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EXP~IMEN~ INVESTIGATIONOFA =OD OF WAV3+DRAG

REDUCTIONFOR COMBINATIONSEt41?LOYINGQUASI-

CYLJXORICAL BODIES AND SWEPT WINGS AT

SUPERSONIC SPEEDS

By Daniel P. Hickey

SUMMARY

Axisymnetric and nonaxisymnetric body distortions designed by the
method of NACA TN 3722 were tested to determine the amount of wave-drag
reduction obtainable when applied to swept-wing-body combinations over a
lkch number range of 1.39 to 1.97. Two wings of aspect ratios 1.33
and 2.67 were tested on different bodies. Both the axisymmetric and
nonaxisymnetric distortimw produced drag reductions.
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wave
area
body

INTRODUCTION

There are several theoretical methods available for reducing the
drag of supersonic aircraft. One method, known as the supersonic
rule (ref. 1), is a slender-body theory that gives only axisymmetric
distortions. A second method is that of Nielsen (ref. 2) which is

a quasi-cylindrical theory that gives additive axisymmetric and non- 7
sxisymmetric distortions. A third is the method of distributing drag-
canceling multiples along a body axis employed by Lomsx and Heaslet 4,
(ref. 3). ~is theory, which is, in principle, exact to the order of
linear theory, also gives additive axisymmetric and nonaxisymmetric
distortions. Reference 2 shows that for the cases where the theories
of both references 2 and 3 are applicable, the two agree to the order of
qyasi-cylindrical theory.

b the present investigation the primary purpose was to assess the
ability of the axisymnetric and nonaxisymmetric body distortions of the
quasi-cylindrical theory of reference 2 to prcihzcedrag reductions. The
optimum distortion for minimum wave drag cam be expressed in terms of a
Fourier cos 2n6 series. The first harmonic of distortion occurs when n=O
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2 NACA RM A56118

and produces a body shape which is circular in cross section similar to
the cross sections-producedby transonic and superscmic area rules. The
second harmonic of distortion occurs when

●

n = 1 and produces a cos 20
variation in the bcdy radius. The effects of the first and second

— —

harmonic terms on the body radius are additive; the first harmonic of
distortion represents a volume change, while the second harmonic of

—-

distortion-representsa radial redistributiorof cross-sectional area.
A secondary purpose of this investigation was a comparison of the drag
reductions obtainable from the sxisymmetric distortions produced by the
quasi-cylindrical and supersonic area-rule theories. .—

Models using these various types of body distortions were tested in
conjunction with swept wings. All the models were designed to minimize
wave drag at a I@ch number of~with a wing aspect ratio of 1.33. The
bodies were tested with a wing of aspect ratio 2.67 to determine how
sensitive the drag reducticms were to changes in aspect ratio from the
design aspect ratio. The wing-body,combinations also were tested at
Mach numbers of 1.75 and 1.97 to check the sensitivity of the drag —

reductions to changes in Mach number from the.design value.
—

SYMBOLS
.-.—

a

A

BIW1,....
B=W2

}

%(d)

%(d+w+i)
ACD

C%in

basic body radius, in.
—

— —

aspect ratio, ~
s :

wing-body combination
.

mean aerodynamic chord, in.
---

section drag coefficient

foredrag coefficient
psnels, -$

wave drag of wing in
distortion

wave drag of body in
of body distortion,

based,on plan-form area of exposed wing

combination with body due to body

ccmbination%th wing, due to presence
—

wing, and interference

increment in drag due to lift, ~ - %in

drag-rise factor

minimum foredrag coefficient ..

.

.
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B

change in minimum foredrag coefficient of the wing-body combi-
nations due to the addition of the body distortion

lift coefficient based on @an-form area of exposed wing
panels, &

lift-curve slope at zero lift

pitching-momen~~oefficient based on plan-form area of exposed
wing panels, —

qE

pitching-moment-curve slope at zero 13.ft

foredrag, lb

lift, lb

pitching-moment taken about centroid of exposed wing plan=form
area, in-lb

free-stream Mach number

integer 0, 1, . . . (used to denote harmonic of distortion)

free-stream dynamic pressure, lb/sq in.

polar coordinates in y,z plane; y = r cos e, z = r sin e

radial distance to point on body of combination, in.

semispan of wing-body combination, b.

plm-form area of exposed wing panels, sq in.

wing thickness to tiord ratio

wing-alone (exposed panels joined together)

coordinate axes with origin at vertex of wing alone; x measured
downstream, y laterally starboard, and z vertically upward,
h.

longitudinal distsnce from center of pressure of wing-body
combination to centroid of wing @an-form area, in., positive
when center of pressure of combination lies forward of the
centroid of exposed wing plan-form area

angle of attack in radians unless otherwise noted
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a - rB, in.
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.

A

relative body distortion thickness

1- (rB/a)

p (t/c)

Subscripts _. .-

1, 2, ...,5 numbers used to identify particular components of the wing-
body combinations

THEORETICAL CONSIDERATIONS

Mechanics of Body Distortions
—

There are several types of body distortions which reduce the wave
drag of wings in combination with bodies by creating a favorable pressure
field on the wings. Th’esebody distortions are actually indentations on
the body which throw a negative pressure field on the forward-facing
portion of the wing and a positive pressure field on the rearward-facing
portion of the wing. By increasing the magnitude, b/a, of smy of th,ese
distortions, the wave-drag reduction of the ting can be ticreased as
shown by the cuve labeled

%(d)
in sketch (a). However, by the

addition of distortions to the bcdy,
the wave-drag of the body increases as
shown by the curve labeled ~(d+~+i)-

The sum of the two curves, A%>
represents..thewave-drag change of the
wing-body combinations due to the
addition of the body distortions. h

+
general, the curve of AC!% has an

optimum point as shown in the sketch.
The problem of optimizing the wave drag
of a wing-body combtiation amounts to
finding the shape and magnitude of the
body distortions which give the largest

Sketch (a) negative value of Awn within the
restriction of the design conditions.

In reference 2 this is done by first computing all components (including
interference components) of’the wave drag for a wing-bcdy combtiatlon with
arbitrary body distortions. T!Ms method requires the assumption that the
body be quasi-cylindrical adjacent to the region occupied by the wing.
As previously mentioned, the drag is obtained in the form of a Fourier

—

—

.

.

—
—

-. .-
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NACA RMA56118 5

cosine series. Each term of the series for the total drag is then mini-
mized with the bcilydistortions as the variable. It is found that the
body distortions are proportional to the magnitude of the pressures on
the wing alone. Hence, it is necessary to predict accurately the wing-
alone pressures if the body distortions are to be properly designed.
Also, since the bdy distortions are proportional to the wing thickness,
it is apparent that if the wing thitiess were too large, the body distor-
tions would be excessive and would therefore violate the assumption of a
quasi-cylindricalbody.

Effect of l&ch Number

Theoretically, the bcdy distortions become less effective at Mach
numbers other than that for which the distortions were optimized. The
physical reason for this effect is shown in the upper sketch of figure 1.
If the design Mach number is ~ and the wing leading and trailing edges
are swept 45° as indicated in the figure, then at the design Mach number
the Mach waves and pressure waves are parallel to the wing edges. As a
result, the drag-reducing pressure waves impinge on each section of the
wing at the same chordwise position and reduce the wave drag of each
section. As the Mach number increases, the drag-reducing pressure waves
are swept rearward and are less effective as shown by the theoretical
curves in the lower portion of figure 1. The quantity cd is the section
drag coefficient due only to the body distortions. For a fixed value of
~, the effect of the Wch wave d$placement from the design position is

. most severe at large values of . For wing sections at large enough
values of rja, the s,ectiondrag is actually increased.

.

Effect of Aspect Ratio

At a fixed ~, there is a dependence of the drag reduction on
aspect ratio. The reason for this is associated with the Mach number
effect shown in figure 1 and discussed in the preceding section. There
it was pointed out that the displacement of the Mach waves from the
design condition had the most severe effects on the sections of the wing
at large values of r/a. Therefore, for a given chord length, low-aspect-
ratio wings are less affected by a rearward displacement of the Wch waves
than are the higher aspect ratio wings. Another effect associated with
the aspect ratio is shown by the M == curves in the lower part of
figure 1. The curves show that even when the Mach waves are not displaced
from the desi~ position, the effectiveness of the body distortions on
drag reduction diminishes as r/a increases. This is a result of the
fact that the pressure disturbances from the distorted portion of the
bmiies attenuate approximately as 1~.
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EXPERIMENTAL CONSIDERATI~S

Apparatus ~.. — .-

Wiud tunnel,- The tests were performed W the Ames 1- by s-foot
supersonic wind tunnel No. 2 which is of the blowdown type. This tunnel
has a flexible-plate nozzle which can be adjusted to produce nominal Mach
numbers frcm 1.4 to 3.8.

Mcdels.- Five bodies and two wings as shown in figure 2 were con-
structed of steel. Table 1 presents the necetnmry informaticm to deter-
mine the ordinates of the distorted bodies. B03Y 1 is a cone-cylinder
to which no distortion has been applied; bdies 2, 3, and 4 have the
cylindrical portion modified according to the.qpasi-cylindrical theory
of reference 2 (see equations in table I); bcdy 2 has the axisymmetric
n = O distortion; and body 4 has the combined-”n = O and n = 1 distortion.
As will be discussed later, the n = 1 distortion of bciiy4 was found to
be too large due to an inadequacy of linear theory for sonic-leading-edge
wings. For this reason, body 3 was constructed with the n = O distortion
and only half the n = 1 distortion. Body 5 has the s..xisyrpmetricdistor-
tion given by the supersonic area rule. It should be noted at this point
that the afterbodie~ of the combinations tested were not altered in
accordance with the theories which were’used to design the models; the
body cross sections’remain the same from the root of the wing trailing
edge to the base of the mcdels. From theoretical analysis, it was fo~d
that for the models tested,.tliedrag reductions additionally obtained
from fairing the afterbody would be negligible. For the purpose of this
report, the distortions are referred to as the quasi+cylindricaland
supersmic-area-rule designs although it is not correct to say this in a
strict sense.

The wings, of >percent-thick biconvex section, had a leading-edge
sweep of 45° and a taper ratio of 1.0. Wings_l and 2=had aspect ratios
of 1.33 and 2.67, respectively; the dimensions-are tabulated in figure 2.
h aspect ratio 2.67 wing-alone model, shown in figure 3, was also
constructed to check the wing-alone minimum wave-drag coefficient against
that predicted by linear theory. A wing-support model, which is that
part of the wing-alme model which fixes the ting in position, was tested
in order to determine its contribution to the measured drag of the
complete win~alone model.

Procedure

Method of testinR.- Force data’were obtained from a three-component
electric strain-gage balance which measured nmrmal force, chord force2 and
pitching moment. Base-pressure measurements were obtained from photographic

.

*

z

-.

=

.

. .

● .
.—

--

—

.

●



NACARMA56118 7

recordings-of a multiple-tube manometer using tetrabromethane as the
measuring fluid. It was found necessary to use 10 to 12 orifices for
measurement of the base pressure because the pressure field at the base
of the mcdels was not uniform. !5e orifice tubes leading from the models
were mounted in a collar adjacent to the base of each model as shown in
figure k. The base-pressure co13ar was undercut 0.010 inch on its radius
since this was the magnitude of the deflection of the mdel in its support
system when at angle of attack. The angle-of-attack values were obtained
from schlieren photographs taken of the model while the tunnel was running.
Two horizontal wires were placed in one of the test-section windows to
provide reference lines for use in measuring the angle of attack of the
models. The photographs were then yrojected on the screen of m optical
canparator and the angles of attack were measured with the aid of a large
vernier protractor.

Testing conditions.- ‘Themcdels were tested at Mach numbers 1.39,
1.43, l.~, and 1.97. The angle-of-attack rsmge for the wing-body
combinations was from 6° to -6° in increments of 1° or less. For the
wing-alone studies, the angle-of-attack range was from 2° to -2° h
increments of 1/2° or less. ‘IheReynolds number was held at a constant
value of approximately l.~xl~, based on the mem aerodynamic chord,
throughout the Mach number range.

Boundary-1ayer transition was fixed by a O.010-inch-diameter trip
wire located 1 inch behind the apex of the nose cone and a 0.006-inch-
diameter wire located l/6th inch behind the leading edge of.the wing.
Reference 4 shows that under the conditions in which the boundary-layer
trip wires were used in this test, the tires would cause transition of
the boundary layer. For the wing-alone tests, no trip tires were used.

Uncertainty in Measurement

The uncertainty in Mach number was determined from the average devi-
ation from the mean of several values as obtained from wind-tunnel total-
pressure surveys over the region of the test section occupied by the
models. The uncertainty in angle of attack was determined as the degree
of repeatability in reading the angle of attack from schlieren photographs
of the models. The uncertainties determined for the force coefficients
were obtained from a statistical analysis which took into account the
uncertainty in the balance forces, base pressures, and wind-tunnel stream
characteristics. The uncertainty in the wing-alone and wing-support @
was determined from the average deviation from the mean of the chord
force coefficients through an angle-of-attack range from 2° to -2°.

.

The following table summarizes the uncertainties in measurement.
The Mach numbers fm the wing-body combinations are 1.39, 1.43, 1.75,
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*
and 1.97. For the wing-alone and wing-support models, the Mach number is
1.43. The uncertainty in Mach number is &O.005 and in angle of attack it ‘=
is *0.05°. b

Pritiry parameters I Uncertainty

Configuration [d:& l%lcLl%l

. — ~u ~ .““=”

WinQ-alone I o I &.0004 I
Wing support r 0-1*.ooctl ~

RESULTS AND DISCUSSION

The results of the e~erimental tests are summari.zedin table II.
The information presented in the table is the minimun drag coefficient,

.—

drag-rise factor, lift-curve slope, and pitching-moment-curve slope of
each configuration at various Mach numbers. The presentation of the data
in this manner is possible because the curves of A% vs. CL2, CL vs. a,

—

and & vs. a were linear far the angle-of-a”ttackrange of the tests.
—

An examination of table II indicates that there is no systematic effect
of the body distortions on ~/CL2, C% and & of the wing-body .
combinations. It should be pointed out that the tabulated values in
table II are the faired values,of the data obtained experimentally and,
hence, are more accurate than the uncertainties in measurement which .

were given previously.

Wing-Alone Results

The correct design of an optimum body distortion by the method of
quasi-cylidrical theory depends on the ability to predict the wing-alone
pressures and drag accurately. Since it is hewn that the pressure
distribution for a sonic-leading-edgewing cannot be accurately predicted, ‘
a wing-alone model was tested to determine the inaccuracy in the predicted
wing-alone characteristics. The model was tested at a Mach number of 1.43
and the drag result was ,adjustedas subsequently explained to give the
minimum wave-drag coefficient. The experimental value of the minimum drag
coefficient of the model shown in figure 3 was 0.0163. The measured
~ti of the wing support strut was 0.0045. The effect of the wing “’-
support strut on the drag of the wing was estimated with the aid of
reference ~; the interference drag coefficient was found to be -0.0005.
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.
Liquid film studies of the boundary-layer characteristics of the model
placed the transition point at the wing midchord. By the use of the

● method of reference 6, the skin-friction drag coefficient was estimated
to be O.0~0. Subtracting the support, interference, and skin-friction
drag from the maiel drag gave a wing-alone minimum wave-drag coefficient
of 0.0083 which is less than half the predicted value of 0.0188 obtained
using the method of reference 7. This result is significant because it
demonstrates that the wing-body ccmibinaticmswhich were optimized accord-
ing to theory would not give the predicted drag reductions experimentally.
The reason for this can be seen by an examination of sketch (a) in the
~’TheoreticalConsiderations” section. The sketch shows’that if the values
of the points which define the curve of ~(d are assumed too large,
then the optimum point on the A% curve J 11 be at a higher value
of b/a than it should be and, consequently, the greatest wave-drag
reduction possible will not be realized experimentally.

Effects of B@ Distortions at the Design Mach Number (~ = A)

The predicted and measured drag reductions obtained from the body
distortions of quasi-cylindrical theory are shown in figures 5 and 6.
The data points shown were obtained from the results mmmnarized in
tables II(a) and II(b). Figure 5 shows the results for the axisyninetric,
n = O, distortion. The figure shows that not only were drag reductions
obtained experimentally for the design wing of A = 1.33, but even larger
reductions were obtained for the A = 2.67 wing. This result may appear

h surprising at first; however, an explanation can be put forward tiich is
consistent with the wing-alone results. It has been shown that linear
theory overpredicts the pressures on a sonic-leading-edge wing and, there-
fore, the magnitude of the n = O bciiydistortion (which was based upon
the A = 1.33 wing pressures as computed by linear theory) is too large.
Since the distortion required for sm A = 2.67 wing is greater than that
for an A = 1.33 wing, the distortion designed by theory for the smaller
wzLngis more suitable for the large wing.

Figure 6 shows the additional reduction obtained by the application
of one half of the nonaxis~etric, n = 1, distortion. It was necessary
to mcdify the n = 1 distortion because preliminary wind-t~el tests
indicated that adding the full n = 1 distortion increased the C~n
of the wing-body combination. A liquid-film study showed that the increase
in ~n was not caused by flow separation along the wing-bmiy juncture.

Therefore, testing of the n = 1 harmonic of distortion was discontinued
because the linear-theory inadequacy for sonic-leading-edge &gs appar-
ently gave body distortions that were sufficiently large to exceed the

. drag-reducing range of S/a on the A
%

curve of sketch (a). The
in

experimental data in the figure show larger drag reductions for the
A = 1.33 wing than for the A = 2.67 wing. This result is not in conflict “.
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with the previous data since the n = 1 (modified)distortim apparently
agrees Wi-tithe physically optimum distorti~:for”the
rather than for the A = 2.67 wing.

The experimental results shown in figures 5 and 6
reductions are obtained from both the axisymmetric and
distortions at the designMach number of ~.

Effect of Wch Number

A comparison of the K = 1.75 and~ = 1.97 data

A = 1.33-~ing -
.-

indicate that drag
nonaxisymmetric

in figures ~ and 6
indicates ~hat the drag red~ctions dimini~h slowly when departing from
the design condition. This would be expected from the discussion in the
“Theoretical Considerations” section. The figures also efiibit another
interesting result. At off-design Mach numbers, theory and experiment
are in better agreement than at the design Mach number. T!2iseffect is
also to be expected since the wing-alone pressures are more accurately
predicted for a supersonic leading edge than for a sonic leading edge.

Comparison Between the Supersonic Area Rule and
Quasi-C&lindricalTheory

Figxre 5 shows a comparison between the drag reductions obtained
from the supersonic area rule and the n = O distortion of the qyasi-
cylindrical theory. The figure shows that the drag reductions for the
supersonic area rule”are somewhat greater than those obtained by the
quasi-cylindrical theory for the particular case where the wing leading
edge is sonic at the design Mach number. The reader should be cautioned
that this comparison is not an indication of the over-all relative merits
of the two methods. Rather, it is a comparison only for the particular
case of a sonic-leading-edgewing for which hear theory is @own to be
inaccurate.

.-
—

.

.-

.r-

CONCLUDING REMARKS

Axisymmetric and nonsxisymmetric body distortions designed by the ‘-
quasi-cylindrical theory of reference 2 and the supersonic area rule
without afterbody modification were tested to determine the amount of
wave-drag reduction obtainable over a Mach number range of 1.39 to 1.97.
Experimental results obtained from the tests Ahow that both the axisym- .

metric and nonaxisynmetric distortions yield drag reductions near the .
design l.hchnumber of ~. As would be expected, reductions diminish
with a departure from the design Mach number. No systematic effects of

● c
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the body distortions were noted on the drag-rise factors, lift-curve
slopes, and pitching-moment curve slopes at zero lift.

Near the design Mach number, it was found that the quasi-cylindrical
theory predicted a considerably larger drag reduction than was actually
obtained. ‘I!hiswas due to the fact that linear theory predicts too high
a wave drag for a sonic-leading-edge wing and, correspondingly, optimum
body distortions which are too great. For mch numbers for which the
wing leading edges were supersonic, the agreement between theory and
experiment improved.

Near the desi~ Mach number, and for the design aspect ratio of 1.33,
the supersonic-area-rule distortion gave drag reductions comparable to
those obtained by the quasi-cylindrical distortions. For the aspect ratio
2.67 configuration, the supersonic area rule gave somewhat greater reduc-
tions. The reader should be cautioned, however, that these comparisons
are not indications of the over-all relative merits of the two methods.
Rather, they are compartions only for the particular case of a sonic-
leading-edge wing for which linear theory is known to be inaccurate.

Ames Aeronautical Laboratory
National Advisory Committee for Aeronautics

Moffett Field, Calif., Sept. 18, 1956
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1.0
1.2

1.4

1.6
1.8
2.0
2.2
2.4
2.6
2.8

;::

3:6
3.8
4.0

I
8.0

G

TABLE I.- FOl?MILM KKO COMDITIOIWFOllC@lNIl!INGBOBY DISTORTIONS

A.

o
.203

.394

.po

.754

.914

l-m
1.176
1.268

1.326

1.350
1.34a
1.288
1.1%2

1.o12 (1.052)a
.:57 (o.86!3)a

I Va

Body 3 n = 0, l(mod.) I Bcdy 4 n=O, l

0.385
.887

1.457
2.074

2.728
3.418
4.103
4.760
;.:4$

6:276
6.564
6.TL4
6.652
6.453

I
J’

26 Of AO, Al,lami h are the ❑ae from ~ of 4.o to 8.o

.657
I

6.~53 I
I I

ihesesIndicatecorrectvalueswhich were not used on the mcdels.

Body 5
supersonic
area rule

-g~)rB =a(l

A

o
.044
.128
.224
.328
.472
.528
.620
.6$
.7&l
.82o
,860
.880
f&-

.792

I
v

.792



TABLE II. - CO!dPILAl?tON OF MDWMIJM BRAG COEFFICIENT, DRAGRISE FACTOR,

IJYP-CURVE SIXPE, ~ PIT~G-MCMKNT-CORVE SKPE

(a) ~ = 1.39

I
B=W1 O.al
B2W1 .0574
~w~ .059
B4W1 .0601
BIWZ .0410

~w= .0386
B9W2 .0377
B&= .0397

0.184
.177
.185
.190
.E37
.191
.lg4
.194

(c) Mm = 1.75

BIWI .0520
~w~ .0515
B9W~ .0495
BEM~ .C515
B1W2 .0370
~w~ .0360
~w~ .0350
B5WZ .0385

J

me values pre8ented

.219

.Zl_l

.250

.153

.246

.=6

.275

.218
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Figure 1.- EQanwise variation of the theoretical section
coefficient due to bcdy distortions.
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Figure 4.- Tunnel tit-tion of configuration BaWz. A-M424
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Quasi-cylindrical theory (ref. 2)

n=O distortion

(
o ACDmin=CD ‘CD

min B2wl min Blw[j

cDminB2w2 “DminBlw2
)

Supersonic area rule

(
A ACDmin

“Dming5wl “DminB, wl ,

cDmin B5w2 “DminBlw2
)AcDmin

.
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Figure 5.- Comparison of the theoretical and experimental drag
reductions for the axisymmetric distortions.
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—Quasi-cylindrical theory (ref. 2)

❑
n=l (modified) distortion

(ACDmin=cDminB~wl “DminB2wl,
CD

‘cDmin B2w2min B3w2
)
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Figure 6.- Comparison of the theoretical and experimental drag
reductions for the n = 1 (modified)distortion.

liACA - Langley Field, Va.

w

——


