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RESEARCH MEMORANDUM

A COMPARTSOI! OF THE EXPERTMENTAL AND THEORETICAL
LOADING OVER TRIANGULAR WINGS IN SIDESLIP
AT SUPERSONIC SPEEDS

By John W. Boyd

SUMMARY

The results of an experlmental iInvestigation of the pressure dis—
tribution over two trianguler wings in sideslip at supersonic speeds
ere presented. The two wings had identical plan forms, 45° sweepback
of the leading edge, end an aspect ratio of 4.,0. One model was composed
of round leading-edge sectlons (NACA 0006-63) and the other of sharp—
nose, symmetrical, clrcular-erc sections. For both wings the meximum
thickness of streamwise sections was 6 percent and was located at the
30—percent chord. The experimental data were obtained through a
sldeslip range from 0° to 99, for angles of attack from 0° to 10°, at
Mach numbers from 1.20 to 1.70 and at a constant Reynolds number of
1.8 million.

At the high angles of attack, the results showed a significant
deperture of the variation in the experimental loading with sideslip
from that predicted by the linearized theory. In the lower speed
range (Mach lines swept ahead of the leading edge) the positive dihedral
effect predicted by theoreticel calculations was in evidence at the low
angles of attack but was not realized at the high angles of attack.

The alrfolls exhibited & variation of dihedral effect with 1ift coeffi-—
cient similar to the varlation with Mach number predicted by theory, in
this case a loss of positive dihedral effect.

In the higher speed rangs (Mach line swept behind the leading
wing), because of a detached bow wave ahead of the lesding edge and
resulting subsonlc velocities at the leading edgs, the loed distribu—
tion revealed characteristics similar to those experienced in the lower
speed range whereln the Mach lines were swept ahead of the leading
edge.
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INTRODUCTION

Reference 1 has shown that transonlc flow eifects have a signifi-
cant influence on the experimental load distribution over triangular
wings at high 11ft coefficiente at supersonlc spesds. These transonic
effects have been shown to be primarily a functicn of the Mach number
component perpendicular to the swept leading edge (reference 1). It is
expected, therefore, that these effects may slgnificantly Influence the
load distribution over trlangular wings in sideslip. The present
investigation was undertaken to determine whether or not these expecta—
tions would be realized and to provide deata for a comparison of the
theoretical and experimentsl load distributions. It 1s suggested that
the reader vrefer to reference 1 for a more detalled explanation of
transonic effects since, in the interest of brevity, some of the
explanations concerning transonic flow characterlstlcs are omitted in
the present report.

SYMBCLS

N

semlispan, feet
¢ local wing chord, feet

¢y root chord, feet

of

mean asrodynamic chord messured parallel to the plane of symetry

b/2
2
J%Sr—-fi—iizi> s Teet
.é 2¢ dy

M free—stream Mach nunber

P pressure coefficient (p;?)

2 loading coefficient per unit angle of attack (%) s per degree
P local pressure on alrfoll, pounds per square foot

Po free—stream static pressure, pounds per square foot

GENETDENTTAL—
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4o free—stream dynamic pressure (JE-'- pV2> , pounds per square foot
R Reynolds number based on mean aerodynamic chord

v velocity of free stream, feet per second

ME

half-wridth of plan form at any root~chord position, feet

X,y rectangular coordinates In the plane of the wing with the origin
at the apex of the wing and x measured parallel to plane of
symetry of the wing

@ angle of attack of wing at plane of symmetry, degrees
B sideslip engle (positive when sideslipping to right), degrees
€ vertex half-angle of wing plan form, degrees
B Mach angle (sim™ %4) , degrees
o] ress density of free stream, slugs per cublec foot
Subscripts

1 conditions on lower surface of airfoll
u conditions on upper surface of alrfoll

APPARATUS AND MODELS

The experimentel nvestigation was conducted in the Ames 6— by 6—
foot supersonic wind tunnel which 1s of the closed-return variabie—
pressure type with a Mach number range from l.15 to 2.0. This wind
tunnel is described fully In reference 2.
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A sketch of the 450 swept—back triangular wing models which gives
all plan—form dimensions is shown in figure l. In order to obtaln as
high a test Reynolds number as possible, the maximum size model which
was free from wind-~tunnel-wall interference at the lowest test Mach
number was used.

Since in reference 3 there was shown a pronounced effect of chord-
wise-alirfoil-thickness dlstrlbution on the flow charsascterlstics of
alrfoll sectlons at transonic speeds and, since in the present experi-
ment it was expected that similar transonic effects would be manifest,
two different alrfoll sections were selected for the wings. One wing
was composed of round-nose alrfoll sections 6 percent thick in stream—
wise planes. The section used for this wing was the NACA 0006~63
profile., The other wing was composed of sharp-nose, symmetrical,
circular-erc sectlons. For both wings the maximum thickness of stream—
wise sections was 6 percent and was located at the 30-percent chord.
See table I for alrfoll ordlinates.

The models were cast of bpismth-tin alloy and coated with zinc,
chromate to give a smooth surface. The cone which Joined the wing to
the support sting (fig. 2) was designed to minimize the pressure
disturbance and at the same time fulfill the strength requirements.
The support sting itself served as & condult for the pressure tubes.

The right wing panel was fitted with 86 pressure orifices, each
0.013 inch in diamster, arranged to measure the local pressures on
the surface in such a manner as to permlt the calculation of the pres—
sure difference between the upper and lower surfaces. These orifices
were located in planes perpendlcular to the plane of symmetry at three
chordwise statlions (fig. 1), These stations hereafter designated as
gtations 1, 2, and 3 were located at 25, 50, and 75 percent of the root
chord, respectively.

The models were mounted with the plene of the wing in the vertical
plane 1n the test section. A cantilever stlng support was used as
shown in figure 2. The sting angle of attack could be adJusted to any
angle between *5° while the tunnel was operating. Through the use of
bent stings, various angles of attack and angles of sldeslip could be
obtained., For the present test both & 5° and a 10° bent sting were
employed to give an angle—ofdattack range of approximately 0° to 10°
end angles of sideslip from —9° to +9°, Since the model angle of
attack ‘during the test was influenced by the deflectlon of thes model
support under load, an arrangement of mirrors and lenses was used to
determine optically the true angle of attack. The angle of sldeslip
waeg determined by means of a cathetometere.

CeNEIDENTIAL—
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METHODS

Theoaretlcal

L 3

The thearetical loading per unit angle of attack was calculated
using the formulas of reference 4 as derived from the linearized theory.
The flow fleld of a flat 1ifting trlangular wing in sideslip 1s of
conical form; that 1s, quantities such as pressure and veloclty are
constant along rays emenating from the apex of the wing. The flow,
therefore, when shown in transverse plenes (planss normel to the axis
of symmetry) has & characteristic of two-dimensional flow in that the
pressure plots at all fore and aft locatlons will be similer.

Since the theory is based on linear differential equations, the
principle of superposition applies so that the pressure distributlon due
to alrfoil thickness has no influence on the pressure distribution due
to angle of attack or vice versa.

Experlmental

Tegts.— In the present investigatlon, data were obtained over a
Mach number rangs from 1.20 to 1l.70 at a constant Reynolds number of 1.8
million. Measurements were made through a sideslip range from 0° to 9°
and at angles of attack from 0° to 10°, It should be noted here that
the load distributioms presented in figures 3 through 8 over the trail—-
Ing wing panel were actually measured over the leading wing panel at
equal negative sideslip angles.

Recording and reduction of data.— The pressures were indlcated on
miltiple~tube manometers which were photographed to record the pres—
sures. The data were reduced dilrectly to spanwise plots of the pres—
sure coefficlent through use of a plotting machins.

Precilsion.~ Surveys of the tunmel air stream (reference 2) have
shown that at Mach numbers other than l.40 there exlst pressure and
stream angle disturbances in the alr stream. These surveys indicate,
however, that the flow in the alr stream is two-dimensional} that 1is,
there are no appreclable transverse pressure gradients in horizontal
planes. In the present test, therefore, since there is no cross flow
in horlzontal planes in the test section, the model was mounted with
the wing In the verticael plane to minimize the effects of stream irreg~
warities on the loed distribution. Hence, since the flow was similar
in all vertical planes, the static-pressure corrections applied were
those measured 1n the vertical plane at the center line of the tunnel.

WWSRTIIENTIAL
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In applylng these corrections it was assumed that the static pressures
on the upper and lower surfaces were equally affected by the stream
static-pressure variation and that the lifting pressures were not
affected. These assumptions have been shown to be valid by the results
of the Investlgation of reference 2. :

The major items which may cause Inaccuracies in the experimentsal
pressure distributions have been noted in reference 5. Since the
techniques employed in this Investigation parallel those used in refer—
ence 5, the over-all precision should be approximately of the sawme.
magnitude; that 1s, the wing static pressures should be accurate to
within £1 percent of the dynamic pressure.

As noted previously,the silze of the wing was chosen so that at the
lowest Mach number there was no interference between the wing and the
compression or expansion waves originating on the model and reflecting
from the tunnel wells.

Errors made in measuring the angle of attack were confined to
purely mechanlcel inaccuracies since the varlation of the stream angle
in transverse planes was negligible. A possible error of #0,05° in the
angle of attack was incurred in the initial referencing of the model
with respect to the streasm dilrection. The angle of attack under load,
determined by means of the optical mesasuring system, could be rea.d.
to within #0.03°, resulting in a total possible error of +0.08° in the
angle—of-attack reading.

Errors made in measuring the angle of sideslip were a combination
of stream-angle variation and mechanical inaccuracies. Because of the
axlal variations in the stream angle at Mach numbers other than 1.40 it
was difficult to determine the effective model angle of sideslip. At a
Mach number of 1.20 the angle of sideslip mey be in error as much as 1.1°
dus to streem inclination, whereas at a Mach number of 1.70 the stream
angle may be as great as 1.1° in the opposite direction. All of the
data presented herein are for angles of sideslip which have not been
corrected for stream inclinetion. Mechanically the inaccuracy of the
sldesllp angle was limited to the accuracy of the cathetometer which
could be read to within *0,05°.

The absolute humidity of the ailr in the wind tunnel was kept below
0.0003 pound of water per pound of air at all times so that i1t had
negligible effect on the experimental results.

RESULTS AND DISCUSSION

The experimental results in the form of pressure coefficients on
the upper and lower surfaces for the complete range of test variables
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are presented in tabular form for any analysls which the reader mey wish
to make (tables IT-WII). A portion of the date of station 3 was omitted
because of notlceable interfersnce effects from the support cone. For
the purpose of discussion in thls report, flgures showing the experli-—
mental load distributions are presented for Mach numbers of 1.20 and
1.70 and compared with the theoretical results. Those data are con—
gidered representative of the results obtained throughout the test rangee.

Experimentel IL.ocad Distributlions

In the analysis of the experlmental lifting pressures the data
show, as in reference 1, that, while theory and experiment did not
alwvays agree on the magnitude of the pressures on the wing, the experi-
mental 1lifting pressures were essentlally constant along rays from the
apex of the wing so that conical flow flelds exlisted for both theory and
experiment. It 1s possible, therefore, and convenient in comsidering
the loading over trlanguler wings to resort to transverse pressure plots
since they are essentlally similar at all fore—and—sft locations. Com~
ponents of the veloclty perperndicular to rays ere considered in analyz—
ing these transverse pressure plots. It may be seen that on the surface
of wings moving at supersonic speeds the compoments may be eithsr sub-
sonic or supersonlc, depending on the stream Mach number and thes sweep
of the ray consldered, so that no inconslstency exists 1n referring to
subsonic veloclty components on ths surface of an airfoll moving at
supersonic speeds.

The veriable tan €/tan p, where € is the semivertex angle of the
wing and 1 is the Mach angle, is sometimes used to indicate the rela—
tive position of the Masch line from the apex with respect to the wing
leading edges. Vealues of %+tan €/tan 1 greater than one correspond to
the condition wherein the Mach line is swept behind the leading edgs
and valuss less than ome correspond to the condition wherein the Mach
line 1s swept shead of the leading edge.

Mach lines swept ahead of the leading edge.— The variation of ths

experimental load distribution with angle of sideslip for both the
round-nose and the sharp-nose airfoll 1s presented In figure 3 for low
angles of attack (approximately 2.5°) and for a Mach number of 1.20.
The data presented here are typical of the results obtained at low
angles of attack in this speed rangs (Mach lines swept ahead of the
leading edge ). Examination of the data revealed that, as the angle of
sideslip was increased from 0° to 9°, the experimental data showed the
increase in loading over the leading wing panel-and decrease In loeding
over the trailling wing panel expected from theoretical consideratiloms,
that is, & positive dlhedral effect. Posltive dlhedral effect is
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considered o exist when the loading is such as to cause the leading
wing panel to rise and the tralling wing panel to lower.

For higher angles of attack (approx. 8.6°), very little variation
in the loading with angle of sideslip was noted. As shown in figure k,
the date obtalned for both the round-nose alrfoil and the sharp-nose
alrfoil indicated little change in the megnitude or the distribution of
the experimental loading coefficlents as the angle of sldeslip was
increased from 0° to 9°, very little dihedral effect being present in
this case. Theoretical studles, while strictly applicable to only small
angles of attack, lead one to expect that positive dihedral effect also
would be present here. The reasons for the departure of the variation
in experimental loadings with sideslip at high 1ift coefficients from
the theoretically predicted trends are not known. However, at high
angles of attack such as those under considsration, because of the tran—
gsonlc character of the flow (see reference 1), the Mach number of the '
flow over the upper surface of the airfoil is much higher than that of
the free stream., It 1s possible, therefore, that the alrfoil exhibits
characteristics which the theory predicts for higher Mach numbers (bow
wave attached), in thils case a loss of positive dihedral effectel (See
reference 6.)

Mach lines swept behind the leading wing.— The variation of the

experimental loading with angle of sideslip for both wings 1s presented
in figure 5 for a Mach numbér of 1,70 and an angle of attack of 2.5%,

It is evident from a study of these data and similar data at 8.6° angle
of attack (see filg. 6) that, even though the theoretical flow velocity
component perpendicular to the edge of the leading wing was supersonic,
the resulting load distributions differed little from those in the lower
speed range where the flow component perpendicular to the leading wing
was subsonic. At these higher supersonic speeds (M = 1.70) the value
of tan e€/ten p for the leading wing panel was greater than 1.0 but
less than the value for which the shock wave became attached to the
sharp leading edge. Therefore, for both airfoils, transonic flow char—
acteristics wore evident in the form of a detached bow wave ahead of

the swept leading edge. Since in the region between the detached bow
wave and the leading edge the flow components perpendlicular to the
leading wing were subsonlc, the flow around the leading edge of the air—
foil was similar to the flow experienced when the Mach lines were swept
ahead of the leading edge. It 18 not surprising, therefore, that the
alrfolls d1d not exhibit chardcteristice with regard to dlhedral effect
which are in agreement with the theory which assumes the bow wave to be

lyerification of this hypothesis can be obtained by a seperate examina—
tion of the pressure data on the upper and lower surfacee of the
alrfoil (tables II-VII). These date show that the distribution of
loading on the upper surface of the wing is such as to result in the
loss in posltive dlhedral effect.
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attached, but rather, because of these transonic effects, showed charac—
teristics similar to those noted in the lower speed range (Mach lines
swept ahead of the leading edge), that is, a positive dihedral effect

at 2.5° angle of attack which was reduced to almost zero dihedral effect
at 8.6° angle of attack.

Comparison of Experimsntal and Theoretical Loading

A comparison of the theoretical load distribution with the experi-
mental values at 9° of sideslip is presented in figure 7 for both the
round-nose and the sharp-nose alrfoll at a Mach number of 1l.20. At ths
low angles of attack the data for the sharp-nose airfoll are in some—
what better agreement with the theory than the data for the round-nose
alrfoil. For the high angles of attack, the experimental loading for
both airfoils revealed certein pressure dlscontinulties over the airfoil
surface (as indicated on the trailing panel at about TO—percent semispan
and on the leading panel at about 60-percent semlspan), resulting in a
reduction in the loading, which were quite similar to thoss noted in the
date for triangular wings at zero sideslip (reference 1). The discon—
tinuities over the triangular wing at zero sideslip have been shown to
be assoclated with certaln transonic effects (formetion of shock waves)
similar to those experienced over two-dimensional airfoils at transonic
speeds (reference 3)e It was concluded that the pressure discontinui-—
ties noted in the data of the present investigation also denoted the
existence of shock waves on the alrfoil surface and that the shock
patterns In transverse planes resemble closely the patterns existing
on trianguler wings at zero sideslip (reference 1).

The theoretical and experimental load distributions at 9° of side—
slip are compered for both airfoils in figure 8 for a Mach number of
1.70. Since tan €/tan p of the leading wing is greater than unity,
it is assumed in the theory that the bow wave is attached to the wing
leading edge with the result that the 1lifting pressures are constant
between the Mach line and the leadlng edge. In the actual case, how—
ever, since the bow wave was detached, interaction between the upper and
lower surface occurred, resulting in a pressure peak near the leadling
edge. Over the remeining portion of the span the experlmental loading
for both airfoils was in falrly good agreement with the theoretical.

CONCLUDING REMARKS

The present investigation of the characteristlics of the pressure
distribution over two triangular wings in sideslip for a Mach number
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range of 1.20 to 1,70 was made to study the transonic effects om ‘the
load distribution over triangular wings in sideslip and to provide data
for a comparison of the experimental and theoretical loed distributions.

In the lower speed range (Mach lines swept ahead of the leading
edge ) the results of the Investlgation indicated at the hlgh angles of
attack a significant departure of the variation of the experimental
loading with sldeslip from that indicated by the llnearized theory. The
positive dihedral effect expected from theoreticel conslderations was in
ovidence at the low angles of attack but was not realized at the high
angles of attack. The airfolls exhiblted a variation of dlhsdral effect
with 1ift coefficlient simllar to the variation with Mach number pre—
dicted by theory, that i1s, a loss of dlhedral effect with increasing
Mach number,

In the higher speed rangs where the Mach line was swept behind the .
edge of the leadling wing panel, because of a detached bow wave ahead of
the leading edge and resulting subsonic velocities at the leading edge,
the load distributlons exhibited characteristics similar to those
experienced In the lower speed range wherein the Mach lines were swept
ahead of the leading edge.

Amesg Aerocnautical Laboratory,
' National Advisory Commlttee for Aercnautics,
Moffett Fleld, Calif.
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TABLE I.— ATRFOIL ORDINATES

[Stations and Ordinates Given in Percent of Airfoil Chord]

ha ose S trical Circular-
FACA 0006-63 Sharp Arygmg'roﬁle
Upper surface TLower surface Upper surface Lower surfece
Station|Ordinate | Station|{Ordinate || Station|Ordinate |Station |Ordinste
0 0 o] 0] 0 0 o] o]
1.25 .95 1.25 -.95 5 .92 5 -. 92
2.501} 1.31 2.50 -1.31 10 1,67 10 -1,67
5.0 1.78 5.0 -1.78 15 2.25 15 -2.25
T.5 2.10 7.5 —2.10 20 2,67 20 -2,67
10 2,34 10 —2.34 25 2.92 25 —-2.92
15 2,67 15 —2.67 30 3.00 30 -3.00
20 2,87 20 -2.87 ko 2,94 ko 2,94
25 2,97 25 —2.97 50 2.75 50 -2.75
30 3.00 30 -3.00 60 2.45 60 -2.h5
ko 2.90 4o —2.90 70 2,02 70 -2,02
50 2.65 50 —2.65 80 1.h7 80 ~L1.h7
60 2.28 60 -2.28 85 " 1.15 85 -1.15
70 1.83 70 -1.83 90 .79 90 - 79
80 1.31 8o -1.31 95 40 95 -.50
90 T2 90 —-. 72|l 100 o] 100 0
95 4o 95 —_To)
100 (.06)] 100 (~.06)
100 0 100 - 0
L.E. radius: 0,L0

SQNFTDENTTAE .,
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TABIE IT.— EXPERIMERTAL PRESSURE COEFFICIENTS
[M = 1.20]
B =0°
Bound-noeg airfoil Bharp-noss airfoll

Stmiion &=0,1° a=2.5° @52 a-8,6° =30, 1% and, 0" a=2, 7" o, 22 a=8,8° ax10,1°
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Figure [.-Dimensional skefch of {triangular wing showing bolh the round-nose
airfoil section (NACA 00C06-63) and the sharp-nose airfoil seclion.
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Flgure 2.— Model mounted in the Ames 6— by 6—foot supersonic wind tunnel.
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— Linearized supersonc  theory
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Figure 7. —A comparison of Tthe experimenial and theoretical /load distributions at B =97 M=120.
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