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CONTROL EFFECTIVENESS LOAD AND HINGE-MOMENT
CHARACTERISTICS OF A TIP CONTROL SURFACE
ON A DELTA WING AT A MACH NUMBER OF 1.9

By D. William Comner and FEllery B. May, Jr.
SUMMARY

A wind-tunnel investigation was made of a semispan delta wing
having the leading-edge swept back 60°. A half-delta control surface,
which made up the outer one-third of the exposed wing span, was hinged
about an axis perpendicular to the streamwise parting line separating
the control. Tests were made with and without a fence attached to the
inner wing panel at the parting line. Two controls were tested which
differed only in airfoil section. In addition to determining the charac-
teristics of the complete configuration, loads were measyred on the con-
trol surface alone. The test Reynolds number was 4 X 10° and the free-
stream Mach number was 1.9.

The experimental rolling effectiveness of the control surface
emounted to about 85 percent of that calculated by linearized theory.
At zero angle of attack of the wing, the normal-force and moment charac-
teristics of the control were reasonably well predicted by linearized
theory. At low angles of attack, the control-surface hinge moment
exhibited considerable nonlinear variations with control deflection and
with angle of attack. Installation of the fence caused no significant
changes in the aerodynamic characteristics of the model. Increasing the
leading-edge bluntness of the control surface decreased the rolling
effectiveness and caused no change in the hinge-moment characteristics.

INTRODUCTION

Control surfaces which extend tc the wing leading edge have been
found to be highly effective from subsonic speeds to moderats supersonic
speeds. (See reference 1.) Such types of full-chord contrcls appear tc
have none of the reversals in effectiveness at transonic speeds which
characterize some trailing-edge flaps, probably because the effectiveress
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is not unduly sensitive to flow separation near the wing trailing edge-.
To learn more about such controls, an investigation has been conducted

in the Langley 9- by 12-inch supersonic blowdown tunnel on a half-delta
control mounted at the tip of a delta wing for a Mach number of 1.9 and

a Reynolds number of 4 X 106. Similar investigations are being under-
taken by the free-flight rocket technique, and acknowledgement is made
of rocket test data contained herein supplied by the Langley Pilotless
Aircraft Research Division.

The wing-model leading edge was swept back 60°, and the outer one-
third of the exposed span consisted of a tip control which rotated about
an axis normal to the root chord. In an attempt to minimize possible
gap effects caused by deflecting the control surface, tests were made
with a fence mounted at the outer end of the wing panel. Control sur-
faces of two thicknesses were tested. In some instances the results
have been compared with calculated characteristics.

COEFFICIENTS AND SYMBOLS

C 1ift coefficlent Lol
Cp drag coefficient <2223>
asS
Ml
Cm pitching-moment coefficlent <;§E>
C rolling-moment coefficient —li->
l ne 2gShb
C awing-mament coefficient <-Jl—>
n Jawiog 2qSb
M! pitching moment about center of area of
exposed wing
L rolling mament about axis of fuselage
N yawling moment about an axis perpendicular to
fuselage center line
4
“np = aS
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control-surface force normal to control surface
chord plane

control-surface force chordwise along control
surface chord plane

control-surface pitching mament (hinge moment)
about control-surface plvot axis

bending moment about root chord of control surface

wing-tip helix angle in radians per degree
. 15
control deflection oo

1
D

coefficient of damping in roll
free-stream dynamic pressure

exposed semlspan wing area (19.94 sq in.)
control-surface area (2.151 sq in.)

local chord

mean aerodynamic chord of exposed wing area

{5:55.1n.)

mean aerodynamic chord of control surface
(X827 1a.)
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b twlce distance from fuselage axis to wing tip
(small fuselage, 11.17 in.; large fuselage,
12.37 in.)

bf gpan of control surface from parting line to tip
(1.570 in.)

t local thickness

o7 angle of attack measured with respect to free-
stream direction

o) control-surface deflection measured with respect
to wing chord plane in free-stream direction,
degrees

R Reynolds number based on mean aerodyneamic chord

of exposed wing area

M Mach number
Subscripts:
a slope of curve of coefficient plotted against «

(%%’, %, and so forth)
® slope of curve of coefficient plotted against &
(%%?, ;gl, and so fort;>
MODEL

The system of axes is shown in figure 1. The semispan model of
delta plan form had the leading edge swept back 60° and a corresponding
aspect ratio of 2.3. A full-chord control surface was located at the
wing tip. A photograph of the model mounted is shown as figure 2 and
the principal dimensions are given in figure 3.

The main panel of the wing (inner two-thirds of the exposed spen)
was a flat plate, 3 percent thick at the fuselage intersection and
9 percent thick at the outboard end. The leading and trailing edges
were beveled to wedge profiles with included wedge angles (parallel to
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air stream) of 6.6° and 15.4°9, respectively. The leading-edge wedge
was modified by a small nose radius, and the sharp bresks in contour

were modified by a slight fairing.

The control surface (outer one-third of the exposed span) was
separated fram the inner panel of the wing by a streamwise parting line
and rotated about an axis perpendicular to the root chord. The axis
was located at 63 percent of the control-surface root chord. The basic
control was comprised of 3-percent-thick double-wedge airfoil sections
measured parallel to the air stream modified by a 0.9-percent-chord
leading-edge radius. A discontinuity in airfoll thickness existed at
the parting line between the control surface and main panel. ZErrors
in fabrication introduced a slight camber in the 3-percent-thick contrcl
with a maximum displacement of the mean line near the point of maxirmum
thickness amounting to about 0.4 percent chord. An alternate contrcl
surface was tested, identical in plan form to the basic surface but
having an airfoil sectlion 7 percent thick with the maximum thickness far

forward.

Fences of two different sizes were tested on the main wing panel
at the parting line between the main wing panel and the control surface
(B1g. 2(v)).-

A few tests were made with a wing having no control surface but
having 9-percent-thick tip sections on the outer omne-third of the
exposed wing span.

All tests of the wing and the control surface were made in the
presence of a half-fuselage. Fuselages of two different sizes were
used, both of which had the same nose shape. The nose section merged
into a constant-diameter section at the station where the wing leading
edge intersected the fuselage.

TUNNEL AND TEST TECHNIQUE

The Langley 9- by 1l2-inch supersonic blowdown tunnel, in which the
Present tests were made, is a nonreturn tunnel utilizing the exhaust
air from the Langley 19-foot pressure tunnel. The inlet air enters at

an absolute pressure of about 2l atmospheres and contains about

3
0.3 percent of water by weight.

’

Semispan models are cantilevered from a 5-component strain-gage
balance mounted flush with the tunnel wall. The balance rotates with
the model as the angle of attack 1s changed and the forces and mcments
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are measured with respect to the balance axes. In measuring the forces
and moments acting on the control surface, the surface was connected
with the balance 1ndependent of the wing panel by means of a mounting
staff which extended spanwise through an internal slot in the main wing.
The half-span wing models are tested in the presence of, but not attached
to, a half-fuselage shimmed out 0.25 inch from the tunnel wall. The
finite gap existing between the wing and fuselage is believed to have no
influence on the flap loading. (see reference 2.)

The dynamic pressure and test Reynolds number decreased about 5 per-
cent during the course of each run because of the decreased pressure of
the inlet air. The average dynamic pressure was 11.8 pounds per square
inch, and the average Reynolds number, based on the mean aerodynamic
chord of the exposed wing, was 4.0.x 106.

PRECISION OF DATA

Free-stream Mach number has been calibrated at 1.90 + 0.02. This
Mach number was used in determining the dynamic pressure. Calibration
tests which were made with the model removed indicated that the static
pressure varied about #1.5 percent from a mean value for the region
normally occupied by the wing. A discussion is given in reference 2 of
the various factors which might influence the test results, such as
humidity effects and method of mounting.

An estimate has been made of the probable errors to be found in
the measured test points, when fluctuations in the readings of the
measuring equipment, calibration errors, and shift of instrument no-load
readings experienced during the course of each test are considered. The
following table lists the errors that might be expected to exist between
the test points for each particular figure.
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Control surface Control surface
Wing (initial series (second series

(figs. 4 to 9) of tests) of tests)

(figs- 13 and 14) (figs. 15 and 16)

Variable Error Variable Error Variable Error

a +0.05° a +0. 059 a +0.05°
) +.2° 8 +.30 ) +.20
cr, +.003 cr, +.001 CN +.005
CD +.001 GD +.001 CCf +.010
Cm +.001 Cm + 001 CMf +.008
Cn +.0003 Cn +.0001

It should be noted that different gecmetric parameters and different
axes were used in reducing the data for the two series of control-surface
tests. The electrical system of the balance was arranged to permit
direct moment measurements about the wing axes in the first series of
tests and about the control axes in the second series. This technique
was found necessary to avold the introduction of considerable scatter

in the moment data which appeared when an attempt was made to transfer
the data to axes far distant from the point of measurement. From one
model set-up to another (change in fence, fuselage, or control-surface
thickness) the angle of attack could have differed by +0.1°, the con-
trol deflectlion could have differed by *0.4°, and the fuselage incidence
with respect to the wing could have varied by +0.3°. Repeat tests were
made for each configuration to assess the magnitude of errors. Static
calibration indicated no measurable change in control-surface deflection
caused by control-surface loading.

RESULTS

Figures 4 to 9 present test data of the camplete wing as plots of
the aerodynamic coefficlents plotted against angle of attack for each
of the various deflection angles of the tip control surface. Figure 10
Presents cross plots of these data in which the coefficients are plotted
against control deflection at zero angle of attack. Fuselage
incidence is believed to have caused the displacement in the curves
of figure 8 at zero deflection.
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Figure 11 presents the variation of the rolling-effectiveness -
parameter 53/8 with Mach number as obtained from free-flight rocket

tests at two control deflections, wind-tunnel tests, and calculations
based upon linearized theory. The rocket configuration (unpublished
data) was tested by the Langley Pilotless Alrcraft Research Division by
the same technique and subject to the same limitations as the investi-
gation of reference 1. The wing of rocket configuration had the large

fence installed and operated at a Reynolds number of about 10 X 106

for the maximum Mach number of 1.5. In the region of the wing, the
rocket fuselage diameter relative to the exposed wing span lay between
the small fuselage and the large fuselage combinations of the wind-
tunnel configurations. The fuselage nose of the rocket vehicle extended
much farther ahead of the wing. The wind-tunnel test point was obtained
from an average value of the experimental rolling effectiveness of the
smell fuselage configuration (reported herein) divided by an experimental
damping coefficient Clp (from reference 3). To account for difference

in fuselage diameters, the experimental rolling effectiveness was
multiplied by a factor of 1.02, which is the theoretical ratio between
the spanwise location in percent semispan of the control-surface loading
for the rocket and the wind-tunnel configurations. The experimental
damping coefficient included the .effect of a fuselage (having about the
seme diameter relative to the wing span as did the present configuration)
and had a value of 85 percent of that calculated for a flat-plate delta

wing by linearized theory (reference 4). The calculations of gg by

linearized theory utilized the method of reference 5 to obtain the
rolling moment caused by control deflection and the method of reference k4
to obtain the damping coefficient (ignoring fuselage effects). Figure 12
presents the lift-drag curves of several configurations differing in tip
thickness and in the fairing of the alrfoil contours.

Figures 13 and 14 present the data first obtained for the control
surface alone tested in the presence of the wing panel both with fence
off and with large fence on. The coefficients in this figure are based
on the wing dimensions and the moments are taken about the wing wind
axes. Cross plots of these data at zero angle of attack are shown in
figure 15 along with comparable data for the complete wing.

The second series of control-surface tests were made after first
stiffening the balance structure (to increase the angle-of-attack range)
and shifting the electrical center of the balance moment measuring
components to the axes of the control surface. The data for these
tests are presented in coefficient form (figs. 16 and 17) and include
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normal force CNf, chord force CCf’ pitching moment about the control
pivot axis CMf: and the bending moment about the root chord of the
control CBMf' Cross. plots of these data are presented in figure 18 for

angles of attack of 09, 20, and 4°. Since the model had symmetrical
airfoil sections, all angles and coefficlents can arbitrarily be reversed
in sign. This change in sign makes possible the application of the test
data to cover the condition of negative deflection angles for the
control. This procedure has been followed in presenting the cross-plot
data of figure 18 to show the nature of the curve shapes in the negative
range of control deflections. In going from negative to positive deflec-
tions, a discontinuity exists in most curves as a result of inaccuracies
in the test measurements.

DISCUSSION

Wing Characteristics

Control undeflected.- With the 3-percent-thick tip, the value of
the wing lift-curve slope CLa for both fuselage conditions was
about 0.040. The calculated value based on flat-plate theory (reference 6)
corrected by an estimate of the additional 1ift resulting from fuselage
upwash (reference T) was 0.047 for the small fuselage and 0.049 for the
large fuselage. The minimum drag coefficient was about 0.012 with the
large fuselage and 0.013 with the small fuselage. Based on the 1ift
and pitching-moment data of figures 4 to 9, the chordwise location of
the aerodynamic center was T percent of the wing mean aerodynamic chord
ahead of the center of area. Similarly the 1ift and rolling-moment slopes
indicated the spanwise center of pressure to be located about 40 percent
of the exposed half-span outboard of the wing-fuselage Juncture.

Control surface deflected.- Deflecting the control surface in the
positive direction tended to increase the value of minimum drag coeffi-
clent and to displace negatively the curves of pitching moment plotted
against angle of attack. The drag and yawing-moment curves were shifted
in the negative angle-of-attack direction since the wing drag load at
negative angles of attack tended to be counteracted by a decreased
control-deflection loading (control more alined with the ailr stream).

Within the accuracy of the test data, the various coefficients
varied linearly with control deflection at a = 0° (fig. 10). The

values of CL8 end Cpy were about 0.004 and -0.0013 as compared with
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calculated values of 0.0045 and -0.0015, respectively. With regard to
rolling moment, the curves of the three fence configurations (3-percent-
thick control, fig. 10(a)), agreed within the experimental accuracy, and
the average value of 016 wasg 0.00076 for the small fuselage as compared

with a calculated value of 0.00090. This experimental value was used,
as described in the section entitled."Results," to obtain a value

Pb
of 2—\;/8 of 0.0058 radian per degree for M = 1.9 (fig. 11). The value

Db .
of 5%/%, which is the ratio of CZB to CZP (both based on the same

area and span), was in good agreement with theory. The agreement was
somewhat fortuitous, however, since both experimental values CZ& and

Clp> were about 15 percent lower than the corresponding calculated

values. The data of figure 11 show agreement between the rocket test
results and theory at supersonic speeds.

Effect of fence.- Adding a fence to the wing at the Jjuncture of the
wing panel and the control surface did not appreciably change the aero-
dynamic characteristics of the wing. There was no change in the drag
characteristics or in the rolling effectiveness of the control (within
the experimental accuracy), and the use of a fence of the dimensions
investigated at this Mach number appears unwarranted.

Effect of airfoil-section modifications.- Increasing the control-
gurface thickness from 3 to [ percent and moving the position of maximum
thickness far forwerd increased the minimum drag coefficlent less
then 0.001 (fig. 12). Lift effectiveness of the control was decreased
slightly and was accompanied by a 15-percent decrease in control rolling
effectiveness.

When the airfoll sections comprising the outer one-third of the
exposed wing panel were increased from 3- to 9-percent thickness (with
the thickness distribution unchanged), the minimum drag coefficient was
increased about 0.002 (fig. 12). In the initial configuration of the
wing with 9-percent-thick tip sectlons, the wing alrfoil sections were
composed of flat-side elements with unfaired intersections. Rounding
the nose of the alrfoil increased the minimum drag, whereas incorporating
fairing to eliminate sharp bresks in contour decreased the minimum drag.
As the 1ift coefficient was increased, the differences in drag for the
various configurations decreased. These results are for tests where the
Mach line lies Just ahead of the wing leading edge- '
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Control-Surface Characteristics

Division of loading between the control surface and the inboard
panel of the wing.- A comparison of the slope values for the curves of
figures 8 and 14 gives a measure of the part of the angle-of-attack
loading carried on the control. The control surface covered 11 percent
of the wing area and carried 18 percent of the 1ift load due to changing
angle of attack CLa' High tip loading would be expected, because the

highest loading on a sweptback wing is carried on the rays originating
from the wing apex which lgay in the region of the leading edge. The
ratio of the value of Ca. for the control surface to the value of Ci,

for the complete wing indicates that the 1ift load on the control surface
was responsible for about one-fourth of the wing-panel rolling moment.

A part of the additional loading caused by control-surface deflection
was carried on the inner panel of the wing (fig. 15), substantiating the
carry-over loading indicated in reference 5. The experimental value
of CL6 was 0.003 for the control surface and 0.004 for the camplete
wing. These values compare with calculated values of 0.0036 and 0.0045,
respectively. The measured Cjq velue of 0.00068 for the control

surface was less than the previously mentioned value of 0.00078 for the
complete wing with large fuselage.

Control-surface loading.- The results of the initial series of
tests In which loads were measured on the control alone (figs. 13 to 15),
though limited in scope, indicated that the fence had little effect on
the loading of the control surface. The results of the second series
of tests (figs. 16 to 18) permit a more detailed analysis of control-
gsurface loading.

With the control surface undeflected, the value of CNf was

a
about 0.065 (value calculated by linear theory was 0.078). As the
control was deflected, CNf decreased in value especlally at the
a
highest deflections. The moment coefficient about the hinge line CMf v

which corresponds to the control-surface hinge moment, varied nonlinearly
with angle of attack as a result of a rearward shift 1n center of
pressure which occurred when the wing was rotated from a streamwise
direction. This effect was not defined at high control deflections

since the angle-of-attack range did not include zero incidence-

The hinge-moment coefficlent also varied nonlinearly with control
deflection for high control deflections. (See fig. 18.) Increasing
the angle of attack aggravated this conditlon at least in the well-
defined range of negative deflections and appeared to decrease the linear
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range of the moment curves. Both normal-force and bending-moment
coefficlents varied almost linearly with control deflection for each
angle of attack, indicating that the change in hinge-moment characteris-
tics probably was assoclated with a change in load distribution near the
nose of the control root. Such a change in load distribution could well
be expected in this reglon because of the discontinuity in the chord
plane accompanying control deflection combined with a peak angle-of-
attack loading near the leading edge. Increasing the control-surface
thickness lncreased the chord-force coefficient. This increase, however,
would be of 1little practical significance from design considerations
gince the maximum value of chord-force coefficient obtained was no
greater than 0.04 and was quite small when compared with normel-force
loads. The value of CNf was decreased about 10 percent, and the

o}
hinge-moment characteristics remained unchanged.

A comparison of theory with the experimental results for zero
angle of attack (fig. 18) indicates that flat-plate linearized theory
predicted reasonably well the variation of the coefficients with control
deflection though the theoretical normal-force effectiveness was not
fully realized.

CONCLUSIONS

From an investigation at a Mach number of 1.9 of a delta wing with
half-delta control flap in the Langley 9- by 12-inch supersonic blowdcwn
tunnel, the following conclusions may be drawn:

1. The experimentel rolling effectiveness of the control amounted
to about 85 percent of that calculated by linearized theory.

2. At zero angle of attack of the wing, the normal-force, hinge-
moment, and bending-mament characteristics of the control surface were
in reasonable agreement with linearized theory. At small angles of
attack the control-surface hinge moment exhibited considerable nonlinear
variations with control deflection and with angle of attack.

3. Installation of the fence caused no significant changes in elither

the aerodynamic characteristics of the complete wing or in the loads
and moments of the control surface.
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4. Increasing the leading-edge bluntness and airfoil thickness of
the control surface decreased the rolling effectiveness about 15 percent
and caused no change in the hinge-moment characteristics.

Langley Aeronautical Laboratory
National Advisory Committee for Aeronautics
Langley Air Force Base, Va.
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Figure 1.- Relation between the various reference axes and reference

planes used in presenting test data for control surface. All -

dimensions in inches.
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Figure 2.- Model mounted in the Langley 9- by 12-inch supersonic blowdown tunnel.
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Figure 3.~ Details of model.

A1l dimensions are in inches.
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with a half-delta tip control surface

tested in the presence of a small fuselage. ©Small fence on. Three-percent-thick control;

R = 4.0 x 100; M = 1.90.

Flagged symbols denote repeat tests.
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Figure 6.- Aerodynamic characteristics of a gemispan delta wing with a half-delta tip control surface
tested in thg presence of a small fuselage. Large fence on. Three-percent-thick control;
R =1L4.0x10% M =1.90. Flagged symbols denote repeat tests.
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Figure 7.- Aerodynamic characteristics of a semispan delta wing with
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fuselage. Fence off. Seven-percent-thick controlj R = 10 106;
M = 1.90. Flagged symbols denote repeat runs.
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(b) Variation of C; with a.

Figure 7.- Concluded.
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Figure 8.- Aerodynamic characteristics of a semispan delta wing with a half-delta tip control surface
tested in the presence of a large fuselage. Large fence on. Three-percent-thick controlj;

R = 4.0 x 10°; M = 1.90. Flagged symbols denote repeat tests.
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Flgure 9.- Aerodynamic characteristics of a semispan delta wing with a
half-delta tip control surface tested in the presence of a large
fuselage. Fence off. Seven-percent-thick control; R = 4.0 x 106;
M =1.90. TFlagged symbols denote repeat tests.
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Figure 9.- Concluded.
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Figure 10.- Variation of the aerodynamic characteristics of a semigpan delta wing with deflection of
the half-delta tip control surface. R = 4.0 X 106; M- =100 i =0

e




\“J—_J_\I
R RS
e s W
4 & 1é /16
S, deg

(p)

Figure 10.- Concluded.

CONFIDENTIAL

.008

.004

004

Tip
Thickness
(percent c)

Fence

5 Large
----17 off

CONFIDENTIAL

Large fuselage.

g8c

COH6T WM VOVN



Unpublished data from rocket tests
————— Calculation based on linearized theory

CONFIDENTIAL
.0l12
t Wind -tunnel tests
(0 Fi e 10
C%g Re%‘elﬁence s 7
.008 A
ob /
2V e
4 (==
004
0 |

1O tE 1.4 /.6 /.8 20
CONFIDENTIAL

Mach number

Figure 11.- Comparison of free-flight rocket test results and wind-tunnel test results with linearized
theory for half-delta tip control surfaces on a delta wing-fuselage combination.
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Figure 12.- Effect of tip thickness, airfoill nose radius, and airfoil
contour on the lift-drag polar characteristics of a semispan delta
wing. Small fuselage, fence off. R = 4.0 X 100; M = 1.90.
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Figure 13.- Aerodynamic characteristics of a 3-percent-thick half-delta
tip control surface mounted on a semispan delta wing. Fence off.
Coefficients based on dimensions of the complete semispan wing.

M =1.90. Flagged symbols denote repeat tests. Initial series
of tests.
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Figure 1b4.- Aerodynamic characteristics of a 3-percent-thick half-delta
tip control surface mounted on a semlspan delta wing. Large fence
on. Coefficients based on dimensions of the complete semispan wing.
M = 1.90. Flagged symbols denote repeat tests. TInitial series

of tests.
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R=14.0x106; M =1.90.
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(a) Normal force plotted against a.

Figure 16.- Aerodynemic loading characteristics of a 0.03t/c half-delta
control surface. Fence off. Data presented with respect to control
surface axes. R = 4.0 X 106; M = 1.90. Second series of tests.
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(b) Chord force plotted against a.

Figure 16.- ' Continued.
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Figure 16.- Continued.

(c) Hinge moment plotted against a.
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(d) Bending moment plotted against a.

Figure 16.- Concluded.
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(a) Normal force plotted against a.

Figure 17.- Aerodynamic loading characteristics of a 0.07t/c half-delta
control surface. Fence off. Data presented with respect to control
gurface axes. Second series of tests.
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(b) Chord force plotted against a.

Figure 17.- Continued.




Lo

NACA RM L9HO5

.04 CONFIDENTIAL
o gl
GM,-O = S o E
o j
0 2 g 6 8 =< o 2 4 6
@, deg @, deg
&=t 6 =2.°
.04
0 1
ch f% ::k_ﬁ’_—l 3
~04
-4 =2 o e 4 -4 4 o a 4
a, deg @,deg
6 =4.1° 6 = 5.8°
.04
CMfO Q\: <1_F{" 3 - \
-04 i I
-6 -4 e o Z -8 -6 -4 -2 o
a, deg a, deg
5'=1870° S5E=10472
.04
0
cM, = T+
~04 i
-8 -6 -4 -2 0
¢, deg CONFIDENTIAL
6 = 12.0°

(c) Hinge moment plotted agailnst «.

Figure 17.- Concluded.
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Figure 18.- Variation of the aerodynamic characteristics with deflection of two half-delta control
surfaces tested in presence of a semispan delta wing.
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