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RESEARCH MEMORANDUM

A FLIGHT INVESTIGATION TO DETERMINE THE EFFECTIVENESS OF
MACH NUMBER 1.0, 1.2, AND 1l.t1 FUSELAGE INDENTATIONS
FOR REDUCING THE FRESSURE DRAG OF A 45° SWEPTBACK
WING CONFIGURATION AT TRANSONIC AND
1OW SUPERSONIC SPEEDS

By Willard S. Blsnchard, Jr., and Sherwood Hoffman
SUMMARY

A flight investigation was conducted at zero 1lift to determine the
effectiveness of three fuselage indentations for reducing the pressure
drag of a 45° sweptbac];-wing-—body configuration. The indentations
investigeted were ded&gfied for Mach numbers of 1.0, 1.2, and-l.4t1. The
flight data were obtained for Mach numbers between 0.9 and 1.35 at cor-

responding Reynolds numbers of about 3.0 X 106 to 5.5 X lO6 based on
mean aerodynamic chord of the wing. The theoretical pressure drags were
computed for each conf™gliration by using the supersonic-area-rule theory
and were compared with the experimental results.
K 1

The comparisons of the experimen‘bal and theoretical drags 1indicsate
that the supersonic area rule may be used to determine indentations
having low pressure drag over a Mach number range ifi wigg_ep the blunt
leading edge 1is subsonic. Although the indentmtions were most effective
in reducing the configuration drag at their respective design Mach num-
bers (compared with the drag of the other indentations), of the models
tested, the Mach number 1.2 indentation gave the lowest average drag
for the Mach number range investigated.

INTRODUCTION

In recent years considerable effort has been devoted to study of
the range of epplicebility of the ares-rule concept (refs. 1 and 2).
One means of applylng the area rule is by contouring or "indenting" the
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fuselage so that the distribution of configuration cross~sectional area

would be conducive to low drag. Normal or M = 1.0 Indentations glve _
large reductions in the sonic drag rise but generally become less effi- .
clent with increasing Mach number and evenbtually give-unfavorable inter-
ference effects (ref. 3). Previous investigations show that indentations
designed for Mach numbers up to 1.2 (refs. 4 and 5) and up to 1.k (refs. 6

and T) are more efficient than the Mach number 1.0 indentations at their

design Mach numbers. Since the supersonic indentations have higher drag

than the normal indentations at sonic speeds, the average drag over a

Mach number range becomes Importent from a pexrformence stendpoint. Thus,

1t eppears that for a desired Mach number renge there is an optimum

indentation that would yleld the lowest average drag over this range.

The Langley Pilotless Aircraft Research Division has conducted a
free-flight rocket-boosted model investigation of symmetrical fuselage
indentations for a 45° swept wing having an aspect ratio of 4.0, a
taper ratio of 0.6, snd NACA 65A004 airfoll sections for design Mach
numbers of 1.0, 1.2, and l.kl. The experimental results are compared
with the theoretical pressure drag values determined from the supersonic-
area-rule theory. The investigation covered a Mach number range from
0.9 to 1.35.

SYMBOLS

A cross-sectlonal area normal to bod&.éxis, gq 1n.

2 T -
A, = Eu/- St (x,B cos 0)sin n@ ag

0 e
a acq?lerat}on, ft/sec2
Caiy

Cp total drag coefficient besed on wing area
CD,f friction drag coefficient
&HCp pressure drag coefficient
& wing mean aerodynamic chord, 0.613 £t
g acceleration due to gravity, 32.2 ft/sec2
1 length of body, 3.33 £t -
lt total length of configuration projected along body exis, £t
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M free~-stream Mach number
n number of terms ln the Fourier sine series

free-streem dynamic pressure, 1b/sq £t

R Reynolds number based on ¢

r fuselage radius, in,

Su wing ares, leading and tralling edges extended to fuselage
center line, sq £t

S¢ fuselage cross-sectional ares, sq £t

5 total cross-sectional area, sq £t

St = dsfax

W weight, 1b

b 4 distance measured from nose rearward along body axis

g = -1

¥ elevation angle of f£light path, deg

¢ Fourier angle cos'l'( - %ﬁ), deg

e roll angle, deg

MODELS

Physical dimensions of the models tested are presented in figures 1
to 3 end tables I and ITI. Figure 1 1s a three~view drawing of the basic
confliguration. Figures 2 and 35 are dimensional fuselage-radius dlstri-
bution and nondimensional total cross-sectlonal area distribution,
respectively, of the four models tested. Tables I and ITI contain,
respectively, airfoll ordinates and fuselage ordinstes. Fhotographs
of the models are presented as figure L.

The basic configuratlon (model.A) consisted of a h5° sweptback wing
mounted on & parabolic body of fineness ratio 12.5. The wing had an
aspect ratio of 4.0, a taper ratio of 0.6, and NACA 658004 airfoll sections
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parallel to the free-stream direction (root to tip). The configuration
included swept, tapered, verticel stabilizing fins with thin double-
wedge sections. The leading edge of the wing-body Jjuncture was located
at the 40-percent body station, which was also the station of maximum
body dismeter.

Models B, C, and D were identical to model A except that their
fuselages were indented symmetrically for Meach numbers 1.0, 1.2, and
1.41, respectively. As is stated in reference 2, for radially symmet-
rical modifications, the area used for the optimum indentation i1s obtained
by averaging the frontal projection of wing areas cut by Mach planes at
all angles of roll 6 of the Mach planes with respect to the configura-
tion. These average indentations were obtained by using Faget's rapid
"method of hoops” (ref. 6). The frontal projection of the average ares
distribution of each indented configuretion et its design Mach number
corresponied to the normel cross-sectional area distribution of the
basic parabolic fuselage. No ares adjustments were mede for the thin
stabilizing fins of the models.,

TEST TECHNIQUE

The models were flight tested at the Langley Pilotless Aircraft
Resenrch Station at Wallops Island, Va. All four models were launched
from & rail- launcher. Figure 4(e) is a photograph of one of the model-
pooster combinations in the leunching position. Each model was boosted
to its peak Mach number by a solid-fuel rocket motor 5 inches in diam-
eter and 65 Inches long. Eech model was tandem-mounted ahead of its
booster, as 1is shown in figure 4{e), The model-booster juncture for
each model was a free-sliding fit so that, at burnout of the booster
rocket fuel, the higher drag-weight ratio of the booster, as compared
with that of the model, allowed the model to separate longltudinelly
from the booster. At the time of separation the small rectanguler fins
located near the forward end of the booster motor were mechanically
deflected. This fin deflectlon in turn served to deflect the flight
path of the booster motor awasy from the model flight path; thus, the
line of sight between the model and the ground-based radar units was
left clear in order to simplify the job of tracking the model and to
improve the quality of the radar data. oo

All dsta were recorded during coassting flight as the models, free
from thelr boosters, decelerated through the Mach number range reported
in this paper. The mcdels were tracked in flight by a CW Doppler radar
unit to obtain velocity data and by a modified SCR 584 rader unit o
obtain flight-path data. Immediately after each flight, atmospheric
conditions, including winds aloft, were measured with rawinsonde equip-~
ment which transnitted this information to a ground receiving station
while being cerried aloft by a weather _halloon.

Ly
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DATA REDUCTION AND ANALYSTS

The total drag coefficlent was evaluated by using the expression

Cp = i
84Sy

(a + g sin 7)

where a was obtained by differentiating the velocity-time curve obtained
from Doppler radar.

The probable error in the total drag coefficient was estimated to
be less than +0.0007 at supersonic speeds and +0.001 at subsonic speeds.
The Mach numbers were determined within 0.0l throughout the test range.

Pressure drag coefficient was obtained from
ACp =Cp = Cp, ¢

where CD,f was calculated for the basic configuration by using

Ven Driest'!s flat-plate skin-friction coefficients from reference 8 for
the Reynolds numbers of the test range. Flow over the body was assumed
t0 be turbulent. Flow over the smooth metal wings and talls was assumed
to be laminar to the 4O- and 50-percent-chord stations, respectively.
The computed value of friction drag coefficient thus obtained was 0.010
at M = 0.9, Since within the accuracy of the date this value agrees
with the total drag coefficient of emch of the models at M = 0.9, the
friction-drag level was adjusted to exactly equal the total drag coef-
ficient of each model at M = 0.9 in order to facilitete comparison of
the pressure drag coefficients. Test results from reference 9 and,
unpublished data have shown that, for fuselage afterbodies like those
used in these tests, the subsonic base drag 1s approximately zero and is
so nearly constant throughout the Mach number range that it could be
neglected when the dats are anslyzed. Reference 9 also shows that the
fin drag rise is negligible.

The theoreticel pressure drags of the wing-body combinastions were
calculated by using the supersonic area rule of reference 2. The compu-
tational procedure 1s described in references 5 and 10. Since the models
were symmetrical, only the frontal projection of the oblique areas cut
by 1nclined Mach planes between roll angles of 0° and 90° had to be con-
gsldered. These corresponded to values of B cos 8 equal to 0, 0.2, 0.k,
0.6, and 0.8. It should be noted that for © = 0° +the Mach planes are
perpendicular to the wing plane and are inclined at the Mach angle from
the axis of symmetry. Since all the fuselages were slender (fineness
ratio 12.5), it was possible_jq.g}mplifx gke{wnrk'by using the normsl

Y onasmTa.
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area distribution of the fuselages in combination with the obligue area
distributlions of the wings. It has also been assumed, for the calcula-
tions, that a cylinder can be added to the base of the body without
altering the pressure drag. If thls were not-done, the solution would
require the flow to fill the area behind the base; this condition would
exceed the limitations of the linearized theory. All the aresa distribu-
tions and thelr slopes were cbtained graphically (see ref. 11). The
computed drags were for the condition of a subsonlec leading edge for

the wing. The Fourier sine series used for calculating the pressure drag
was evalusted for 33 harmonics by using the expresslion

z/2
= L 2q
A eswfo Izm“ °

RESULTS AND DISCUSSION

Reynolds numbers for the four models tested, based on mean aerody-
namic chord of the wing, veried from about 3 X 106 at M = 0.9 +to approx-

Imately 5.5 X 106 at M = 1,35, as shown in figure 5.

Total Drag

The varistions with Mach number of the measured total drag coef-
ficients and the adjusted frictlon drag coefficients are shown in fig-
ure 6. Total drag coefficients from figure 6 are shown plotted on com-
mon sxes in flgure T to facllitate direct comparison. The comparison
shows the following significant results: (1) the basic configuration
(model A) has slightly lower drag at M = 0.9, but at Mach numbers
above 1l.135 its drag is higher than that of the other three models tested;
(2) model B (Mach number 1.0 indentation) has the lowest total drag at
Mach numbers between 0.97 and 1l.11; (3) model C (Mach number 1.2 indenta~-
tion) has the lowest total drag between M = 1.11 sand M = 1.3l; and
(4) the trend of the total drag coefficient curves indicates that the
Mach number 1.41 indentation (model D) ylelds the lowest total drag at
Mach numbers greater than 1.31l. It should be remembered that, as men-
tioned earlier in the paper, the fuselsges of models B, C, and D each
had 18 percent less volume than the fuselage of model A, as a result of
the area-rule indentations.
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Pressure Drag

Figure 8 shows some typical slope distributions and some typical
values of theoretical pressure drag coefficient computed by using the
Fourier sine series solution. In figure 8(a), the nondimensional area-
distribution slope of model B is shown plotted againct Fourier angle
at values of B cos 6 = O and 0.8, Figure 8(b) shows, also for model B,
values of pressure drag coefficient computed for values of B cos ©
between O and 0.8 and for values of n (number of terms in the Fourier
sine series) from 1 to 33. Note, in figure 8(b), that the Fourier sine
series apparently approaches convergence at much lower values of n for
B cos 8 =0 +than for B cos 68 = 0.8. This convergence may be expected
from a comparison of slopes of the area distributions corresponding to
Bcos @ =0 and to B cos 6 =0.8 (as seen in fig. 8(a)). For
B cos 8 = 0, the curve 1s reletively smooth and thus, the first few
terme of the Fourler series are allowed to approach convergence closely
(fig. 8(b)). For B cos 6 = 0.8, the curve has a number of inflections
and sharp pesks and the series therefore converges more slowly.

Shown in figure 9 are experimental and theoretical values of pressure
dreg coefficients. Inasmuch as the subsonlc drag levels were sboubt the
seme for the four models tested, the experimental values of pressure drag
shown in figure 9(a) have about the same relationship with one another
as the experimental values of total drag shown in figures 6 end 7. In
terms of pressure drag, however, it may now be noted (fig. 9(a)) thsat,
at M = 1.0, model B M = 1.0 indentation) had 50-percent less pressure
drag than model A (basic configuration); at M = 1.2, model C M=1.20
indentation) had about 4O percent less. Trends of the data indicate
that, at M = 1.4, model D (M = 1.41 indentation) would have about
20-percent less pressure drag then model A. Thus, in view of the lesser
(by 18 percent) fuselage volumes of models B, C, and D, with respect to
model A, it appesrs that, at thelr design Mach numbers, the M = 1.0
and the M = 1.2 Indentations had considerably less pressure drag than
the basic configuretion. On the same basis the M = 1.4t1 indentation
does not appear to show near its design Mach number any appreciable drag
advantage over the basic configuration. It is apparent from figure 9(a)
that, for Mach numbers between 0.9 and 1.3, the M = 1.20 indentation
yields the lowest average pressure drag of the four configurations tested.
Theory predicts that, at their design Mach numbers, the M = 1.0 inden-
tation and the M = 1.2 indentation would have about 40 percent less
pressure drag than the basic configuration as shown in figure 9(b).

The upper limit for the calculations was selected arbitrarily at
B cos 8 = 0.8. 'This corresponds to M = 1.28 at zero roll angle. At
higher Mach numbers the Mach lines approasch the sweepback of the blunt
leading edge of the wing where the lineurized assuptions of the theory
would no longer apply. Although a direct comparison of the taeoretical
and measured ACp Wwas not obgfined for model I at its design Mach number

= 14
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of 1.41, the theoretical trends are in agreement with the experimental
results over most of the Mach number range. The relatively high pressure
drag of the M = 1,41 indentation near M = 1.0 may be explsined by

the relatively large slopes of its normal cross-sectional area distri-
bution as shown in flgure 3. Conversely, the relatively small slopes

of the area distribution of the M 1.0 indentation expliain its com-~
paratively low pressure drsg at M = 1.0.

Shown in figure 10 are direct comparisons of experimental and
theoretical pressure drag coefficients for each of the four models
tested. TFor models A end B the theoretical values average sbout
0.0024CH 1lower then the measured values at low supersonic gpeeds.

This deviation is not unusual for area-rule computations since discrep-
ancies of the same order of meagnitude have been reported for sweptback
wings in references 4 and 10. For models C and D, theory more nearly
predicts the pressure drag throughout the Mach number range reported.
The area distributlions of these models were more nesrly smooth at the
higher Mach numbers than were those of models A and B. It follows thet
the Fourier sine seriles solution would converge more rapidly and give
better agreement with the test results for models C and D at the higher
speeds. . - -

In & previous investigation (ref. 7) conducted in the Langley 8-foot
transonic pressure tunnel, tests of configurations similar to those of
this investigation indilcated results that agree closely with those
reported herein. The models of reference T differed fram those of this
test in thet the wings were cambered, had 0.15 taper, and had a spanwise
variation of thickness ratio. In general, it sppears that, for sweptback
wing-body conflguratlons, the supersocnic area rule may be used to calculate
indentations which yield low drag at predetermined Mach numbers. Further-
more, 1t sppears that the Fouriler sine series solution will predict
indentations for low average drag over a Mach number range,

CONCLUDING -REMARKS

A zero-lift free-flight drag investigation was conducted to deter-
mine the effectiveness of three fuselage indentations for reducing the
pressure drag of a 45° sweptback wing-body configuration. The indenta-
tions investigated were designed for Mach numbers of 1.0, 1.2, and 1l.hkl.
The flight date were obtained for Mach numbers between 0.9 and 1l.35 with

corresponding Reynolds numbers from about 3.0 X 106 to 5.5 X 106 beased

on wing mean serodynemic chord. The theoretical pressure drage of the
configurations were computed by using supersonic-area-rule theory for
comparison with the experimental results.

. L‘f i'@r \‘m
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The experimental and theoretical drag comparisons indicate that the
supersonic ares rule may be used to determine indentations having low
pressure drag for a range of Mach number in which the blunt leading edge
of the sweptback wing is subsonic, Although the indentations were most
effective in reducing the configuration drag at their respective design
Mach numbers (in compsrison with the drags of the other indentations),
of the configurations tested, the Mach number l.2 indentation gave the
lowest average drag for the Mach number range investigeted.

Langley Aeronautical Leborsastory,
National Advisory Committee for Aeronuatics,
Langley Field, Va., February 18, 1957.
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. TABLE I.- COORDINATES OF NACA 65A004 ATRFOIL. SECTION

[Stations measured fram leading edge|

Station,
percent chord

Ordinate,
percent chord

30
35
Lo
45
50
25
60
65
70
™
80
85
90

95
100

L.E. radius:
T.E., radius:

0.102 percent chord
0.010 percent chord
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TABLE II.- BODY COORDINATES

[Stations measured from body nosel

NACA RM L5 7B27

Fuselage ordinstes, in.
Station, in.
Model A | Model B | Model C | Model C
0 0 o] 0 0
1 <104 .19 .19k 194
2 ST5 i 375 375
3 < Sy .Skl Skl . Shls
b . 700 . 700 . 700 .00
5 .8k .84l .8k L84k
6 975 <975~ 975 975
7 1.09% 1.09% 1.09% 1,00
8 1.200 1.200 1.200 1.200
9 1.296 1.296 1.296 1.296
10 1.375 1.375 1.375 1.375
11 1440 L.hhlh 1.4hb 144k
12 1.500 1.500 1.500 1.500
13 1.544 1.54h 1.54k 1.544
1L 1.575 1.575 1.575 1.575
15 1.594 1.594 1.59%% 1.59%
16 1.600 1.600 1577 1.500
17 1.599 1.572 1.527 L.hak
18 1.59% 1,502 1.449 1.332
19 1.588 1l.he2 1.354 1.259
20 1.578 1.328 1.259 1.214
21 1.565 1.230 1,165 1,222
22 1.550 1.155 1.120 1.245
23 1.532 1.102 1.138 1.272
o 1,511 1,086 1.178 1,293
25 1.488 1.091 1.214 1.293
26 1.461 1.088 1.232 . 1.285
27 1.432 1.081 1.237 1.271
28 1.k00 1.071 1,231 1,252
29 1.365 1.056 1.209 1.228
30 1.328 1.047 1,185 1.202
31 1,288 1,074 1.160 1.170
32 1.244 1.107 1.120 1.135
33 1,199 1.135 1.092 1.097
3l 1.150 1.134 1.053 1.054
35 1.099 1.099 1.010 1.007
36 1.04L 1.0Lk .961 957
37 . 988 .988 913 + 90k
38 .928 .928 .861 8h7
39 .865 865 810 .788
ko .800 .800 .T60 730
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Figure 1.- Detalls and dimensions of basic configuration. All dimensions are In Inches.
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Model A. Basic configuration.
2.0 Model B. M = 1.0 Indentation.
* Model C. M = 1,2 indentation. — |
§?>/ Model D. M = 1,41 indentation.
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Figure 2.- Radius distribution of the fuselages tested.
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Figwmre 3.~ Normel cross-sectional area distributions of models tested,
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1-92589.1

(a) Model A; basic configuration.
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(b) Model B; M = 1.0 indentation. L-92590.1

Figure 4.- Photographs of models tested.
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L-92208.1

i

rale it ws D

4
R T

(d) Model D; M = 1.41 indentation.

Figure L4.- Continued.
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(e) Model and booster on rail lsuncher. L-92556.1

Figure 4.- Concluded.
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Figure 5.~ Variation of Reynolds number with Mach number for models
tested. Reynolds number is baged on wing mean serodynamic chord.
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Total drag

———— Pristion drag

(c) Model C; M= 1.2 indentation.

(d) Model D; M = 1.4 indentation.

Flgure 6.- Variations of total drag coefficilent and friction drag coef-
ficient with Mach number.
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Figure 7.- Comparison of total drag coefficients for models teated.
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Kodel B

-8

[+] 20 Lo 60 8o 100 120 140 160 180

(a) Slope of ares distribution for two values of g cos 6.

016
f cos @
ﬂuooanemﬂﬂa 0.8
012 jo]
o =
a o
po ApsdA 0.6
4Cp  .008 AAD A .
<00k

(b) Fourier series solution for several values of B cos 6.
Figure 8.- Examples of the ares distribution slope curve and Fourier

serles solution for several velues of B cos 8. Configuration with
M= 1.0 indentation (model B).
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(b) Theoretical pressure drags.

Figure 9.~ Comparisons of the experimemtal pressure draegs and the theo-
retlcel pressure drags for the models tested.
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(b) Model B; M = 1.0 indentation.
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(d) Model D; M = 1.41 indentation.

Figure 10.- Comparisons of the theéoretical pressure drags with the experi-
mental pressure drags for each model tested.
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