottad wind

tunnel test results.

Mre J. Do Wallace was the Program Manager and W. 1. Blackerby was
the Technical leader. The wing leading odae modification design was

accomplished by P. K. smith and M. B, Carlton. The technology base

for this program, in the torm of transonic analysis and numerical
optimization methads tor wings and airtoils, was developed by the

Advanced Flight Sciences Department at Lockheed=<Georgia.

The authors wish to thank J. P. Perdue tor assistance in
conducting the wind tunnel test and W, F. LaBozzetta tor assisting
with the analysis of the wind tunnel results and preparation ot the
tinal report.

Technical direction tor this program was provided by Mo, J. K,

Johnson of the Air Force Flight Dynamics Laboratory, FXM,

This report is  also ddentified as IG78ERUZIS tor  Lockheaod

Corporation's internal control purposes.
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SUMMARY

A research program has been conducted to investigate the potential for
cruise drag reduction for several modifications to the C-141 wing leading
&m.

The program consisted of the aerodynamic design of two alternate
leading edge contours, fabrication of necessary model camponents, a high
speed wind tunnel test, analysis and correlation of the test results, and
an evaluation of the effects on C-141 cruise performance, fuel and cost
savings.

Two design approaches were employed during the aerodynamic desiqgn of
the leading edge candidates. One design was based on application of a 3-D
numerical optimization scheme coupled with an inviscid full potential code.
An alternate leading edge was designed using previous experience gained
during a 2-D leading edge investigation. In the latter case the ordinates
fran a successfully tested C-141 2-D leading edge modification were scaled
to fit several control stations on the wing with linear lofting between

stations.

The test was conducted at the Arnold Engineerina Development Center
16~Foot Transonic Wind Tunnel in April 1978. Analysis of the test data led
to the selection of the 3-D design leading edge as the preferred confiqura-
tion. In addition to high speed evaluation of the leading edges, two other
drag reduction concepts were evaluated: swept wing tips and wing trailing
edge anti-drag bodies.

A drag reduction goal of traom 5 to 7 percent of total cruise drag was
established for the modified leading edae designs, based on previous 2-D
test results and theoretical predictions. As tested, the selected leading
edge (3-D design) produced only about one-half the desian qoal. This result
is shown to be consistent with the fact that the fabricated model contours
for the leading edges diftered fram the design in such a way as to lessen
the measured drag improvement., By correlating theoretically predicted draq
with experimental 2-D and 3-D drag as a function of the upper surface

%,
;
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ordinate at two percent chord, it is shown that the predicted draq reduc-
tion would be achieved for the design leading edge contours. Accordimly,
performance improvements are presented for both the leading edge modifica-
tion as tested and as predicted. As tested, an increase in the lona ranae
cruise parameters, M(L/D), of 2.4 percent was obtained. Based on the
correlation, an improvement in M(L/D) of 5.7 percent is projected for the
design leading edge modification.

Increased cruise speed 1is also an important result for the modified
leading edges. The test results show a AM = 0,015 increase in cruise
speed and a predicted increase of 0.03 is indicated. This effect provides
an additional potential benefit of increased productivitiy tor the C-141,

Substantial drag reductions were shown for the swept tip and anti-drag
body configurations. The swept tip modification provides a 17 count reduc-
tion in induced drag at cruise with further reductions in compressibility
drag at high Mach numbers. The anti-drag bodies improve the drag rise
characteristics beyond the normal cruise Mach number. Increased cruise
speed for both the swept wing tip and anti~drag bodies are indicated, with
potential productivity improvements.

Cost and fuel savings analyses ftor the selected leadina  edae
demonstrate that the savings for high utilization aircraft such as the
C-141 are impressive, Assuming no increase in productivity, the predicted
leading edge would save 25 million gallons of fuel per year for the C-I141
fleet. With productivity increases, a total of over 43 million gallons of
tuel are saved. On a cash tlow basis, assuming a fuel cost of 60 cents per
gallon, the former case would save almost §15 million in fuel costs per
year., Including the productivity increase, the fuel cost savinas would
reach nearly $25 million annually. Over the remaining life of the C-141
fleet, the accrued savings could reach over 800 million gallons of fuel and
approximately a half billion dollars of tuel costs,




SECTION 1
INTRODUCTION

Requirements for efficient transonic performance of aircraft
continues to lead aerodynamicists to explore new concepts and apply
emerging technology to the design of future fuel-efficient aircraft.
The aerodynamicist also must recognize the importance of applying such
technology to improve the performance of current production aircraft
where practical. In particular, aircraft such as the C-141A, which
utilizes approximately 15% of the total Air Force fuel allotment,
should be ocontinually evaluated against a framework of advancing
technology to identify and develop modifications with pay-off
potential.

Lockheed-Georgia has given special attention to several concepts
which could reduce the C-141 cruise drag and hence lower fuel consump-
tion. One concept which appears feasible is to modify the wing
leading-edge contour, forward of the front spar, to reduce the
subsonic creep drag and premature compressibility drag.

The C-141A wing was designed in the early 1960's prior to the
development of advanced technology "peaky" airfoils and the recent
"supercritical" airfoil types. As a result, the C-14]1A wing airfoil
sections are not as aerodynamically efficient as those that would be
designed today. The C-141A aircraft is characterized by a significant
amount of drag increase prior to the onset of drag divergence and
Lockheed-Georgia studies indicate that a major portion of this drag is
associated with the wing.

Recent airfoil research on peaky and supercritical airfoils has
demonstrated the importance of the upper and lower surface chordwise
pressure distributions in the design of high-speed airfoils. In
particular, attention has been focused on pressures over the region
from the upper surface leading edge back to the airfoil crest. In
this region, several characteristics of the pressure distribution,
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such as the amount of leading-edge suction, the shape of the
recampression region aft of the minimum pressure, and the pressure at
the crest, are related to the development of creep draa, pre-shock
drag losses, and premature shock formation, Flight and wind tunnel
measurements of the C-141 chordwise wing pressure demonstrate the
non-existence of favorable leading edge suction at cruise conditions.
Since the C-141 has no leading edge high lift device, the region
forward of the front spar (12% chord) could be modified at low cost
with a possible rveduction of 5 to 7 percent in cruise draq.
Consequently, the C-141 wing represents an excellent candidate for
application of redesign efforts based on advanced technoloay methods.

Lockheed-Georgia researchers, 1n conjunction with the Air Force
Flight Dynamics Laboratory and researchers at NASA/Ames have been
studying ways to improve the C-141 wing aerodynamics. Several efforts
have resulted. An independent Research and Development Proaram at
Lockheed-Georgia investigated the use of viscous transonic airfoil
theory to design small leading edge contour changes to improve a
two-dinensional C-141 airfoil. These cooncepts were experimentally
verified at the Lockheed-Georaia Coampressible Flow Facility.

Following this, a research contract was awarded by AFFDL to
Lockheed-Georgia to apply these concepts to tnvestigate
three-dimensional application of leading edge modifications to the
C-141 wing. An existing large scale (0.044) model of the C-141R was
chosen ftor use in an experimental program to evaluate the relative
merits of the modified leading edges. This report, in two volumes,
presents the results of this program, including the desian, wind
tunnel test data, data analysis and correlation studies. Volume 1
gives summary results of the wind tunnel test, data analysis and
correlation with theoretical predictions. Volume II contains the
details of the test facility, model contiguration, program and
procedures, and the basic wind tunnel test data.




SECTION 11
AERODYNAMIC DESIGN

1. BACKGROUND - TWO-DIMENSIONAL DESIGN AND TEST

Drag Characteristics for the C-141A, as determined from both
flight and wind tunnel tests, exhibit an increasing drag with
increasing Mach number throughout the subsonic Mach number range.
These characteristics are summarized in Figure 1. The wind tunnel
results 1in Figure 1 reveal that the basic airfoil and wing also
experience subsonic drag rise, or creep drag, of the same order of
magnitude as that of the airplane.

Previous studies to determine the source of the C-141 wing creep
drag characteristic indicate that the problem is not related to
induced drag changes or premature flow separation as Mach number
increases. Attention has, therefore, been directed toward the more
likely source of increased profile drag due to viscous and pressure
losses.

Independent  Research and Development (IRAD) studies were
initiated at the Lockheed-Georgia Campany to understand more fully the
relationships between pressure distributions and the creep draq
phenamena as they occur on 2-D airfoils such as that of the C-141A,

Initial efforts were directed toward camparing the creep drag and
draa  rise characteristics of a number of recently developed
supercritical airfoils with the characteristics of more conventional
airfoil shapes such as the C-141 airfoil. In addition to the well
known  trailing edae cusp region effects, another geametric
characteristic, leadina edge oontour, emerged as an important
determinant of airfoil drag rise performance. An example of this is
shown 1in Figure 2. The two research airfoils are essentially the same
except over the forward 15 percent chord. The peaky leadina edae

characteristic results in a moderate pressure peak with a weaker shock
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development which is further aft than the shock on the airfoil without
the leading edge peak.

The Influence of the leading edge peak 1s evidenced throughout
the Mach number range, causing improved creep drag as well as draq
rise performance. Since the pressure distribution and drag
Characteristics of the C-141 wing are similar to those exhibited by
the non-peaky airfoil in Figure 2, it was reasoned that a re-design of
the upper surface of a C-141 airfoil to provide a more favorable
pressure distribution should produce an accampanyina drag reduction.
Therefore, the IRAD studies were expanded to include the desian, test
and analysis of a series of leadina edge modifications to a two-
dimensional C-141 airfoil model. For the C-141, practical considera-
tions restrict the extent of modification to the forward 12% chord,
thus limiting the amount of drag reduction which might be achieved,

An existing 2-D model of an airfoil equivalent to the C-141 wing
at 7 = 0.389, previously fabricated for testing in the Lockheed-
Georgia Company Compressible Flow Wind Tunnel (CFWT), was cut at the
12% chord location and modified to accept a removable leading edge. A
replacement leading edge was constructed using the original airfoil
ordinates to provide a baseline airfoil for camparison,

A number of designs were developed using manual iteration of the
viscous airfoil theory of Rauver, et Jl.(” One design was also
determined during a cooperative effort with NASA/Ames using the 2-D
CONMIN method which was under development at Ames.(Z) (3) This latter
design procedure also verified the previous modifications to the lead-
ing edge contour determined from the manual iteration scheme using the
viscous theory.

Results for the baseline and two of the modified leading edges are
summarized in Figure 3. The 2-D CONMIN leading edge, LE 6, uses the
existing lower surface shape and is thus a more practical modifica-
tion. Several larger pertubations, such as LE JA, were included in
the program to provide a range of leading edge shapes. Figure 3(b)
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illustrates relative changes of the flow over the leading edges and
demonstrates that weaker shock formations were achieved with the
modifications. The drag rise data of Figure 3(c) shows the substan-
tial improvement of both LE & and 3A over the haseline. Although the
expected reductions in creep drag at the low and intermediate Mach
numbers (M < 0.65) did not materialize, creep drag 1s lessened for M >
0.65 and an increase in drag divergence Mach number of approximately
0.02 1s achieved. At MZD = 0.73, corresponding to a cruise Mach
number of 0.775, a drag reduction of 11 counts is indicated. For most
conditions evaluated during the study, LE 6 proved to be as good or
better than any of the others, thus verifying the capability of the
QONMIN design approach and also emphasizing that the modification may
be simply applied to the upper surface only.

At the section 1lift coefficients which correspond to the
equivalent 2-D local lift coefficients at cruise on the mid and outer
span portions of the C-141 wing, drag reductions of 11 to 16 counts
were typical. Since 15 counts of drag represents about 6 percent of
the C-141 cruise total, a desion goal of 5 to 7 percent drag reduction
tor the wing was adopted as a standard for the aerodvnamic desian.

2. DESIGN METHODOLOGY

Three leading edge modifications were designed for the current
study, from which two were selected for model fabrication and testing
In coniunction with the basic C-141 leading edge. The first modifi-
cation was designed using a lockheed-Georgia version of 2-D CQONMIN,
extended to pemmit a wider range of design variables. A three-
dimensional numerical optimization scheme under development by Hicks,
similarly extended in scope, was emploved to obtain a second leading
edge modification. The third leading edge was bhased on the best of
the 2-D modifications tested in the Lockheed-Georyia CFWT,

Analysis of the resultina 2-D equivalent airfoils was accomplish-
ed using the Bauer 2-D viscous transonic code. The leading edge modi-
fication based on the 3-D desiagn code was further analyzed with the
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Balley-Balhaus and Jameson 3-D inviscid transonic wing oodes. A
summary of the desiagn procedure 1is shown in block diagram form in
Figure 4. Detalls of the individual design methods are given in the

following sections,

a. 2=D QUNMIN Approach

Analytical 2-D transonic flow coamputer oodes have been
generally available for several years, the most praminent, perhaps,
being the Bauer et. al. oode(“, known at Lockheed=Georuyila as the TAP
Program. Camparable desian codes are currently under development. An
excellent code has been developed by L‘.'u‘lson(“, which computes the
airtoll ordinates required to match the i1nput pressure distribution.
This method, however, requires the prior definition of the leading
edge, and 1s therefore unsultable for the current application.

An alternative approach has been introduced by Hicks(S)
which involves the use of numerical optimization of the airfoil
contours to achieve the desired aerodynamic characteristics while
maintaining constraints on specified variables. The methad known as
2-D CONMIN, 1s based on the constraint-minimization scheme of Vander-
;‘l\mts(m which employs the Method of Feasible Directions as the hasic
optimization algorithm. Evaluation of the objective and constraint
functions 18 made using the inviscid mode of the TAP program, and the
main calling program is supplied by the individual user to satisfy his
own regquirements.  This method was adopted for one of the theoretical

leading edge modifications in the current study.

Two control stations on the wing were chosen for the 2-D
modification = WS 373 (n = 0.389) on the inboard panel, and WS 761
(n=0,793) on the outboard panel. These stations were chosen because
they corresponded to those at which model test chordwise pressure
distributions were .w;\ilal\h‘( : ‘, and were typical of the sections on
their respective wing panels. The presence of sianificant three-
dimensional tlow effects prevented optimization of the root and tip

sections,
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It was necessary to convert the three-dimensional basic wing
sections into equivalent 2-D ordinates. This was accamplished using
simple sweep corrections based on the sweep angle of the chord

location at which the upper surface shock occurs at the 3-D design
point represented by M = 0.775 and CL = 0.50. Examination of the
model test pressure distribution indicated that the shock occurs at
approximately 50 percent chord, resulting in sweep angles of 18.457
degrees and 22.728 degrees for the 1inner and outer wing panels
respectively. The 3-D wing ordinates and design Mach number were
factored in accordance with the simple sweep relationships:

(y/C)ZD = (y/C)3D/cos.\
M2D = MBDCOS'\

Selection of the 2-D design lift coefficients was handled in
a slightly different manner. The measured 3-D pressure distributions
are affected by the presence of the fuselage, pylons and nacelles,
which induce a lower surface lift loss not present in the isolated
wing case. Thus there 1s no direct correspondence between the 2-D
calculated upper surface pressure distribution and that measured in
the wind tunnel for the equivalent 3-D lift coefficient. Since the
leading edge modification was limited to the first 12 percent of the
wing chord, the desired aerodynamic improvement at the design
condition must result from changes in the upper surface pressure
distribution and reduction in local Mach number ahead of the shock.
It was therefore necessary to insure that the 2-D theory was run at a
lift coefficient which would reproduce the 3-D wing upper surface
pressure distributions in terms of CP , shock strength and shock
location. As shown in Figure 5, the ;I_IBI TAP viscous theory provided
excellent upper surface pressure correlation with the 3-D test
pressures when run at 1lift coefficients somewhat higher than those
obtained by simple sweep corrections. In these figures, the 2-D
calculated pressures have been factored by c:osz.«\ to retain 2-D to 3-D

equivalence.
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The next task was to choose curve fit eguations for the

leading edge contour, whose coefficients and exponents could be
perturbed in the optimization process. Based on previous experience,

the following equations were selected:
Upper Surface
B B B B s B
ok A 2 3 C: n
Yu T Y% i aF St A3x + A ¥ ¥ X BpX

n=1
Lower Surface
" Bay
Y1 Clx + C2x + yo

where B, = (B1 B B3 + B4)/4

AV 2

Initial exponent values were input as follows:

B, = 0.4; B, = 0.7; By = 1.0; B, = 2.0; y, =0

These resulted in the following coefficients required to fit
the basic C~141 2-D airfoil leading edge upper surface:

n = 0.389

Al = 0.084335; A, = 0.15273; Ay = ~-0.15281; Ay = ~0.030996
¢, = -0.200977; C, = .194520

n =0.79%4

A= 0.06877; A, = 0.27321; Ay = -0.28619; Ay = -0.032942
Cl = -0.200105; C, = 0.243282

The calling program SUBl was written at Lockheed-Georgia to
define CD/CL as the objective function to be minimized and to
constrain the following variables:

RIRPRIRASTI ) s sy <, TV 8
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CL = 0.74

-0.3 < CM <+ 0.3

-0.01 < L5 0.01
Design variables which could be perturbed were:

Aye Rgr Bye Bye By Byr For G0 Mo R

The A3 and A4 coefficients were camputed by the program to

permit the modified leading edge upper surface contour to match the
ordinate and slope of the basic airfoil at the front beam location.
Similarly the Cl and C2 coefficients were calculated to match the
lower surface front beam ordinate and slope.

Preliminary runs with the 2-D CONMIN code indicated that the
1\1 and A2 coefficients were less powerful than the other design
variables. Mach number was held constant at the 2-D design value,
since the program tended to want to reduce it below the design
condition in minimizing the CD/CL objective function. Attempts to

] vary the chord length by varying XNOSE led to the conclusion that the
basic chord length gave the lowest value of CD/CL at or near the
design conditions. Accordingly the final runs which defined the
leading edge modification were made with six design variables, i.e.,

the four exponents, Yo and angle of attack.

The optimized leading edges are shown in Figure 6. At both
control stations the upper surface was raised above the basic contour
due primarily to positive values of 5 of approximately 0.5 percent
chord.

A comparison of the modified and basic theoretical 2-D
inviscid pressure distributions as camputed by 2-D CONMIN for the 0 =
0.389 station is given in Figure 7. The computed section wave drag
coefficient for the modified leading edge was reduced by 20 counts at
the 2-D design lift coefficient. The modified pressure distribution

features increased leading edge suction, followed by an isentropic




recompression which resulted in a reduced shock strength. A similar
improvement resulted at the M= 0.793 outboard wing control station.

The camplete three-dimensional wing was obtained by linear

lofting the leading edge fram the existing root section through the

n = 0,389 modified section to obtain an extrapolated wing break

section. Fram the break station the leading edge was then linear

lotted through the n = 0.793 modified section to obtain an
extrapolated tip section.

The contract called for the design and test of two modified
leading edges. Camparison of the 2-D CONMIN modification with the 3-D
CONMIN modification described in Section 1I.2.c. showed close
similarities in ordinates, theoretical pressure distributions and draq
coefficients. Accordingly, the 2-D CONMIN airfoil was subordinated to
the 2-D test airfoil described in the next section in the selection
process of the modifications to be tested.

b. 2-D Test Airfoil Approach

bDuring the IRAD studies, discussed in Section 11.1., a total
of four leading edges were tested and canpared with the basic C-141
airfoil. The most promising modification based on analysis of the
test results was identified as LE 6., Unlike the other test airfoils,
which had been derived by trial and correction methods usina the TAP
analysis program, LE 6 had been designed using an early version of the
2-D (ONMIN numerical optimization scheme described in the previous
section. This version, which was extended to include additional
design variables during the current study as described in Section
II.2.a., retained the same lower surface and value of the hasic
airfoil, As a candidate for one of the two leadina edge modifications
to be tested, the choice of a three-dimensional leading edge based on

the LE 6 2-D airfoil had three major advantages:

1) The airfoil retained the same lower surface as that of the
basic C~141.




2} As such it was a distinct alternative from the other
numerically optimized leading edges.

3)  The 2-D airfoil had already been successfully tested, and

the 2-D test data was available for correlation with the

subsequent 3-D test data, thus permitting an assessment of

pure 3-D effects.

Since LE 6 was a modification of the basic section at 7

0.389, it was necessary to derive a camparable section at the n
0.793 control station. This was accomplished by using the following
relationship:

)/yu
Basic (= +38gagc
The three-dimensional wing was then lofted using the method
described in Section II1.2.a. The model designation for this wing
; i 36
design is W .

¥ 9. 2¥

(n = .793),0 LE6 U

(M= .793)

Ce 3-D CONMIN Approach
The Vanderplaats CONMIN scheme has recently been applied to

the numerical optimization of three-dimensional wings(s). The method
was extended for application to the design of a third modified leading
edge candidate. Procedurally, the 3-D (ONMIN scheme is similar to
that ftor 2-D CONMIN described in Section II.2.a. The major advantage
of the 3-D scheme is its ability to account for the 3-D effects at the
root and tip, which is not possible with a purely 2-D method.

The number of design variables was increased to permit curve
fitting of the leading edge at a maximum of four control stations.
Stations at the root, WS = 113, ( 7 = 0.118), break, WS = 426 (n-=
0.445) and tip, WS = 958 ( N = 1.0) were used in the present study.
The flow program used to calculate the objective function and

constraints was the 3-D full potential inviscid code of Jameson (FLO
; (9)
22).

11




The form of the curve fit equations used for the leading

edge upper surface were identical to those for 2-D CONMIN:

+ xB(nv k)

4
Yak) " Yo' T A, x)

n
where k = index of wing station

w D
Yipe) * ¥ * % » X

Initial exponent values were input as follows:

0.6

’ IR R R T S

1.0 1.0

T S, "

A calling program was written to define CD /CL as the
objective function to be minimized and to constrain &'W\e following
variables:

Design variables which could be perturbed were:

Al' A2,
angle of attack.

B B B B

1+ By By By Dy at each wing station plus

The Al, Az, Cl’ C2 variables were camputed by the program to
permit leading edge matching at the full scale design conditions of M
= 0,77 and CL = 0,46. The wave drag computed by the inviscid FLO 22
code was virtually zero. Accordingly, a Mach number of 0.79 was input
to give the CONMIN scheme a large enough value of CD /CL on which to
optimize. The final camputer run which established E'\e leading edge




modification was made with thirteen design variables, i.e., By, By, D

and Y, at each station, and angle of attack.

The resulting optimized leading edges at each station are shown
in Figure 8, At the root station the nose was lowered relative to the
basic leading edge. This result takes into account the 3-D wing
centerline effects and could only be obtained using a 3-D optimization
scheme. At the break and tip stations the nose point was raised in a
manner similar to that obtained by 2-D CONMIN. The inviscid pressure
distributions computed by the 3-D QCONMIN flow program are presented in
Figure 9. The theoretical wave drag is reduced from 51 counts to 42
counts. This wing design is designated W35.

3. ADDITIONAL DRAG REDUCTION CONCEPTS

Two additional wing modifications were included in the wind tunnel
test portion of this study to evaluate additional drag reduction
potential for the C-141 aircraft. These two modifications were:
swept wing tips (extended span), and a series of wing trailing edge
bodies called anti-drag bodies spaced across the wing. The necessary
model components for these configurations were provided at the expense
of the Lockheed-Georgia Company and the test time was included in the
overall test program with the agreement and cooperation of the Air
Force Flight Dynamics Lab. Design considerations for these two
modifications are discussed in the next two sections.

a. Wing Swept Tips

The rationale for the employment of swept wing tips on the
C-141 wing is two-fold. First, the obvious increase in aspect ratio
reduces the induced drag for a given wing 1lift coefficient.
Simultaneously, the overall lowering of the wing loading for a given
total 1lift should tend to reduce shock losses on the wing at the
higher cruise speeds. The second objective of the wing tip
modification is to sweep the leading edge to counter the tendency for
the isobars on the present wing to become unswept at the tip. The
amount of extension and sweep was determined for this C-141 wing

i
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application based on experience with similar applications on the
Lockheed C-5A wing. The tip planform is sketched in Figure 10.

b. Wing Anti~Drag Bodies

Lockheed-Georgia experience with development tests on the
C-5A flap-track fairings indicated that such fairings could be
designed to provide a net drag reduction notwithstanding the increased
profile drag due to the fairings themselves. Analysis of the C-5A
results show that the major effect at cruise speeds must be a
reduction in shock strength due to an effective change in camber. For
application to the C-141 wing an approach to design of a set of
anti~drag bodies, similar to flap-track fairings, was devised as
follows: Assuming that a favorable change in 2-D camber could be
applied to the 3-D wing by means of properly sized anti-drag bodies,
use was made of the 2-D TAP airfoil analysis program to determine the
effects of changes in camber. To increase the aft camber in a manner
which could be approximately represented by isolated bodies at the
trailing edge, a lower surface modification was devised as shown in
Figure 1ll(a). The lower surface ordinates were modified by the
addition of thickness which varied from zero at X/C = 0.65 to 2
percent at the trailing edge. Figure 11 (b) shows the eftect on the
theoretical pressure distribution. In comparison with the bhasic
airfoil, the higher aft loading permits a reduction in section anale
of attack from 2.7 degrees to 0.9 degrees. This results in a decrease
in upper surface shock strength ooupled with a rearward shock
movement, which reduces the section compressibility drag from 24
counts to 5 counts.

The increase in lower surface trailina edge thickness of 2
percent chord was converted into a spanwise cross-sectional area
distribution at the trailing edge. To ensure a reasonable
representation of this distribution with adequate spacing to prevent
local channel flow interference effects, a total of eight bodies on
each wing was chosen, with the most outboard body located at the
inboard edge of the aileron. Figure 12 shows a sketch of the body
locations on the wing.
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SECTION 111
WIND TUNNEL DATA ANALYSIS

1.  GENERAL

Presentation of the basic wind tunnel data for the various
configurations tested is to be found in Volume II of this report.
Summary curves, comparison plots and discussion of the principal
; analytical results are presented in this section.

i Volume II also contains a detailed description of the wind tunnel
facility, model, instrumentation, test conditions, schedule and data
reduction. The test was conducted at the Arnold Engineering
Development Center 16-foot Transonic Facility in April 1978 and is
designated as Test TF-48l1. The model was a 0.044 scale C-141B with an
internal balance for 6-camponent force measurement and pressure
instrumentation for four stations on the wing. The forward 12% chord

of the wing was removed and three new sets of leadina edges were
fabricated, one set to replace the haseline C-141 leading edge and two
modified sets for evaluation. Structural break locations and the
locations of the four pressure measuring stations are shown on the
model wing planform sketch in Figure 13. Locations of the nacelle and

anti-drag body conterlines are also shown in Figure 13,

2. MODIFIED LEADING EDGE RESULTS

a. Transition Fixing

Previous test results on a two-dimensional C-141 airfoil,
modified in a manner and amount similar to that used for this program,
indicate that the increased leading edge suction of the modified
airfoil campared to the baseline produces a forward shift in natural
transition location. This is illustrated in Figure 14. The tavorable
pressure gradient over the leading edge of the modified airfoil
extends only to about 2-3 percent chord, whereas the basic airfoil has
a fawvorable gradient (no peak) almost to the shock. Thus the

15
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transition would be expected to be further forward on the modified
leading edge. The fixed transition/free transition draq camparisons
of Figure 14 show a larger increment between fixed and free draa
levels at the lower test Reynolds number for the basic airfoil., This
1s characteristic of a further aft extension of the laminar boundary
layer on the basic airfoil relativwe to the modified. Analytical
results tor these two airtoils using viscous transonic theory such as
TAP substantiate this effect. The sianificance of this transition
phenamenon 1s  that the additional drag associated with the more
extensive turbulent boundary layer on the modified airfoil obscures
the eftectiveness of the modification as a drag reduction device.
Theretore, careful attention to the details of transition fixina
technique and verification of transition location are important
aspects of any experimental evaluation of leadina edae modifications
as described heve.

Several different methods were employed during AEDC TF-481 in
order to minimize transition location differences and any possible
correction to the data for transition. These arve discussed in Volume
I[TI. The results of the analyses described in Volume I show that the
model contour differences between the basic and modified leadina edaes
were smaller than planned, therefore any possible transition correc-
tion would be insignificant and a single method was selected for the
leading edage drag evaluation. The preferred method, coded as Method D
in Volume 1T, consists of a light application of Rallotini qlass beads
i a narrow band (0.05 inches wide) located 0.7 inches fram the
leading edge, This methad is based on the work by lh'.\::l\\w(lm for a
critical roughness Reynolds number criterion !{K_\N‘O. Recause of time
limitations during the test, all three leading edage conf iqurations
were not tested using each of the methoads, Method D was used on the

-

. ‘h oo .
haseline and W leadinyy edaes but not on W« The leadimy edae

A6 g . : y
results for w are based on transition fixation usina Method C which
is similar to Method D except that the transition band is located at a

constant percent chord location near the leadina edae,

: ) ;
Experiments at AEDC, reported by Koono\_‘(“ . establish a
preferred technique for wvisually substantiating the location of
transition at the AEDC 167 facility. Thig methad 1s a sublimation

technique wherein a tilm of fluorescent 01l is sprayed over the wing
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surtace and under ultraviolet lighting, the variation in film thick-
ness caused by the shearina action of the boundary layer gives an
indication of transition. Based on AEDC experienae(“), a solution of
fluorene/trichloroethane (trico) was selected for sublimation checks

durin; the C-141 testinaq.

Fixed and free transition results at approximately the cruise
condition (M = .77, a= 1Y) are shown for the basic wina and modified
wing WJS in Fiqure 15, In these photos, the white areas over the
leading  edage indicate where the solution has not sublimed and
the boundary layer is still laminar. The 12% chord break line can be
seen in all these photos and is a good reference line. For the fixed
transition cases, the arit line can also be seen, Transition on the
hasic wing 1s seen to occur naturally at or aft of the 12% chord
location whereas, ftor WJS natural transition is qeneraily ahead of the
128 line. In both cases, the arit strip successfully moves transition
forward to the strip, Again, the actual location of transition
(fixed) on W‘]S may be slightly ahead of the hasic wing. This is as
expected but the differences are quite small and no correction for
transition 1s indicated.

b, Chordwise Pressure Distribution Comparisons
Chordwise pressure distributions at the four spanwise
pressure stations for the bhase (w“C) and 3-D modified (w35) wings are
carpared in Figures 16 through 19 for M = 0.7, 0.75, 0.77 and 0.79.
An anale of attack of approximately 1.20, corresponding  to C-141

cruise conditions, was chosen for these comparisons.
The ettect of the inboard leading edge droop, desianed into w35
by the 3-D CONMIN method, can be seen in the M= 0,193 pressure data.
Since this apparently does not improve the transonic flow development
on the model, future desian permutations would not include this
characteristic. The comparisons at 1 = 0.418 indicate that the
Increased leading edge peak of w35 does occur over the middle part of
the wing with a corresponding favorable effect on the flow. This
effect 1s quite localized as can be seen by examination of the results
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at N = 0.637 and 0.793. The pressure distributions for the base and
w35 wings are very similar at these two stations. Therefore, the

improvement area for w35 is limited to between about M = 0.3 and 1 =
0.55. Since it is known that the compressibility drag on the C-141
wing at cruise extends fram N = 0.3 to about 7 = 0.85, these data
indicate that less than half of the critical area is favorably
affected.

c. Effect of Pylon/MNacelles on Chordwise Pressure Distributions

The pylon/nacelles-off configuration was incorvorated into

the test program primarily to provide a source of clean-wing pressure

data for correlation of 3-D wing transonic codes. No degradation of

the leading edge effects due to the pylon/nacelles is anticipated but
these data also should offer insight into that possibility.

Figures 20 and 21 compare chordwise pressure distributions for
the base wing and WBS, with and without pylon/nacelles installed on
each wing. These data show that the effect of the pylon/nacelles is
essentially the same on both wings. A lower surface loading change is
obvious on the two 1nboard stations. Since these two pressure
measuring stations are at least one nacelle diameter away fram the
nacelles, see Figure 13, any severe localized pressure dis:urbances
are somewhat attenuated. Results for the two outboard stations are
surprising in that lower surface effects have almost completely
attenuated, however, the upper surface loading for a constant angle of
attack has been decreased and the shock moved forward by the addition
of the pylon/nacelles.

Comparisons are made 1in Figure 22 of WJZC and w35 chordwise
pressure distributions for the pylon/nacelles-off configuration.
These data show leading edge effects which are the same as those
observed previously with the pylon/nacelles installed. Therefore,
although the pylon/nacelles evidently have a slightly unfavorable
effect on the basic wing flow develooment, there is no degradation of
the leading edge effect.




d. Aerodynamic Characteristics
(1) Repeatability

The importance of data accuracy, especially the drag
force measurement, cannot be over emphasized in an evaluation of this
type where small increments between configurations are to be measured.
The accuracy of the data acguisition is discussed in some detail in
the report documenting the test data by Spurlin of AEDC(IZ). Balance
uncertainties of 17 to 10 drag counts are quoted for the Mach number
and angle of attack corresponding to the cruise range for the C-141.
During Test TF-481 the accuracy, as evidenced by the final results,
was considerably better than this. Figure 23 illustrates how this
conclusion can be made. In Figure 23, repeat runs are shown for the
baseline configuration, one set taken at the start of the test and the
second set taken near the end of the test. The repeatibility within a
run as well as from run-to~run, is excellent, about }1 to 3 drag
counts. For most configurations, a large number of data points were
taken, with repeats at a = 0, so that inaccuracy due to scatter may be
minimized by judicious fairing of the data. Therefore, the accuracy
for the results reported here are believed to be within 1 to 2 drag
counts between configurations. Accuracy of the 1lift and pitching
moment data are seen to be close to the limits given by Spurlin(lz),
%0.002 for C; and *0.0005 for Cy, except at the high C /M combination
where shock 1location repeatability becomes a significant factor
affecting beth 1lift and pitching moment.

(2) Lift, Drag and Pitching Moment Characteristics

Lift, drag and pitching moment characteristics for the
base wing, lec, and modified wing W35 are compared in Figure 24. The
leading edge modification has no significant effect on the aerody-
namics at M = 0.7 where most of the differences are seen to be within
the accuracy of the test data. At higher Mach numbers, as exemplified
by the M = 0.79 data on Figure 24, some improvement is noted, starting
at approximately CL = 0.4. A 1lift increase, at constant angle of
attack, is accompanied by a drag decrease at constant lift coeffi-
cient. This is due to the improved supersonic flow development over
the wing with the modified leading edge described above. At a= 1.2°,
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the lift increase is 0.01 and at (‘,l

0.5, the drag reduction is
approximately 9 to 10 drag counts. The nose down pitching moment
shift ( ACM = -,005) associated with the change is considered
insignificant, as it represents less than 0.1 of a degree of

stabilized trim change for the C-141.
(3) Drag Rise Characteristics

Drag rise summaries for the base wing and W3% for a
range of lift coefficients are shown in Figures 25 and 26. These data
were interpolated from the drag polars contained in Volume II at
constant lift coefficient. A comparison is made in Figure 27 of the
drag rise for both wings at three lift coefficients near the cruise
value. Since these data are tail-off and untrimmed, the cruise lift
coefficient is approximately 0.5, correspondina to a trimmed airplane
lift coefficient at cruise of 0.46. The low speed drag level remains
essentially unchanged whereas a decrease in creep drag between M = 0.7
and M = 0.76 and an improved drag divergence Mach number is evidenced.
Similar data for the pylon/nacelles-off configuration are shown in
Figures 28, 29 and 30. The comparison of Figure 30 shows an
improvement due to the wing modification which is close to that
observed in Figure 27. This result increases confidence in the
indicated benefits of W3° and also implies that the pylon/nacelle
installation does not adversely affect the leading edae aerodynamic
improvement.

Drag rise results for w36 and the base are summarized in Figures
31, 32 and 33. Improvements in the drag rise characteristics of w36,
relative to WléC, similar to those observed for W35 can be noted.
However, the magnitude of the effects are less than for w35, This is
believed due to several factors. First, the amount of leading edge
change associated with w36 was less than w3% by design and the results
were anticipated to be intermediate to W‘}S. Second, as noted in
Section III1, 2, a, w’6 was not tested using the selected transition
fixing technique and thus the comparison basis is not the same. This
represents an unknown factor which could be unfavorable to the W36
leading edge effect, Por these reasons, the w35 leading edge was
selected as the preferred configuration, Accordingly, all the
theoretical correlations and pay-off evaluations detailed subsequently
in this report are based on the w35 leading edge modification,
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e. Incremental Drag and Pitching Moment

Incremental drag and pitching moment coefficients for the
selected leading edge, K35, are summarized in Figure 34 for constant
values of tail-off untrimmed lift coefficient. Since no corrections
are believed necessary, these data are increments t:ken directly from
the plotted results of Volume II. Scatter, amounting to }0.0001 in CD
and }0.001 in CM have been faired out in Figure 34 to provide
systematic variations with CL and Mach number. At a typical cruise
point for the C-141, approximately M = 0.77 and CL’I‘AIL-OFF = 0.5, the
w35 modification reduces drag by about 5 counts. This increases to
over © counts at M = 0.79. Pitching moment changes are seen to be
less than -0.005 over the cruise range.

Al AERODYNAMIC CORRELATION CF LEACING EDGE EFFECTS

a. Comparison of Theoretical and Measured Wing Ordinates

Fabrication of the basic and two modified leading edges was
accamplished by applyina a standard method for model wing construction
to shape the forward 12 percent of the wing. This method consisted of
the use of wing station templates at several spanwise control
stations, shown on Figure 13, fit to the existina wing aft of the 12
percent chord location. The templates for each station were based on
theoretical ordinates for the C-141 wing aft of 12 percent chord
combinea 1in each case with the appropriate theoretical ordinates for
the leading edge gortion. Previous experience with the template/
control station procedure at the Lockheed-Georgia Model Shop has re-
sulted in model accuracies of 0.001 to C.002 inches.

Validation of the wing crdinates with each leadina edge in place
shows that for this application the procedure was successful for the
leading edges inboard of the wing planform break, (n~0.43). However,
for the outboard wing, significant deviations from theoretical
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5 contours were found. Measurements were made along the pressure
instrumented stations for each leading edge in order to compliment the
correlation process. Comparisons of these measured contours and their
theoretical or design counterparts are made in Figures 35, 36 and 37.
The basic wing agreement at M = 0.418 is within 0.002 inches and this
is typical of the results for all three leading edges inboard of n =
0.418. As can be seen, the deviations on all three leading edges vary
| considerably for the outboard stations. Generally, the basic leading
edge is fuller than the theoretical by as much as 0.02 inches, and the
modified leading edges are undercut by as much as 0.02 inches. Al-
though these are small deviations, which might not be critical over

-

the mid-chord to trailing edge regions of a wing, they represent
3 critical differences for a leading edge study of this type. Figure 38
illustrates the magnitude of the problem. Basic and w35 contours are
canpared for both the theoretical and measured ordinates at M = 0.793.
At this station, 0.01 inches amounts to 0.13 percent chord for the
model, and since bcth contours have moved toward each other by
approximately that amount, then the overall difference between the
basic and modified leading edges has decreased by 0.26 percent. This
represents about half of the difference which was intended by the w35
design change at the M = 0.793 station. Similar comparisons for W36
and for the other measured stations show that the trends of Figure 38
are typical for both leading edges for the entire outer wing panel.

b.  Comparison of Theoretical and Measured Pressure
Distributions - Equivalent 2-D Method
Correlations are made in this section of the experimental
pressures measured during the test and theoretical predictions based
on the 2-D viscous transonic code, TAP(l). The equivalent 2-D method
is employed, as discussed in Section II, wherein an effective sweep
angle is used to convert the 3-D wing ordinates to equivalent 2-D
sections for theoretical analysis. The measured pressure coefficients
are also ratioed to their 2-D counterpart for comparison with the TAP
results. This process was used during the design phase of this study
to analyze the flow characteristics of the modified airfoil shapes at
various stations on the model wing. In order to verify the procedure,
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it is important that the test results be similarly analyzed. If it
can be shown that 2-D transonic theory can be used to predict the
effect of relatively small changes in leading edge contour on the flow
development and associated drag, then the equivalent 2-D approach is a
very useful interim method for the aerodynamicist until 3-D viscous
transonic codes become economically feasible and well proven.

Two types of comparisons are made in this section. The first
group of camparisons relates to the degree of success achieved with
the TAP program in matching the chordwise pressure distribution
shapes, shock location, shock strength, etc. The second aroup is
included to campare the leading edae effects predicted by the theory
for both the design and measured wing ordinates. For the first group,
an iterative process is followed to find the TAP lift coefficient,
which provides the best match of the experimental upper surface
pressure distribution. This implies that any fuselage and nacelle
over-pressure effects are relegated to the lower surface. While this
may not in fact be true, by matching the upper surface loading the
proper wave drag can be determined and a close simulation of the
boundary layer eftfects made. The second group of comparisons is made
for a constant 1lift coefficient and Mach number using the TAP
theoretical predictions. In this way the leading edge effects can be
systematically campared.

The C-141 wing, because of its high aspect ratio, moderate sweep
angle and relatively low taper ratio, represents a good candidate for
correlation using the eguivalent 2-D method. It i¢ recoanized,
however, that 3-D effects dominate the pressure distributions at the
root and tip. Accordingly, the 2-D investigation has been limited to
the wing stations fram 7 = 0.418 to N = 0.793.

Results for the first group of correlations, are aiven in Fioures
39 and 40. The comparisons for the three outboard stations on the
basic wing, shown in Figure 39, are typical of the high dearee of accu-
racy attainable with the TAP theory. Theoretical predictions are
shown for both the design and measured model wina ordinates. At the
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the design ordinates, no difference in the pressure distribution is

0.418 station, where the measured ordinates are very close to

predicted and the theoretical pressures match the measured values
quite well. The conventional airfoil characteristic of a coollapsed
peak is obvious in the N = 0.418 data. Shock location is predicted
exactly in Figure 39 and the suppressed shock strength in the
experimental data is probably a residual effect of the inboard lambda
shock sometimes noticed on the C-141 wina at this station. The theory
predicts the shape of the lower surface pressure distribution but an

almost constant overpressure of N C, = 0.15 results from the
upper-surface matching.

A noticeable difference is seen between the two theoretical upper
surface pressure distributions over the leading edges of the two most
outboard stations, n = 0.637 and 0.793. Predictions for the desian
ordinates show a shape similar to the 7 = 0.418 distribution and to
previous wind tunnel and flight test pressure data for the outboard
portion of the C-141 wing, whereas, the TAP theory for the measured
ordinates shows increased leading edge suction, relative to the desian

ordinate case.

Although the increased leading edge suction has an  important
influence on the transonic flow development, the significance to be
gained from these comparisons i1s the remarkable aareement between the
experimental pressure over the leadinag odges and those predicted for
the measured ordinates. Of note also are the facts that the TAP
theory predicts the shock location to within 2 or 3 percent chord and
the shock strength for these outboard stations. The lower surface
pressure distribution shapes are also duplicated at both stations with
some residual over-pressure along the entire chord length. It is
surprising to observe that the over-pressure effect has not attenuated

significantly even at the n = 0.793 station.

The camparisons of Figure 39 are repeated in Figure 40 for the
modified leading edge W‘SS. The results and conclusions are quite
similar, except in this case the TAP data for the measured ordinates
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show decreased leading edge suction relative to the design ordinate
case for the two outboard stations. Again, a more favorable agreement
is achieved between the measured ordinate TAP theory and the
experimental data. These results give added confidence to the
capability of the TAP program to monitor the effects of the relatively
small leading edge shape differences involved in this study.

After having established that the TAP theory can predict the flow
over the tested wing shapes, including the effect of small differences
in local contour, the theory was used to compare leading edge effects
for both the measured and design ordinate cases. These comparisons
were made for a series of constant Mach number/lift coefficient
conditions for several spanwise stations on the wing.

Typical results are shown in Figures 41, 42 and 43. In Figure
41(a) can be seen the expected differences in leading edge
characteristics at N = 0,793 which were designed into the modified
leading edges. The 2-D conditions, MZD = 0.73 and Gy = 0.75,
correspond to 3-D conditions of M = 0.79 and CL = 0.5, These
conditions are slightly above cruise conditions (M = 0.77 and CL =
0.46), but were selected to ensure that the comparisons were made
somewhat into the drag rise where wave drag differences can be seen
more clearly. The actual leading edge differences at 7 = 0.793 are
shown in Figure 41(b) for the same conditions using the measured
ordinates as input to the TAP theory. The results are as expected.
The differences have been decreased in each case, partly due to the
increased ordinates on the base leading edge and partly due to the
decreased ordinates on the measured modified leading edges. Similar
results for N = 0.637 are shown in Figure 42. These data show that,
for the outboard portion of the wing, the actual leading edge effects
are approximately one-half of the desired effects. Additional
evidence of these results is presented in the Figure 43 camparisons

for M2D =0.71, MBD = 0,77,
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¢. Comparison of Predicted and Measured Drag Results

Having established that the transonic airfoil theory
accurately predicts the shock location and strength for the C-141 wing
on an equivalent 2-D basis, it now remains necessary to investiaate
how well the corresponding draa predictions compare with the test
results. In this section, TAP theoretical draa is campared with the
experimental results for the wing modified leadina edaes as well as
previously tested 2-D airfoil modified leadina edaes. The draa used
for these comparisons is, for the TAP case the incremental wave drao
calculated by the theory, and for the experimental data, an
incremental drag taken from some naninal low speed level (M = (0.7)

where campressibility etfects are minimal.

A convenient parameter was sought which oould be used to
summarize the etfect of leading edae modification on draa. The
overlay of leading edge shapes shown in Figure 39 shows that the major
geametric difference amonast the leadina odges is the vertical dis-
placement of the forward contours. Thus the amount of chanae between
the baseline leading edae shape and any of the modified and/or
measured leading edage shapes can best be described by the non-
dimensional airfoil ordinate at some forward location on the upper
surface. Since the maximum ordinate deviation occurs at approximately
the 2 percent chord location, this point was chosen as the best

parameter tor correlating the leadina edoe effects on draqa.

The results for the 2-D airfoil test are shown in Figqure 44, The
section lift coefticient of 0.7, chosen tor this camparison, is the
equivalent 2-D lift coefficient for the mid=span vortion of the C-141
wina at the cruise lift coefticient. 'Test data for two Mach numbers
are shown for the baseline airtoil (LE 1) and two modified leadino
edoes (LE 4 and LE 6). A sianificant decrease in wave draa ocqurs
with increase in upper surface ordincte for both the test airfoils and
the theory for LE 6. Averaage slopes are drawn through the test data
to campare with the slope of the theoretical orediction, The theory

tenas to under-predict the test data, vevobably because the theovetical

prediction only considered wave draa effects, whereas the test data




includes the additional effects of the shock on the boundary layer and
associated form draaq.

A similar chart, Filauve 45, is used to caompare the AEDNC measured

3-D test results with predictions hased on the o~quivalent 2-D theory,

Since the relationship between 3-D and 2-D draa 18 unknown and the

subject of this correlation, a simgle wima station, 1 = (0,793, was

chosen as representative of the wina and the variation in leadina edae

ordinate., Theoretical calculations for both the desian and measured

ordinate cases for all three leadina edges at 1 = 0,793 have been

-, plotted and the consistency of the results is quite aood.  Because of
the difterences between measured and desian ordinates, the rame
between the desian baseline and w“’ is covered and the slope of
campressibility drag versus leadina edge ordinate is well established.
The test rvesults are plotted at the appropriate measured ordinate for
each leading edae. These test draa increments were taken ftram the
wina/fuselage configuration at the cruise lift coetticient and therve-
tore include interference and tomm drag eftects not rvepresented in the
2-D theoretical calculations. Consequently, the theoretical 2-D slove
1¢ less than the slope indicated by the 3-D experimental data. This
characteristic i1s similar to that shown in Figure 44, but a closer
alignment of slopes exists in Figure 45. Since the 1 = 0,793 station
18 used to represent the entire wing, absolute coorrelation is not
anticipated and would be fortuitous if it occurred. The importance of

these comparisons 18 the consistent trends established by the 2-D

theory at 1 = .793 and the agreement of the test vesults with these

trends.

d. Drag Reduction for the Desian leadina BEdae Moditfication
On the hasis of the aareement between the theoretical and
exporimental drag results detailed in the previous section, and the
successful  correlation of draa with  the aivtoil  upper surtace
ordinate, i1t is possible to determine the drag reduction which wouid
be obtained with the desian  contours for the leadima  edae

modif tcation.,




Figures 44 and 45 have shown that the theory (ecuivalent 2-D
method plus viscous transonic airfoil theory) can be usead to
conservatively estimate the improvements for the range of leadina edae
ordinate c¢hange investigated., In Figure 45, the measured draa
reduction for w35 relative to the basic wing is about 7 counts at M =
0.78. Using the conservative theoretical prediction, this reduction
would increase to at least 13 counts for the desian ordinates as
cpposed to the model measured ordinates. Recalling, fram Section
1I.1, that the 2-D tests results indicated drag reductions of 11 to 16
counts for sections across the wing, 1t is reasoned that the drag
reduction goal of 5 to 7 percent would have been achieved for the

design sz contour.

Consequently, both measured and predicted draa levels have
been included in the performance and econamic pay-off evaluations
presented in Section IV. In order to cover the complete Mach number
and lift cooefficient range, the 2-D test results  were used to
detemmine the aerodynamic data for the desian leadina edae contours.

4. SWEPT TIP RESULTS

The effects of the swept wing tip on chordwise pressure
distributions at the four pressure stations are shown in Figure 46 at
the cruise condition, M = 0.77 and a = b Comparisons of the lift,
arag and pitchina moment characteristics, tip on and otf, are pre-
sented in Figure 47 for M = 0.77. The additijonal lift ata = 1.20,
approximately A CI. = 0.025, is primarily concentrated at the tip as
the pressure data shows. At 17 = 0.793, sowme indication of a favorable
effect on the tip isobars is seen, as the shock has been moved aft
approximately 5 percent chord. The expected larage savings in wing
induced drag due to the 9.5 percent increase in wing span are realized
as Figure 47(b) reveals. A slight trim penalty would be encountered
by the airplane to offset the nase down pitching moment shift seen in
Figure 47(a). At CL = 0.5, the pitching moment increment is ACM =
-.024, which corrvesponds to approximately one-halt deqree of
stabilizer trim chanae for the C-141.
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Drag rise characteristics for the swept tip configuration are
plotted in Figure 48 and are compared in Figure 49 with data for the
baseline configuration from Figure 33. Drag increments due to the
tips are summarized in Figure 50 for constant values of tail-off lift
coefficient. These results show that in addition to the induced drag
change, an improvement in compressibility drag does occur above about
M = 0.76. At CL = 0.5 and Mach number below 0.76, the induced drag
reduction amounts to about 17 drag counts, whereas, at M = 0.79 the
drag is reduced by 31 counts, indicating 14 counts less compressi-

bility. This constitutes further evidence that the swept tips are
improving the shock losses over the wing, especially at the tip where
the isobars on the basic wing become unswept.

Because the swept tip modification alters the wing loading in the
region of the tip, the center of pressure for the wing is shifted out-
board a significant amount. Figure 51 illustrates this effect. The
actual load distribution shape outboard of M = 0.793 is unknown and an
extrapolation has been made which approximates the additional 1lift
measured. The 1location of the wing center of pressure can be
determined from the spanwise loads and are shown in Figure 51 for the
basic wing and with the swept tip. During the wind tunnel testing
several runs were made with only one of the modified tips installed in

order to provide asymmetric rolling moment data from which an incre-

mental center of pressure movement could be found. The resulting in-
crements calculated fram these data have been applied to the basic
wing data and are also shown on Figure 51. The incremental center of

pressure at cruise lift is approximately 2.3 percent of the wing
semi-span for both methods.

5. ANTI-DRAG BODY RESULTS

Two anti-drag body configurations were tested during the AEDC
TF-481 wind tunnel test, one using the baseline wing with eight per
side as designed and located on Figure 13, the second using w35 with
four per side formed by removing every other body starting with the
one closest to the fuselage. Chordwise pressures were obtained only
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on the eight anti-drag body configuration and typical results are
shown in Figures 52 and 53 for constant angle of attack and constant
lift coefficient, respectively. It is clear from Figure 52 that the
design objective of increasing camber was achieved with the anti-draa
bodies. At constant alpha, the upper surface loadina is increased
substantially for all four pressure stations with the shock moving aft
5 to 10 percent except at the most inboard station. Good carry-over
of the upper surface change is evidenced at the n = 0.793 station
which is somewhat outboard of the last anti-draa body, see Figure 13.
The lower surface load change is more sianificant inboard and has
somewhat attenuated at the n = 0.793 station.

Because of the increased lift associated with the camber effect,
the angle of attack for a constant lift coefficient is considerably
less. This can be seen in Figure 53. For a constant (‘L = 0.5, the
alpha is lower by almost a degree. Thus, for constant lift, the upper
surface loading is reduced for the anti-draa body confiquration
relative to the basic wing loading, and the shock has moved aft with
reduced strength. A comparison of the n = 0.418 data, Fiaure 53(b),
with the theoretical 2-D data of Figure 11 illustrates how well the

2-D design approach achieved the desired effect.

Force data for the eight and four anti-drag body configurations
are compared with the baseline in Figqures 54 and 55. The almost
constant increase in 1ift coefficient at all angles of attack,
approximately A (‘L = 0.09 for the eight body case, is further
evidence of the camber-increase effect of the anti-drag body desian.
The lift increase for the four body case, ACL = 0.045, is half that
of the eight body case, indicating that the lift effects are somewhat
linear. This is not the case for the drag effects. A larager draa
increase occurs for the eight body conficuration at low CL's due to
the profile drag of the bodies. At higher (‘I"s, this drag is overcome
by the camber effect on the shock losses, so that a net draa reduction
occurs  at CL's above about 0.47 in Figure 5S4(b). Similar data in
Figure 55(b) for the four anti-draag body case show that the profile
drag penalty at low CL's is very small, and although the effect on




campressibility is less, the net drag reduction at CL's around the
cruise point is about the same as for the eight body case. At higher
loading conditions, the accrued benefits for the eight body configura-
tion are superior to those for the four. Thus, some optimization
process 1is indicated to achieve the maximum improvement with the
minimum wing trailing edge modification.

Drag rise characteristics for the eight and four anti-drag body
configurations are presented in Figures 56 and 57. Comparisons with
the appropriate baseline drag rise are made in Figures 58 and 59 for
each anti-drag body configuration. Since the four body case was
tested with the w35 leading edge, and with free transition, Figure 59
may not reflect the true effect of the four body case on the base,
wlzc wing. However, assuming that it does, these comparisons show
substantial drag savings for both configurations above M =~ 0.76 and C
= 0.5.

L

Incremental drag data for the two anti-drag body configurations
at constant 1lift coefficient are shown in Figures 60 and 6l.
Corrections have been applied to these data to account for the
Reynolds number effect on skin friction so that the increments
correspond to full-scale flight conditions. The effectiveness of the
four body configuration is to be noted for M < 0.78. The net draa
reduction at 0.5 lift coefficient and M = 0.78 is about 9 counts which
is essentially the same as for the eight body case. BAbove M = 0.78
the four body configuration shows no additional improvement, whereas
the compressibility drag reduction for the eight body configuration

continues to increase.

Spanwise load distribution and center of pressure data for the
eight anti-drag body configuration are presented in Figure 62. The
additional camber inboard is seen to cause a redistribution of the
load which shifts the center of pressure inboard by approximately 0.8
percent. This represents an additional favorable effect for the
anti-drag bodies which might be useful from a structural standpoint.




SECTION IV
PERFORMANCE AND LOADS ANALYSIS

1, SPANWISE LOAD CHANGES DUE TO THE SELECTED LFADING EDGE

Typical spanwise load distributions for the selected leading
edge, WJS, are compared with the baseline in Fiaure 63. These
camparisons are made for a constant a = 1.2° at two cruise Mach
numbers. Recalling that the 3-D CONMIN design program “drooped" the
leading edge inboard and raised the outboard leading edge, effectively
reducing the twist distribution helps explain the results of Fioure
63. For a constant lift coefficient, the inboard load is decreased
and the outboard load increased slightly. These changes are auite
small and the center of pressure would only move outboard less than
0.2 percent of the wing semispan. Since the drooped inboard leading
edge is not considered the preferred direction for the inboard leadina
edge modification, an optimum design would employ no change or a
slight increase in the inboard ordinates. Under those circumstances,
the load re-distribution would be even less than indicated for these
data and would, in either case, be inconsequential to the overall wing

loads and have no impact on the wing structure.

2. SUMMARY OF EFFECTS ON C=141B CRUISE
PERFORMANCE, PRODUCTIVITY AND MISSION
FUEL FOR THE SELECTED LEADING EDGE

In order to determine the net effect of the leadina edae
modification on C-141 performance, it 1is necessary to establish the
proper baseline performance level, determine the proper wind tunnel
results and how to apply these to the baseline, and investigate any
corrections to the data necessary for full-scale application.
Previous sections have discussed various aspects of these steps and
have, in effect, provided the information required to fulfill the
performance analysis. This section presents an outline of the
information leading to the performance appraisal.
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The baseline configuration for the performance evaluation in this
study 1s the C-141B aircraft, as flight tested and reported by
Lockheed (13)
fairing. Performance improvements for the leading edge modification

, modified to incorporate the C-141A wing/fuselage fillet

are incremental to the performance for this aircraft, herein referred
to as the C-141B with "A" fillet.

The leading edge which shows the most promise, based on the AEDC
TF-481 results, is the 3D CONMIN or w35 leading edge. Since the
baseline and W>>
design or theoretical shapes, performance improvements for the

model contours are known to be different fram the

predicted w35 leading edge, as well as the experimental w35 leading
edge, are included in this summary. For the experimental w35, the
actual test drag increments are applied to the C-141B with "A" fillet
results for a given Mach number and trimmed 1lift coefficient.
Similarly, the predicted drag increments for w35 are applied to the
full-scale data.

No corrections are applied to the tested drag increments. Since
the geometric changes are so small, the only potential corrections
would be due to differences in model transition location for the base-
line and W35 leading edges, trim drag changes, and any structural
considerations affecting drag. In section III.2.a, it was shown that
the model transition differences are insignificant and no correction
was determined. Pitching moment changes were shown in Figure 24 to
require less than 0.1 of a degree of stabilizer trim change between
the baseline and w35. Even double this amount, which might occur for
the predicted w35 leading edge, would represent an insignificant trim
drag change. The load distribution effects, shown in Section IV.1.,
demonstrate that no structural problems would be incurred for the
addition of the leading edge modification, and thus no drag penalty is
assessed in this area. Finally, the primary drag benefit of the
modified leading edge appears to be a compressibility-type improve-
ment. This type of drag reduction is assumed to be independent of
scale effects and therefore, the total measured wind tunnel drag
increments are applied directly to the full-scale drag.




The cruise lift coefficient for the C-141 is typically 0.46,
trimmed, and has been chosen for the cruise summary comparisons. This
value corresponds to approximately C; = 0.5 for the tail-off untrimmed
test results reported herein, Fiqure 64 summarizes the effect of the
leading edge modification on the C-141B with "A" fillet drag rise and
range parameter, M(L/D), for a constant trimmed Cp = 0.46. WO
conclusions can be drawn from these results. First, an increase in
the range parameter is indicated for both leading edges above M= 0,74.
Commensurate with the increased range parameter is an increase in the
cruise Mach number. Cruise speed for the C-141B with "A" fillet is M
= 0.754 and, assuming that the modified aircraft would cruise at or
near the maximum M(L/D) point, an increase in cruise Mach number of
about 0.015 is possible for the tested w35 configuration and 0.03 for
the predicted W35. The corresponding improvements 1in the range
parameter are 2.4 percent for the tested w35 and 5.7 percent for the
predicted w35.

The combination of reduced drag and increased cruise speed
provides a potential for even greater fuel savings than that due just
to drag reduction. By taking advantage of the higher speeds, the
productivity of the C-141 is increased. In other words, by cruising
at the higher speeds indicated in Figure 64, mission time for a given
mission, will be reduced accordingly as well as the fuel flow
reduction indicated by the range parameter change. A AM = 0,03
change 1s equivalent to about four percent of mission time for a
typical long range cruise mission. A summary of the effects of the
leading edge modification on C-141 performance, using the predicted
and experimental W35 drag reduction, is presented in Table 1 for two
basic assumptions; first, that the C-141 fleet is maintained at
constant flight hours, thus accruing only the drag reduction benefit;
and second, that constant productivity is maintained and accumulated
benefits from the speed increase are also included. These results are
based on the current C-141 peacetime fleet utilization rate of 1170
flight hours per aircraft per year. Penalties to specific fuel con-
sumption for cruise at the higher speeds have been included in these
data.




‘
I
i
|

i

TABLE 1

EFFECT OF LEADING EDGE MODIFICATION
ON FUEL AND FUEL COST SAVINGS

, PREDICTED W3°
*FUEL SAVINGS **FUEL QOST SAVINGS :
f (MILLION GAL/YR) (MILLION S$/YR) |
: ANNUAL 20 YEARS ANNUAL 20 YEARS
CONSTANT FLIGHT HOURS 18.4 367.2 8.5 170.0
REDUCED FLIGHT HOURS 29.4 585.3 13.6 271.0 i
(CONSTANT PRODUCTIVITY)
EXPERIMENTAL W35
*FUEL, SAVINGS **FUEL COST SAVINGS
(MILLION GAL/YR) (MILLION $/YR)
ANNUAL 20 YEARS ANNUAL 20 YEARS
CONSTANT FLIGHT HOUKS 7.8 156.0 3.6 72.0
REDUCED FLIGHT HOURS 13.9 278.0 6.4 128.7

(CONSTANT PRODUCTIVITY)

NOTE. L BASED ON CURRENT PEACETIME UTILIZATION

**  BASED ON CURRENT FUEL PRICE = 46.3¢ PER GALLON
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Fram Table 1, the savings are seen to be significant for both
assumpt ions,  Basad on the leading odge  improvements, as tested, a
total savings of 7.8 million gallons of fuel per year would be
realized atter tleet modification and for operating at constant fleet
hours,  An additional 6.1 million gallons would be saved for opera-
tions at the higher cruise speeds and constant productivity.  Thus a
total savings of 13.9 million gallons of fuel per year would be
possible with the selected leading edge (as tested)., Table 1 also
shows a substantial increase in the fuel savings tor performance based
on the predicted w"‘ leading edge modit ication, For constant tlight
hours, 18.4 million gallons of tuel savings are indicated, increasing
to 29,4 million gallons for constant productivity. For each case
shown in Table 1, tleet cost savings have been computed tor an assumed
tuel cost of 46.3 cents per gallon,  Installation of the predicted w‘r’
leading edge moditfication would accrue $8.5 million in savings annu-
ally for the constant flight hour assumption and almost §13.6 million

annually tor constant productivity.

The C=141 aircratt 1s known to have a substantial structural life
and, at current utilization rates, the alrcraft should be in service
tor at least 22 more years., Over this time frame, the aerodynamic and
pertformance improvements will have an enormous impact on fuel utiliza-
tion and cash flow. Figure 65 illustrates the potential savings in
tuel which would accrue tor the two leading edge configurations over
the remaining lite ot the =141 tleet. The constant productivity line
tor the predicted W‘I‘ leading odge shows that by  the end of the
projected lite, the total savings are over 540 million gallons of

fuel.

The potential fuel cost savings are also impressive, Assuming an
average cost of 46.3 cents per gallon of tuel (a conservative value
based on 1978 prices), cost savings equivalent to the tuel savings can
be determined.  The results are shown in Figure 66.  Within 10 years
fram the campletion of the modification program, the cost savings for
the predicted W;r’/const.ant productivity case rveach nearly 150 million
dollars. Over the remaining life, the savings to the Air Force for
the C-141B tleet would be approximately one quarter of a billion
dollars.
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SUCTION V

CONCLUSTONS AND REQOMMENDATTONS

A camprehensive analytical and wind tunnel test program has been
conducted on several leadimg edge modifications to the C-141 wing in order
to evaluate cruise drag reduction and fuel savinas potential for the C-141

fleet. The principal conclusions follow.

a. A successtul application of 2-D and 3-D transonic numerical
optimization methods (QONMIN) to desian improved leadimg edae contours  for
the C-141 wing has been demonstrated. The dearee of experimental success
was limited by differences between the desian ordinates and the actual
ordinates on the 0.044 scale C-141 model wing as tested at AENC.  Three
sets of leading edge designs were developed: one set based on a 3-D CONMIN
scheme In conjunction with an inviscid transonic full potential  ocode;
another based on a 2-D QONMIN code; and the third was derived by tatlorina
a successtul 2-D shape, previously tested, to the 3=D wing. The first and
third sets, desianated W'm and w“‘, respect ively, were built and tested
during this program.  The 2-D CONMIN desian was similar to the \\"M leading

adage and did not provide an alternative.

b. Excellent  correlation  of theoretical  predictions with  the
experimental results was achieved.  Using an equivalent 2-D approach and a
2D viscous  transonic  analysis oode, duplication of the test chordwise
pressure distributions was  obtained for the measured wina ordinates.  The
capability of the theory to predict subtle difterences in leading edae {low
development and shock formation due to small perturbations in leadim odae
shape was demonstrated.  In addition to the pressure distribution correla-
tions, the analytical results were also used to derive a ocotrelation  of
campressibility  drag based  on the amount  of  leading  edge  chamae.
This was done by plotting the predicted waw drag versus the ordinate at 2
percent chord for both the desian and measured ordinate airfoils at 1 =
0,793, Compressibility drag from the test was similarly plotted usim the
measurea ordinate values,  Compatison of these results showed that over the

measured ordinate ranae, the test campressibility drag increments  between
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the baseline and modified leading edges aarees with the predicted wave drag

increments.

c. 'The best leading edge, according to the AEDC test data, is W39

©

tor which a drag reduction at cruise of approximately 5 to 9 counts was
tested. Because of the high degree of success obtained with correlations,
especially the drag/leading edge ordinate conparison, it is concluded that
the target drag reduction goal of between 5 and 7 percent cruise drag
reduction would have been obtained with the proper leading edge ordinates.
Accordingly, performance improvements projected for the optimum leading

edge were included in the tinal results,

d. The leading edge modifications to the C-141 wing increase the
amount of leading edge suction, compared to the baseline, and this net
thrusting effect tends to reduce creep drag. Additionally, the more
favorable leading edge pressures promote a weaker initial shock formation,
thus increasing the drag divergence Mach number. For the selected leading
edge, WJS, a slight reduction in creep drag was obtained above M = 0.7 and
the drag divergence was increased by approximately A M = 0.01. This combi-
nation manifests itself as an 1mprovement in the cruise range parameter,
M(L/D), and an associated increase in cruise speed. Relative to the C-141B

with 'A' fillet configuration, improvements for the tested and predicted

35 .
W leading edges are:

% _ A MLD) AMepurse
L
Tested 2.4 0.015
Predicted W>° 5.7 0.03
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¢« The increased cruise speed capability provides a potential
benefit with respect to productivity of the C-141. By taking advantage of
the higher cruise speed, mission time jis decreased, which either reduces

the amount of fuel and flight hours for the fleet or increases the total
fleet productivity capability,

A
i
i
§
:
¥
i
F
i
i

£. Fuel and cost savings have been projected for the leading edge
modification based on the following assumptions:

o Two alternatives are evaluated, one based on constant flight

hours, the other based on constant productivity.
]

o) Peacetime C-141 fleet utilization rat

€s ot 1170 hours per air-
craft per year,

o Fuel price = 46.3 cents/qgallon.

The results for the predicted W3S are:

Total Fuel Total
Saved Cost Savings
(Gal/Year) ($/Year)

Constant Flight Hours 18,400,000

8,500,000
Constant Productivity

29,400,000 13,600,000

g. Analyses of the incremental chordwise and spanwise load changes
to the leading edge modification indicate that the effects are minimal
and should have no significant impact on the wing structure.

due

h.  Two additional wing modification concepts were investigated which

show potential for reducing C-141 cruise drag. These were: (1) swept wing
tip extensions and (2) trailing edge anti-drag bodies.

In the case of the swept wing tips, substantial drag savings were
observed. Wing induced drag at cruise lift was reduced by 17 counts, as
expected, by virtue of the 9.5 percent increase in wing span. Improved
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drag rise characteristics were also measured which would produce increased
cruise speed and productivity benefits similar to those outlined for the
leading edge modification.

The anti~drag body configurations performed successfully by
increasing wing camber and reducing shock losses as intended.
Compressibility drag reductions of 10 to 15 counts are indicated for the M
= 0.77 to 0.79 cruise range. Increased cruise speed and improved
productivity would also be a benefit from this modification.

In view of the above discussion and conclusions, tne following

recommendations are submitted:

a. Additional high speed wind tunnel testing should be expeditiously
pursued to substantiate fully the predicted aerodynamic improvements for
the selected leading edge modification. The model leading edge components
should be modified to the correct desiagn ordinates for both the baseline
and the two modified leading edges.

b. High speed testing of all three draa reduction concepts (leading
edges, swept tips and anti~drag bodies) in various combinations with each
other should be accomplished. This process is considered essential to
remove the uncertainty of superimposing the individual drag and performance
improvements.  This i= especially cruicial for compressibility type draq
changes since these are not likely to be additive.

c. Following the high speed wind tunnel test demonstration of the
drag reduction benefits, a program should be initiated to evaluate the
structural and economic feasibility of incorporating the drag reduction

concepts into the C-141 fleet.
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FLIGHT TEST DATA

1 SLOPE = 6.5 COUNTS/0.1 MACH
3 4 .5 .6 ke .8
MACH NUMBER
1 WIRID TUNNEL DATA
C-141A COMPONENT DRAG
|
1 WING + FILLET
] SLOPE = 8 COUNTS/0.1 MACH
T ALL COMPONENTS EXCEPT WING/FILLET
.60 .64 .68 72 76 .80
MACH NUMBER
WIND TUNNEL DATA
C-141 2-D AIRFOIL
.3 04 ‘5 .6 ‘7 08

MACH NUMBER

Figure 1. C-141A Drag Characteristics
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SYM LE MACH ALPHA
BASIC 7314 3.49

(©]

o 3A 7292 3.50
-1.6 ] o 4 .7302 3.50

A 6 7291 3.50

b, Comparison of Experimental Pressure Distributions

Figure 3. Continued

44



o

o2

PacagiinT

”Nm.o

papn|ouod) * € aunbiy
$214511342010y7) asty Boig jo uosiiodwod) >
YIEWNN HOVYW

¥9°0 | 09°0 90 0

yv°0

900°0

b ji = | PELe et
| | fisian]
! f i ! !
| | { { { { |
i 4 _ e o . . “
| _ ! | * | |
I i I )
1 5 e | | |
| i _ i i
i ! i H i !
] i
| ! ! i
| S8 SHSH KRR SR8 50 LEGTE Ko B Rt 40 0 FER JRGES B I AAREY SR55E KRS LD A R LR B 1 |
|

-800°0

-010°0

~Z10°0

¥10°0

910°0

sitie L s




uolyod11pow 2Bp3 Buipoay 104 ainpadosy ubisag ‘y @nbig

——

SISAT7NT AIDSIANN O-5

SNOIL7IS 43HIO 19
SHO Ity 174N

Cavi)
SISATYNY $NO251A -2

MNOISEIANGD 31
aNA0w 3-2 OL a-¢

NOWNTZIMN140 O-1

121573 a-¢
114 30805

SNONTLS 108INOD
G-£ 40 MO

NOSAIANDD 15 O-¢
GIDSIANI 04 SNOSIA

NOISMNILYT 3003

MNIPNOD O-C

Cagl)
SISAT7NY SNODSIA G-2

MNOLIOMEY4 1300M .Vl

EENET s
¢°v'1) |
WA TINY SN0 G-2 |

e [

3771 _ |

SISATTNY SNOSIA a-2
NY SN aQ

|
|
,
"
|

wew -

NOWTZWNIA0 O-7

3121578 a-2
4 3rand

SNONYLS 1041NOD
Q-2 40 NOUSTIIS

NOISSIANGD * G-Z
GISSIANI O SNO5IA

NOSEIANGD 5

(120 1M 4D Q33HAD07)
7570 1531 0-2

ge'o - 2/9)
SOy 1531 Q-2

il

G-Z Ol a-¢

NOISEIZANGD AU 7r 0080
G-z Ol g-¢

(621-45 2039
v1vG 153} G-¢

— HOISMILYS 300D —

Mo -2

MM DHTR




o TEST, REFERENCE 7 , M=0.774, A =1°,
C = 0.58, c =0.644
T.A.P. THEORY, SIMPLE SWEEP A =18.457°
M=0.74, c =0.74
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o TEST, REFERENCE 7 , M=0.774, 0 =1°,
C = 0.58, c =0.64

T.A.P. THEORY, SIMPLE SWEEP A =22.728°,
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b. M =0.793
Figure 5. Concluded
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e. 4
| RELIAAL R S S R T A .
; ¢ =0.74 M=0.74 | R 1
—————— BASIC LEADING EDGE |
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Figure 7. Comparison of the lnviscid Pressuie Distiibutions for the Basic
and 2-D CONMIN Leading Edges at n =0.389
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M=0.79 C =0.65 |

o BASELINE LEADING EDGE
— - 3-D CONMIN LEADING EDGE

-1.2

Figure 9. Comparison of the 3-D CONMIN Iaviscid Pressure Distribution

for the Basic and 3-D CONMIN Leading Edges
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WING TIP

WS
46.16

Figure 10 . Swept Wing Tip Extension Planform
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LOWER SURFACE MODIFICATION

BASIC AIRFOIL

a. Sketch of Lower Surface Modification

-106 9
[ M=0.74 ¢ =0.60 7=0.389
——-—— BASIC AIRFOIL
a=2.7°, C, = .0024
-102 J’.

w
BASIC AIRFOIL WITH LOWER
SURFACE MODIFICATION

a=0.9° S = .0005
W

.8 JL

b. Effect on Theoretical Pressure Distribution

Figure 11. C-141 Airfoil Aft Camber Change
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1 MODIFIED
LEADING EDGE +
o l C
P | P
/ 2-D AIRFOIL
\ i
i
\\, :
\\.‘ i
C-141 2-D AIRFOIL
M = 0.73
014r a= 3.5°
012 f FIXED
Cd é TRANSITION c
010 e
(o) \*‘ by * °®
i | FREE
TRANSITION
2 4 6 8 10 20

REYNOLDS NUMBER X 10

Figure 14. 2-D Airfoil Test Results — Fixed and Free Transition
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Figure 16. Effect of W35 Leading Edge Moditication on Chordwise Pressure
Distribution at M =0.7. Pylon Nacelles OnContiguration.
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