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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS
RESEARCH MEMORANDUM

PRESSURE DISTRIBUTIONS AT MACH NUMBERS OF 1.6 AND 1.9 OF
A CONICALLY CAMBERED WING OF TRIANGULAR PLAN FORM
WITH AND WITHOUT FYLON-MOUNTED ENGINE NACELLES

By E. Ray Phelps
SUMMARY

The results of an experimental investigation to determine the
pressure-distribution characteristics of a conically cambered wing with
and without pylon-mounted engine nacelles are presented for Mach numbers
of 1.6 and 1.9. Wing airfoil sections in the streamwise direction were
composed of NACA 0004.08-63 sections symmetrically distribyted about a
cambered surface conical about the wing apex. Pressure data are pre-
sented for nominal angles of attack of -2°, 0°, 4°, and 8° for a Reynolds
number of 2.9 million for a Mach number of 1.6, and 2.6 million for a
Mach number of 1.9.

The pressure data obtained during this investigation indicate that
the low-pressure region existing on the upper surface over the forward
part of the wing was spread over a larger proportion of the local chord
than would be the case for an uncambered wing. It could be expected,
therefore, that a reduced value of drag due to 1lift would be realized as
a result of the camber.

The addition of the engine nacelles beneath the wing created large
pressure changes on the wing, particularly on the lower surface, which
were reflected in the chordwise and spanwice distribution of load. These
effects resulted in a net increase of lift carried by the wing and an
inboard shift of the spanwise location of the center of pressure.

INTRODUCTION

The pressure-distribution characteristics of airplane wings with
externally mounted nacelles or stores are exceedingly difficult to pre-
dict with satisfactory accuracy while it has become increasingly important
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with the advent of thin wings to have an accurate knowledge of the load
distribution. An experimental investigation of a model of an airplane
with external engine nacelles was recently conducted in the Ames 6- by
6-foot supersonic wind tunnel to provide information on this subject.

The results of pressure measurements on the wing of the model, both with
and without the nacelles, are published herewith without detailed analysis.

NOTATION

Free-stream conditions:

M Mach number

q, dynamic pressure, 1b/sq in.

Po static pressure, 1b/sq in.

Wing geometry:

b span, in.

c local chord, in.

Cav 8average chord, in.

a angle of attack of wing root chord, deg

b4 chordwise distance from leading edge of local chord, in.
Yy lateral distance from wing root chord, in.

z perpendicular distance from wing chord plane, in.
Pressure data:

) local static pressure, 1v/sq in.

cnc 'c p -
Ea_v span loading coefficient, f (__z__Pu_ dx

[o) Cav

Subscripts

u conditions on wing upper surface
1 conditions on wing lower surface
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APPARATUS AND EQUIPMENT

Wind Tunnel

The investigation reported herein wes conducted in the Ames 6~ by
6-foot supersonic wind tunnel, which is of the closed throat, variable
pressure type. Further information regarding this facility can be found
in reference 1.

Model

The model used for this investigation represents a four-engined,
bomber-type airplane having a slender, indented body with a cambered,
low-aspect-ratio triangular wing and a sweptback vertical tail (see
figs. 1 and 2). As shown in figure 3, the model wing was liberally
instrumented with static-pressure orifices on the upper right and lower
left wing surfaces and to a lesser degree on the lower right and upper
left wing surfaces. Support in the wind tunnel was provided by a sting
which was an integral extension of the afterbody.

The wing utilized on the model was of triangular plan form having
the leading edges swept back €0° and the trailing edges swept forward
109, providing an aspect ratio of 2.3. The wing was mounted on the body
with 3° incidence. Airfoil sections in the streamwise direction were
composed of NACA 0004.08-63 sections symmetrically distributed about a
cambered surface derived from a modification of the method suggested in
reference 2 and expanded in reference 3. In reference 2, a cambered
shape is derived which should support a nearly elliptic span load distri-
bution at the design conditions. The derived shape was cambered out-
board of 80 percent of the local semispan but, for structural reasons,
the cambered portion of the wing of the present investigation was limited
to the area outboard of 85 percent of the local semispan. The resultant
cambered shape was conical about the wing apex and planar inboard of 85
percent of the local semispan. Ordinates of the cambered surface are
given in table I.

Ducted engine nacelles were mounted on removable pylons beneath the
wing as shown in figure 2. Also shown are the elevons, which remained

undeflected during the present investigation, and the landing gear fair-
ings, which protruded sbove and below the wing contour.
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DATA REDUCTION

The lonal static pressures existing on the model wing were transmitted
outside the test section by pressure tubing and introduced into one side
of differential pressure transducers. The opposite side of each trans-
ducer diaphragm was subjected to a common reference pressure which was
maintained nearly constant at a value midway between the maximum and min-
imum expected model static pressures. The electrical output of each
transducer was then digitalized and recorded. The wind-tunnel total
pressure was measured separately by two additional differential pressure
transducers and recorded similarly. Measurement of the absolute pressure
of the reference supply was performed by two absolute pressure trans-
ducers. From these measured data, the pressure coefficients presented
herein were calculated.

TESTS AND PRECISION

Pressure-distribution measurements were obtained at several spanwise
stations on the upper and lower surfaces of the model wing, both with and
without engine nacelles. Tests were conducted at nominal angles of
attack of -20, 0°, 4O, and 8° for Mach numbers of 1.6 and 1.9. The
Reynolds numbers of the tests, based upon the wing mean aerodynamic
chord, were 2.9 million for M = 1.6 and 2.6 million for M = 1.9.

Each of the pressure measurements, that is, total pressure, reference
pressure, and wing local pressures, 1is estimated to be accurate within
about 1-1/2 percent of the dynamic pressure. Since these three separate
measurements were involved in the calculation of each preskure coeffi-
cient, the mean measurement error was calculated by the root mean square
method to be about 2-1/2 percent of the dynamic pressure. Although this
may represent the error in absolute pressure magnitude, inspection of the
data indicates that the distribution of pressure along any chord is con-
siderably more accurate. This might be expected since fixed values of
two of the variables, total pressure and reference pressure, were usually
used for calculation of the pressure coefficients existing along any chord.

In addition, the pressure measurements on the wing are subject to
an error caused by stream angularities and stream ambient pressure grad-
ients. The model was tested with the wings in a vertical plane since it
has been shown in reference 1 and some unpublished work that there is
little flow angularity in horizontal planes (the pitch plane of the
model). There are, however, ambient static-pressure gradients in the
vertical plane as large as 4 percent of the dynamic pressure. Since
these gradients do not change abruptly in the longitudinal direction,
they probably do not mask any local flow phenomenon.
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The angle of attack of the model with respect to the tunnel center
line is estimated to be accurate within 0.1°.

RESULTS AND DISCUSSION

To permit a more graphic presentation of the results of this
investigation, it was desirable to select representative data which
would show the upper and lower surface pressure distributions at equiva-
lent spanwise locations. With the instrumentation provided on the model,
however, this was possible only by combining the pressure distributions
measured on the left- and right-hand wing panels. This has been done in
the graphical results presented herein for nomingl angles of attack of
0°, ho, and 8°. The pressures measured on the lower left and upper right
wing panels have been plotted on a plan view of the right wing panel at
all common spanwise locations. A tabulation of the measured pressure
coefficients is presented in tables I1II and III.

Pressure Distribution

Without nacelles.- An examination of the pressure distributions
shown in figure I for the model without nacelles at M = 1.6 indicates
that the highly localized low-pressure peaks characteristic of the flow
over the leading edges of uncambered wings have been reduced in magnitude
and distributed over a larger percent of the local chord by the effects
of the conical camber. This redistribution of the low-pressure region
over a greater ares on the cambered wing should permit attainment of higher
leading-edge suction forces, and hence a lower drag due to lift, than
that for uncambered wings.

Although not proved conclusively, there are indications in figure k4(c)
of the presence of a shock wave on the upper surface of the wing, partic-
ularly at the 34-percent-semispan station, for an angle of attack of 8.5°.
Shock waves of this nature have been reported in references 4 and 5 for
uncambered wings having similar ratios of leading-edge sweep to Mach line
sweep. The effects of Reynolds number were not investigated during the
present tests, but it was shown in reference 5 that an increase in Reynolds
number delayed the formation of such a shock wave to higher angles of
attack.

On the lower surface of the wing, figure 4(a) shows an expansion
region near the leading edge at an angle of attack of -0.1° for a Mach
number of 1.6. This region of low pressures is most evident where the
camber is greatest, that is, near the wing tip. As an example, the lower
surface pressures measured at the 85.6-percent-semispan station indicate
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the presence of a localized expansion, of ihe type reported in reference 6,
over the forward 5 percent of the local chord terminated by & shock wave.
Following this weak shock wave, a region of separated flow apparently
exists aft to about 45 percent of the local chord where a strong shock
wvave stands.

The influence of the body is noticeable principally at the most
inboard station, see figure 4, which was near the wing-body juncture.
Actually the spanwise locations of the orifices varied as can be seen in
figure 3, but the data have been plotted on a streamwise axis which was
located visually as a good average location for all the orifices, both
upper and lower. The wing-body fillet, which was quite generous near the
wing trailing edge, was designed to fair into the elevon with the elevon
deflected upward 3°. The upward sweep, with respect to the wing chord
plane, of the trailing edge of the fillet probably caused the compression
on the upper surface of the wing and the expansion on the lower surface
vhich can be seen aft of about 85 percent of the local chord. An expan-
sion on the upper surface between 60 and 85 percent of the local chord
was probably caused by the indented portion of the body.

Through necessity, the landing gear fairings were in place for all
the tests. Their effects upon the wing pressure distributions are diffi-
cult to isolate but arée believed to be small. The pressure variations
near the elevon hinge line are likely ‘to be the result of the gap and
possible misalinement of the elevon.

At M= 1.9, the data of figure 5 show that the pressure distribu-
tions measured on the wing without nacelles are generally similar to
those measured for M = 1.6.

With nacelles.- The addition of the nacelles beneath the wing can
be seen, from comparisons of figures 6 and 7 with figures 4 and 5, to
have produced large changes in the distribution of pressure on the lower
surface of the wing at Mach numbers of 1.6 and 1.9. The pressure distri-
butions measured on the upper surface of the wing were relatively
unchanged by the addition of the nacelles.

Large chordwise pressure gradients in the vicinity of the inboard
nacelle afterbody can be seen, in figures 6 and T, to have existed at
each of the test Mach numbers. In particular, a region of pressures
higher then those measured for the wing without nacelles existed at the
34-percent-semispan station in the proximity of the nacelle afterbody.
These pressures increased in magnitude with increasing angle of attack.
Near the base of the nacelle an expansion occurred, followed by an abrupt
compression., After the latter compression, the flow smoothly expanded
in the chordwise direction.
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The flow field midway between the inboard and outboard nacelles was
very complex because of the proximity of each of the nacelles. At the
58-percent-semispan station, for instance, & series of very abrupt pres-
sure changes existed throughout the angle-of-attack range for each of the
test Mach numbers. These pressure changes are probably a result of the
exit shocks from the inboard nacelle, the inlet shocks from the outboard
nacelle, and the oblique wave from the supporting pylon of the outboard
nacelle.

LOADING

Since large pressure differences have been shown to exist on the
wing due to the presence of the nacelles, it is of interest to determine
the effects of the nacelles upon the spanwise load distribution. Fig-
ure 8 shows the spanwise variation of loading coefficients for the wing
with nacelles compared to that for the wing without nacelles for the two
test Mach numbers. The curves for the wing without nacelles were obtained
by averaging the integrated chordwise pressure distributions measured on
the left and right wing panels, thus largely eliminating the effects of
stream asymmetries. The curves for the wing with nacelles were obtained
by the addition of the measured increments of loading coefficients due
to the presence of the nacelles to the average loadings obtained without
nacelles.

For a Mach number of 1.6, figure 8(a) indicates that the presence of
the engine nacelles beneath the wing creates rather large changes in the
span load distribution. The net result was an increase of the total 1lift
carried by the wing and an inboard shift of the spanwise location of the
center of pressure at 4.2° and 8.5° angles of attack. For a Mach number
of 1.9, figure &(b) shows incremental loadings due to the nacelles similar
to those measured for a Mach number of 1.6.

CONCLUDING REMARKS

Results of the pressure distribution investigation of a conically
‘cambered, triangular ing of aspect ratio 2.3, both with and without
pylon-mounted engine nacelles, may be summarized as follows:

1. A smooth expansion on the upper surface occurred near the lead-
ing edge at wing angles of attack from about -2.20 to 8.5° in contrast
to the concentrated high negative pressures which are characteristic of
uncambered wings,
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2. Near zero angle of attack, a localized expansion occurred on
the lower surface very near the leading edge, similar to that ususlly
v found on the upper surface of uncambered wings at angle of attack. This
expansion disappeared with increasing angle of attack.

_ ‘ 3. The addition of the nacelles beneath the wing caused large
b changes in the pressure distributions measured on the lower wing surface.
The upper surface was affected to a much lesser degree. ’

4. The net effect upon the span load distribution of the addition
of the nacelles was an increase of total 1ift carried by the wing and
an inboard shift of the spanwise center of pressure for angles of attack ! '
of approximately 4° and 8°. | 5

‘ Ames Aeronautical Laboratory
| National Advisory Committee for Aeronautics
i Moffett Field, Calif., Feb. 3, 1956

[
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TABLE I.- COORDINATES OF CAMBERED SURFACE

4 Chord
/T’f plane
ol
[ Bpan station | Span station | Span station] Bpan station] Span station
3.324 in. 5.290 in. 8.088 in. 9.176 in. 10.588 in.
X - X -2 X -Z X -2 X -2
0 0.095| O 0.151] © 0.231| 0 0.262] © 0.303
.0581] .077 093] .122 A1 187 161 .212 185 .2u5
1181 .065 W87 104 286} .158 32k 8% 3T L207
1781 .055 .284 | .088 A33) .135 92 .153 5671 .176
2401 .0bT 381 .075 5841 11k 662 .130 J764 | .14
.303] .039 483 .063 371 096 8371 .109 965 .126
.367] .033 5851 .052 84| .080] 1.004] .090] 1.171} .10k
L33 o217 6901 .ok2| 1.054| .065] 1.196) .o73| 1.3%0 | .085
So1| .02 971 .o34) 1.228) .0o51| 1.382| .058] 1.595| .067
5691 .016 907 .026] 1.385] .oko] 1.572 oks| 1.8L4] .052
640 ) .012] 1.009| .019) 1.557| .029] 1.766 033| 2.038} .038
712} .008| 1.133] .013] 1.731)] .020} 1.96k 022] 2.267| .026
7851 .005] 1.250)] .008| 1.910| .012| 2.167 o13|] 2.501{ .015
860 .002] 1.370] .00%] 2.093] .005}] 2.375| .006] 2.740] .007
9371 .001| 1.493{ .o0L| 2.281} .001]| 2.587 002| 2.985| .002
1.006]0 1.6a8(0 2.472]10 2.80510 3.236] 0
31.941 10 28.18710 22.864 | 0 20.796 | © 18.017] 0
Span station | Span station | Span station | Span station | Span station | Span station
12.971 in. |.16.000 in. 17.000 in. 18.062 in. 19.000 in. 19.500 in.
X -2 X -z X -2 X -2 X -Z x -Z
0 0.3711]0 o.457]0 o.l86 |0 0.516 | O 0.547]0 0.557
227) .300] .200] .390] .297}] .393} .36] k17| .332] .439)] .341] k51
kso| . 5661 .31h}] .601] .333} .638) .34 .672] .372| .689) .382
26| .857] .266] 911 .283] .968) .301}1.018] .316]1.045] .325
936 | .183]1.155) .226]1.227] .240f1.304]| .255|1.372] .268]1.088} .318
1.182 ] .askj1.459] .190]1.550]| .202|1.647| .22k ]1.732] .225
1.k34 ] .128]1.769 .158]1.879f .167]1.997| .178]2.02] .192
1.601 | .104]2.086] .128)] 2.216] .136]2.355] .1k
1.954 | .083}2.410] .102}2.561| .108)2.720| .115
2,222 | .064%]2.741] .079] 2.912] .084|3.09%| .088
2,496 ] .0b6]3.079| .057] 3.272] .061|3.476] .
2.7TT71 .031]3.425] .039| 3.639] .01 |3.830] .05
3.064 | .019]3.779] .023] 4.026] .
3.367] .009fu4.141 | .0L1] k.kOO} .012
3.657] .002|4.511] .003] 4.793} .003
3.965 |0 4.890]0 5.1461 0
13.519 |0 7.7 1 O 5.8601 0
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TABLE II.-~ EXPERIMENTAL PRESSURE COEFFICIENTS; M = 1.6 - Continued

(b) Lower surface, left wing panel
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(c) Upper surface, right wing panel

TABLE II.- EXPERIMENTAL PRESSURE COEFFICIENTS; M = 1.6 - Continued
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(a) Upper surface, left wing panel

TABLE III.~ EXPERIMENTAL PRESSURE COEFFICIENTS; M = 1.9
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TABLE III.- EXPERIMENTAL PRESSURE COEFFICIENTS; M = 1.9 - Continued

(b) Lower surface, left wing panel
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1.9 ~ Concluded

(d) Lower surface, right wing panel
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Figure 2.- Concluded.
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