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TRANSONIC WIND-TUNNEL INVESTIGATION OF THE EFFECTS OF
BODY INDENTATION ON THE AERODYNAMIC CHARACTERTSTICS
OF A SEMIELLIPTICAL SWEPTBACK WING-ROOT
INLET CONFIGURATION

By Arvid L. Keilth, Jr.
STMMARY

An investigation has been conducted in the TLangley transonic blowdown
tunnel between Mach nmumbers of 0.65 and 1.4 to determine whether the prin-
ciples of the transonic area rule could be used to improve the transonic
drag-rise characteristics of a semielliptical sheped sweptback air inlet
installed in the root of a L5° sweptback-wing—body combination. The
results show that indenting the fuselage of the inlet configuration an
amount equal to the total ares added by the Inlet installation less the
area of an entering free-stream tube at the design mass-~flow ratio of 0.80,
eliminsted the small Increment in transonic drag caused by the inlet
Installation. The drag coefficient of the indented inlet configurastion
at most supersonic Mach numbers was less than that of either the baslic or
the original inlet configuration at both lifting and nonlifting conditions.
Indications were that the indented configuretion would have less drag to
Mach numbers somewhat higher than the test limit.

INTRODUCTION

The trensonic drag-rise characteristics of wing-body combinations
have been shown in reference 1 to be primarily dependent upon the axial
distribution of cross-sectional area. This concept, designated the tran-
sonic area rule, permits, within limits, an estimation of the drag-rise
characteristics of wing-body combinations from the drag cheracteristics
of a body of revolution having the same axlal distribution of area
(equivalent body). Area-distribution principles have also been used to
correlate the drag increment occurring with installetlon of extermnal stores
and nacelles, references 2 and 3.
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Examlnation of the axial area dlagrams of the basic wing-body and
the semielliptical shaped, sweptback wing-rocot inlet configuratlions of
reference 4 showed that the inletinstallation caused increases in cross-
sectional area in a region where the area of the basic wing-body combi-
nation was a maximum. It was desired, therefore, to determine whether
the principles of the transonic area rule could be applied to the inlet
configuration to improve the transonic drag characteristics and in par-
ticular to eliminate the small increment in drag caused by the inlet
inetallation for some portions of-the transonic speed range. In the
present Investigation, the test configuration was cbtained by indenting
the fuselage of the wing-root inlet configuration to eliminate the incre-
ment in effective area added to the basic wing-body combination by the
inlet installeation. The tests were conducted in the Langley transonlc
blowdown tunnel through a Mach number range from 0.65 to 1.40 and angles
of attack and mess-flow ratios from 0.5° to 6.7°, and 0.67 to 0.95,
respectively. Lift, external-drag, and pitching-moment results are com~
pared with those of the original inlet and basic wing-body configurations
of reference k.

SYMBOLS
CDb drag coefficient of basic body of revolution
Cow drag coefficient of basic wing-body combination

Ayt the difference in drag coefficient obtained between the inlet
and basic configurations after the effects of the intermal
flow and air exit have been removed from the inlet confilgu-
rations (see appendix of ref. 5)

Cip 1ift coefficient of basic body of revolution
CLWb 1ift coefficlent of basic wing-body combination

AClext  the difference in 1lift coefficient obtained between the inlet
and basic configurations after the effects of the internal
flow and air exit have been removed from the inlet configu-
rations (see appendix of ref. 5)

CMwb piltching-moment coefficient of basic wing-body cambination
taken about gquarter-chord position of mean aerodymamic chord

LCy the difference in pitching-moment coefficient between the inlet

and basic configuretions after the effects of the air exit
installation have been removed
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=1 mass-flow ratlo, deflned as the ratio of total Internsl mess

To flow to the mass flow through a free-stream tube equal in
area to that of the minimum projected area at the inlet

A area

e local chord

g meani aerodynemic chord of the basic wing (4.462 in.)

M Mach number

m mass rate of Internal flow

o] dynamic pressure

R Reynolds number (based on ¢)

p mass density

S basic wing area (80.7 sq in.)

t wing section thickness, percent ¢

a angle of attack

Subscripts: .

i inlet

o free~stream

X exit

(equivalent body).

APPLICATION OF TRANSONIC AREA RULE

TO AIR-INLET CONFIGURATIONS

In attempting to apply the principles of the transonic area rule %o
the present inlet configuration, the concept of equivalent ares distri-
bution was considered for inlets in general.
duction, the area rule permits, within limits, an estimation of the
transonic drag rise of a wing-body combination from that of a body of
revolution having the same axial distribubtlon of cross-sectional area
In the case of an air-inlet configuration, however,

As 1s stated in the Intro-
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it is not obvious that the area rule can be applied to obtain bodies
without internal air flow which will have drag-rise equivalence, or in
what manner the area rule should be applied. The followling brief discus-
sion considers the problem of application of the area-rule concepts to
several inlet configurations. -

Consider first an ideal air-inlet configuration that has equal
entrance and exit areas and has no momentum and pressure changes of the
internal flow (inlet mass-flow ratio of 1.0), figure 1{(a). For this case,
it would appear logical that 1f a nonducted body were designed to have
an axial area distribution equael to the total area distribution of the
inlet configuration less the free-stream tube area, or, in this case, the
equal entrance area, the streamlines at some distance from the nonducted
body would be displaced in about the same manner as the corresponding
streamlines for the inlet configuration and near transonic drag-rise egquiv-
alence should be attained.

Application of the ares rule in this masnner to inlet configurations
of different geometry, however, might result in bodies which do not have
drag-rise eguivalence. Consider, for example, a wind-tuwmel inlet model
having internsl losses but also having the exlt area larger than the inlet
area to permlt coperation at an Inlet mass-flow ratioc of unity. The non-
ducted body in this case would have a blunt base (fig. 1(b)). The exter-
nal drag rise of the inlet model (external drag defined in the ususl manner
to be consistent with Jet-engine thrust) and the blunt-based nonducted
model (with base pressure converted to free-stream static pressure) should
be very nearly equivalent except for possible effects of differences in
base pressure on the external flow. Numerous experimental investigations,
however, have shown that base-pressure varilations generally affect the
external flow only 1n limited reglons near the body base and, therefore,
usually have only minor effects on external drag.

Conslder, further, the same inlet model operating at some reduced
inlet mass-flow ratio. If, as in the cases above, the free-stream tube
area 1s subtracted from the physical area of the inlet configuratlon, the
nonducted body will have a blunt nose as well as a blunt base, figure 1(e).
Further differences in drag-rise equlvalence might be expected due to the
blunt nose and a modified method of applying the area-rule concepts should
perhaps be considered - one which assumes that the outermost external
streamlines contalning the internal flow are solld boundaries. In this
case, removing the free-stream tube area from the axial area distribution
of the inlet configuration including the external compression streamlines
at mass-flow ratios less than unity would result in a nonducted body having
the blunt nose replaced by a cusp-shaped nose (shown dotted in fig. 1(c)),
which would vary both in length end shape with variations in mass-flow
ratio and Mach number. It 1s not obvious which of these two methods will
produce nonducted bodies having the closest drag-rise equlvalence for the
case of reduced mass-flow ratios. The only experimental information

SRlNERENEEST
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availeble at present is contained in reference 6, where the tramsonic
drag-rise characteristics of a blunt-nose and blunt-base nonducted body
are compared with those of a nose-inlet configuration operating at a
mass-flow ratio of about 0.7. These results indicate, qualitatively at
least, close agreement between the Inlet configuration and the blunt nose,
nonducted body.

Consider, finally, an inlet configuration which has an exit ares
smaller than the inlet area and has the Internal losses overcome by an
internal pump in the case of a wind-tumnel model, or by a turbo-jet
engine in the case of en actual alrplane configuration. Application of
the transonic area rule in the previously specified manner to this con-
figuration when operating at a mass-flow ratlio of unity will result in
& nonducted body baving negative area for some portlons of the afterbody,
figure 1(d). Such a configuration is obviously a physical impossibility.
At some reduced mass-flow ratio, the equivalent nonducted body base area
will become positive and drag-rise equivalence probably will be attained
subject to the conditions previously dilscussed for the other configuratlons.

It eppears from the preceding discussion that additional experimental
Information is needed in order to establish the details of the correct
method for applying the transonic area rule to a ducted body, particularly
in the regions near the Inlet and outlet. For cases in which the mass-
flow and the Ilnlet-exit area ratios are both near unity, however, the
drag-rise cheracteristics of the ducted body eppear to correspond closely
to those of a solid body having local cross-sectional areas equal to the
corresponding local total cross-sectlonal areas of the ducted body less
the area of the entering free-stream tube. In attemphbing to improve the
transonic drag characterlistics of the present sweptback wing-root inlet
configuration, therefore, the fuselage was indented an amount equal to
the total cross-sectional areaza sdded to the basic wing-body combination
by the inlet installation less the area of the design entering free-
stream tube.

MODELS

Details of the inlet and the basic wing-body configurstlons, Iinves-
tigated and reported in reference 4, are presented in tables I and II.
Photographs of the two models are shown in figures 2(2) and 2(b). The
basic model consisted of & wing with 459 quarter-chord sweep mounted with
zero incidence in the midwing position on a fuselage of fineness ratio 6.7.
The basic wing was composed of NACA 64AC08 airfoil sections in the stream-
wise direction and had an aspect ratio of 4.032, a taper ratio of 0.6, no
twist, and no dihedral. The basic fuselage was formed by rotating an
NACA 652A015 airfoil ebout its chord line.
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Provision for installation of the inlet in the wing root was accom-
plished by increasing the wing root guerter-chord sweep, the thiclkness
ratio, and chord as shown in table I. The inlet lip sections were faired
from the basgic-wing leading-edge location to the msximum thiclmess of the
modified wing root sections &s shown in table II; inlet asymmetry and a
lower lip stagger of 30° were incorporated to improve the exiternsl and
internal flow performance, respectively, at high angles of attack.

Axial distributions of cross-sectlonsl area for the inlet and basic
configurations, figure 3(&), show that installation of the inlet caused
a large bump in the distribution of the physical area, in a region where
the area of the basic configuration was a maximum; it is noted from the
previous section, however, that the Physilcal or total area distribution
for an alr-inlet configuration does not, in itself, determine the external
transonic draeg-rise characteristics. The effective ares distribution of
the inlet configuration, as obtained by removal of the entering free-
stream tube area from the total area diagram of the inlet configuration,
is presented in figure 3(b); the area removed was equal to the entrance
area timee the design mass-flow ratio of 0.80, reference k.

Equalizing the area disgrams of the inlet and basic models would
requlre removing area from the inlet configuration between Ffuselage
stations 5.00 and sbout 11.40 snd adding ares between stations 11.40
and 16.00, the exit station of the model. In modifying the present inltet
model, however, the fuselage was indented to remove the excess area only,
figure 4. The resulting ares diasgram was substantially the same as for
the basic configuration for fuselage stations from O to 11.40. Small
variations from an exact agreement were due to fairing the original fuse-
lage shape to the Iindented portion of the fuselage between fuselage sta~
tions 5.00 and 6.00 and rearward of station 11.00. A photograph of the
inlet configuration with indented fuselage is shown in figure 2(0).

APPARATUS AND TESTS

The tests were conducted in the ILangley transonic blowdown tunnel at
stagnation pressures ranging from 40 to 60 Ib/sq in. abs. Lift, drag,
pitching moment, and the pressure forces and internal momentum forces
were measured in the same menmer as those in reference 4. The force data
for the inlet and indented configurations have been corrected for internal
flow and the effect of the jet exit in accordance with the method presented
in reference 5.
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The range of test variables and the estimated maximum error in
measured coefficlents are given in the following tables:

Variable Range Maximum estimated error
Mo 0.65 to 1.h1 +0.01
R 5.5 x 106 to 7.4 x 105 | At any M,, R varied approx.

+2 percent due to changes in
stagnatlon temperature

o 0.5° to 6.7° £0.1°

my /e, 0.67 to 0.95 +0.02

Measured coefficienti{Maeximum estimated error of me&isured coefficient

Np +0.00L
OCy, 10.0L
ACh +0.003%

RESULTS AND DISCUSSION

Wind-tunnel wall interference.- Measured forces for the model inves-
tigated were influenced at supersonic speeds by wind-tummel wall reflec-
tlons of the model compression and expansion waves, as discussed in
reference 5. Reflection of these waves to the test configuration caused
abrupt changes in the drag-coefficient variations with Mach number unllke
those obtained in free air. Imasmuch as the greatest changes occurred
between Mach numbers of about 1.08 and 1.22, figure 5, in which raunge the
reflected waves Intersected the fuselsge, 1t was thought that the fuse-
lage alone was & major contributor to these sebrupt changes. Subtraction
of the drag coefficients measured on the fuselage alone from the drag
coefficients of the wing-fuselage configurations of reference 4 and the
present conflguration resulted in drag-coefficient varistlons with Masch
number, figure 6(a), that peaked initially at a Mach number of sbout 1.03,
vhich is more nearly representative of the variations in free air.

Although subtraction of the measured fuselage-aione drag coefflcilents
removes the largest part of the effect of the reflected waves, the result-
ant drag coeffilclents stlll contain the effects of the reflectlons on the
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wings so that the absolute values of drag coefficient at Mach numbers
greater than 1.08 are still not exactly equivalent to free-alr values.
The increments in drag coefflicient between the various cdnfigurations,
however, should be valid at Mach numbers greater -than 1.22 inasmuch as
configuration changes in the inboard sections would not be expected to
cause any measurable change in the effects of the reflections on the
outboard wing sections. At Mach numbers between 1.08 and 1.22, where
the reflected waves intersect the lnboard sections of the model, changes
in configuration mey casuse some change in the effects of the reflections.
It is believed, however, that the incremental changes in drag coefficlent
between configurations are at least of the correct order. The curves of
figures 6 and 7 are dotted in the Mach number range from 1.08 to 1.22.

Effects of body indentatlon on aerodynamlic characteristics.- The
force coefficlients of the indented Iinlet configuration have been plotted
in figure 6 at two angles of attack for comparison with the basic and
inlet confilgurations of reference 4. At the lowest angle, 0.1°, com~
parison of the three models shows that the drag break occurred at about
the same Mach number (0.925) and the drag-rise characteristics were
about the same for Mach numbers up to about 1.00. For Mach numbers above
about 1.03 and to the maximum of the tests, the drag coefficlents for the
indented configuration were less than for the other two configurations.
The maximum reductions occurred at a Mach number of 1.30, and the coef-
ficients were about 0.005 and 0.006 less than for the inlet and basic
configurations, respectively.

At an angle of attack of 4.29, fuselage indentation reduced the
increment in peak drag (M =~ 1.02) between the inlet and basic configu-
rations only slightly. For Mach numbers above about 1.25; the indented
inlet configuration had lower drag than either the inlet or basic con-
figuration; the reduction, however, was somewhat less than that obtalned
at 0.1°. The 1ift coefficients for the indented configuration at o = 4.2°
were greater than for the Inlet or basic configurations at Mach numbers
above 0.95 (fig. 6(b)). It would be desirable, therefore, to compsare
the drag coefficients for the three configurations at the same values of
the 1ift coefficient. The drag coefficients have been replotted in fig-
ure T at 1ift coefficlents for the inlet configuration corresponding to
angles of attack of 0.1° and 4.2°. It should be noted that the 1ift
coefficient was not comstant through the Mach number range, but that
the drag coefficlents for each configuratlon are for the same 1ift coef-
flcient at any specified Mach number.

Comparisons at the lower Lift coefficlients, figure T, show no signif-
icent change from the constant-angle-of-attack compaerisons of figure 6(a).
At the higher 1ift coefficients, however, fuselage indentation nearly
eliminated the increment in peak drag between the iniet and basic con-
figurations. At Mach numbers above 1.06 and to the maximum of the tests,
the indented configuration had drag coefficients lower than those for
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elther the basic or Inlet confiliguration with a maximum reduction of

about 0.006 to 0.007 at M =~ 1.25. TIn addition to the reductions shown
for the indented configuration, it appears from the shape of the drag-
coefficient curves In the region of the highest test Mach number that
body Indentetion would continue to bhe effective to speeds somewhat higher
than the present test limit for both nonlifting and moderate-lifting
conditions.

Pitching-moment coefficlents for the indented confligurstion at the
four test lift coefficlents are compared with those for the basic and
inlet configurations in figure 8. At the two extremes of the test Mach
number range, indentation caused no changes in the pitching-moment char-
acteristics obtained for the basic and inlet configuration. In the
Intermediate Mach number range, where Ilnstallation of the inlet on the
basic wing-body combination caused scame interference in pitch, indenta-
tion tended to ellminate the interference.

SUMMARY OF RESULTS

An investigatlon has been conducted in the langley transonic blow-
down tunnel to determine whether the principles of the transonic area
rule could be used to improve the transonic drag characteristics of &
semjelliptical shaped sweptback air inlet installed in the root of a
459 sweptback-wing—body combination. The results are briefly summarized
below: - :

1. Indenting the fuselage of the inlet configuration eliminated the
small increment In transonic drag coefficient caused by the inlet instal-
lation at both nonlifting and moderate-lifting conditions.

2, For Mach numbers above about 1.035 and to the meximum of the tests
(1.4), the drag coefficients for the indented inlet configuration were
lower than for either the baslc or inlet conflguration at the same 11ft
coefficlents.

3. The trends of the drag-coefficient curves in the vicinity of the
maximum test Mach number indicate that body indentation mey be effective
in reducing the inlet configuratlon drag coefficient to Mach numbers
somewhat greater than 1.hk.

Langley Aeronsutical Laboratory,
National Advisory Commlttee for Aeronautics,

Langley Field, Va., January 19, 195k.
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TABLE I- DESIOF DIMENEIONS OF BASIC AND DUCTRD WING

/ Indet airfoll saction

/— Inlet nection

Basle alrfoll seotion

Semispan Baslc wing Tuoted wing

ufﬁﬁn (1:.) (paru:nt &) | e/ aweep T%‘};.:J.')e (parognt o/} sweep | Inlet e (pere:nt
(in.) (a) total o) {in.} inlat o)
0 5.547 g 45°

1347 | 5.e50 ] b0 11.250 | 12.11 60° 8.777 1%.24
1.500 | 5.212 g 50 10.522 | 11,60 60° 5334 1%.,90
1.750 | 5.150 ] Ig® 9.331 | 12.83 60° 7.508 15,75
2,000 | 5,087 g hgo dam 13.59 60° 6,823 16.07
2,250 [ 5.025 8 I5° 6.951 15.7% 60° 6.157 15.53

toiss | ko073 ) b0 5.976 | 12478 60° 5.562 13.7%
2.6717 | %918 8 i50 b.914 8.00 600 b.o18 2,00
3.000 | 4.837 4 0 k837 8,00 0 . 837 8.00
3.284 | %766 L} b5 4766 5,00 50 h.766 £,00
33487 | %750 8 k5o 4. 750 .00 50 §.750 8,00
B,500 | &.h6e g 5o Lse 3,00 15° k.h62 8,00
9.000 | 3,357 £ Lo 34337 8.00 Ls® 3337 8.00

)

Chord befors installation of inlet

Outboard end of inlet
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YABLE II- DE3ION DIMEWSIOHS OF WING ROOT INLET CONPIGURATION

( A11 dimenaions in inches)

o

30° [+~
-— Xy
\ |
._...J____\__‘ ~ Ty
\_______J Y
Baslio wi
];u \ul/_ 1::.&:113 ggga l
; A X, .
™ T
hl I'L] 1 !;-
_ LJ- -
Hef 1 ﬁ - x -
t!n':v-.gogoun:adiu ——/ %5 4
¥ing Extarnal surfaces (a) Intornel ourfaces (a)
station

hy Xn Tu Xs hy X1 Y an !“1 I;l Y}l
1.347 0.338 | 1.998 | 0.625 | 0.042 [ 0.428 | 1.556 | 0.626 | 0.125 | 0.300 | 0,185 0.566
1.500 334 | 2,003 621 | H3T 23 | 1.867 | .621 a5 | .296 «185 «361
1.750 324 2.008 | .599 | M1 ] W398 ] 1.593 599 |- .195 +278 145 5318
2,000 #2753 | 1,99 53 | 357 45 | 1.635 | 553 »125 238 | .185 .289
2.250 195 | 1.960 | .i7a | .256 | .288 [ 1.705 | Jhps [ .25 | .161 | 185 | .96

(a) External snd internal noss shapas determipsd from elliptlcal ordinates

0
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Rose inlet configuration Nonducted body

il
P

______________ e
' !
(¢) Practical configuration; %? J 1.0; ;% £ 1.0,

;E“:::::::::_—_::E:% b I—

A, my
(8) Practical configuration; i < 1.0; i = L0

Figure 1.- Sketches 1llustrating application of trensonic-ares-rule
concepts to air-inlet configurations.
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(a) Basic wing-body configuration.

Figure 2.- Photographs of the three test configurations.
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(b) Inlet configuration.

Figure 2.- Continued.
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(c) Indented inlet configuration.

Figure 2.~ Concluded.
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Crose-sectional area, 8q. in.
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I /, — — — Inlet (‘Fotal) \
\ // \\
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o0 2 2 6 8 10 12 1k 16 18 20

Distance from nose, inches

(a) Basic configuration and inlet configuration (total).
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Distance from nese , inches

(b) Basic configuration and inlet configuration with Ay removed.

Figure 3.- Axial distribution of cross-sectional erea of the basic and
Inlet configurations.
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Radius

Fu:;]loge Orlginal |indented
" |fuselage|fusslage
(o] 0 o |
1000 | 65
2.000 =1 a1
0 11098 Q98
Eeanan
Q0 34
85 388 ]
~Chord plane 000 | 1.424 | 1,376
8000 452 3
\ 7.000 | 1475 | 1.392 |
00 |1, 2
0_| .4
8500 _| 1.500
Indented fuselage 2 493 | ],4 ;
500 47€ 429
Original fuselage I 9303 454 | 1.414
800 418 11,394
| b i70 |
876 o7 30
2000 L7 27¢
2000 11154 1),]154
4,000 013 013
5000 | .B57

| _ L _
Fusslage sta. O 5.000 16.000

Figure 4.~ Plen view of indented inlet configuretion with dimensions of
origlnal amnd indented fuselsge.
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(a) Externel-drag coefficient. (b) Externel-1ift coefficient.

Figure 5.- External~drag and external~1ift coefficients of the indented
Inlet configuration as a function of free-stream Mach nunber,

A - 0.80.
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Indented inlet configuration , my/my = 0.8

-06 ~— — — Inlet configuration , myfmy = 0.8
—— ~ —— Baalo wing configuration
AN N
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(a) Externsl-drag coefficients.
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Figure 6.~ Comparison of increments in external-drag and external-1ift

coefficlents of the three configurations over the test Mach number
range at 0.1° and 4.2° angles of attack.
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Figure T.- Comparipon of external-drag-coefficient increments of the
three conflguratlions at 11ft coefficient Increments obtained for
the inlet confipuration at 0.1° end 4.29 angles of atteck.
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Figure 8.- Comparison of piltching-moment coefficients of the three test
configurations for the test range of 1ift coefficients and Mach numbers.
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