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SUMMARY 

As a part of the transonic research program of the National Advisory 
Committee for Aeronautics, the Pilotless Aircraft Research Division has 
conducted a free-flight investigation to determine some effects of spoiler 
span, spanwise location, projection, and wing flexibility on the drag and 
rolling effectiveness of spoilers through the Mach number range between 
0.6 and 1.6. The wings were swept back 45 0 along the quarter-chord line, 
had an aspect ratio of 4.0, taper ratio of 0.6, and NACA 65kOo6 airfoil 
sections parallel to the free stream. The solid, sharp-edged spoilers 
were located along the 70-percent-chord line. Test results indicated 
that the full-span spoiler had the highest rolling effectiveness for a 
given projection of all configurations at all speeds tested and that the 
inboard half-span spoilers were approximately twice as effective as the 
outboard half-span spoilers. The outboard quarter-span spoilers were 
not effective as roll-producing devices. The variation of rolling 
effectiveness with spoiler projection was nonlinear at subsonic speeds 
but became approximately linear at supersonic speeds. An increase in 
spoiler span gave more rolling effectiveness per unit drag than did an 
increase in spoiler projection. A comparison of spoilers and ailerons 
at the same rolling effectiveness indicated that the spoiler had lower 
wing twisting moments and greater drag than the aileron; however, for 
the inboard control the difference in drag between spoilers and ailerons 
became small at supersonic speeds.
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INTRODUCTION 

The greater wing flexibilities normally associated with the thinner 
airfoil sections point out a basic need for lateral-control devices which 
maintain a high level of rolling effectiveness without producing adverse 
wing twisting moments. Comparative tests of spoiler and flap-type con-
trols at transonic and supersonic speeds (ref. 1) show that spoilers have 
considerably smaller aeroelastic losses in rolling effectiveness than 
flap-type controls. In order to obtain more information on spoiler con-
trols, the Langley Pilotless Aircraft Research Division has conducted 
experimental investigations to determine the rolling effectiveness and 
drag of various plain-spoiler configurations at Mach numbers between 0.6 
to 1.6. Continuous data over the Mach number range were obtained with 
rocket-propelled test vehicles in free flight by means of the technique 
described in reference 2. 

Some effects of spoiler projection, span, and location on rolling 
effectiveness and drag were determined for spoilers located along the 
70-percent wing-chord line. The wings were swept back 45 0 along the 
quarter-chord line, had an aspect ratio of 4.0. taper ratio of 0.6, and 
NACA 65A006 airfoil sections parallel to the free stream. The effects of 
wing torsional flexibility on the rolling effectiveness and drag of the 
outboard partial-span spoiler, and some drag comparisons between spoiler-
and aileron-type controls having the same rolling effectiveness are also 
included.

S0IB 

b2 
A	 aspect ratio, -- = 

b	 diameter of circle swept by wing tips, 3.0 ft 

S	 area of two wings measured to model center line, 2.25 sq ft 

S'	 exposed area of three wings, 2.80 sq ft 

C	 local wing chord measured parallel to model center line, ft 

M	 Mach number 

dynamic pressure, lb/sq ft 

V	 flight-path velocity, ft/sec
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R	 Reynolds number of tests based on average exposed wing chord 
( 0 .72 ft) 

p	 rolling velocity, positive for right wing moving downward as 
seen from rear, radians/sec 

pb/2V	 wing-tip helix angle, radians 

h	 local spoiler height above wing, measured normal to wing-chord 
plane (spoiler is on upper surface when wing is on right), ft 

IV	 average wing incidence per wing from three wings, measured in 
plane normal to wing-chord plane and parallel to free stream, 
positive if tending to produce positive p, deg 

y	 spanwise distance, measured from and normal to model center 
line, ft 

s	 control span, measured in direction of y, ft 

m	 concentrated couple, applied near wing tip in plane parallel 
to free stream and normal to the wing-chord plane, ft-lb 

e	 angle of twist produced by m at any section along wing span 
and measured parallel to plane of m, radians 

(e/m)	 wing torsional flexibility parameter, radians/ft-lb 

wing taper ratio (ratio of tip chord to chord at model center 
line), o.6 

deflection of aileron, measured normal to hinge line, deg 

CD	 drag coefficient Drag ,
c1S' 

incremental drag coefficient of three spoilers (one per wing) 

Subscripts: 

I	 inboard when used in conjunction with control span 

R	 rigid-wing data 

F	 flexible-wing data
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MODELS AND TECHNIQUE 

A typical three-winged test vehicle of the type used in the present 
investigation is illustrated in the photograph presented as figure 1. 
The wings were swept back 450 along the quarter-chord line, had an aspect 
ratio of !Lo, taper ratio of 0.6, and NACA 65Ao06 airfoil sections paral-
lel to the free stream. The geometric characteristics of the test con-
figurations are given in table I and in figure 2. The spoilers were 
located along the TO-percent-chord, line of each wing and had projections 
of 2-percent and 5-percent chord. In order to determine some effects of 
wing flexibility on the rolling effectiveness and drag, three different 

wing stiffnesses were tested in conjunction with the outboard 0.4311 -span 

spoiler (fig. 2). Measured values of the variation with span of the wing 
torsional flexibility parameter e/m are plotted in figure 3. 

The flight tests were made at the Pilotless Aircraft Research 
Station at Wallops Island, Va. A two-stage rocket-propulsion system 
propelled the models to a maximum Mach number of approximately 1.6. 
During approximately 12 seconds of coasting flight following propellant 
burnout, time-history measurements were made of the flight-path velocity 
with a CW Doppler radar set and of rolling velocity with special radio 
equipment. These data, in conjunction with atmospheric data obtained 
with radiosondes, permit the evaluation of the drag coefficient CD 

and rolling effectiveness parameter ( pb/2v )F as a function of Mach 

number. Reference 2 gives a more complete description of the flight-
testing technique. 

The Reynolds number based on average wing chord varied from approx-

imately 2 x 106 to 8 x 106 over the Mach number range, and the maximum 
variation of dynamic pressure for all configurations at a given Mach 
number was of the order of *70 pounds per square foot from the mean 
(fig. Ii).

ACCURACY AND CORRECTIONS 

From previous experience and mathematical analysis, the experi-
mental uncertainties in the test variables are believed to be within 
the following limits:
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Subsonic Supersonic 

M .........................±0.010 	 ±0•005 

CD	 ........................±.003	 ±.002 

(Pb/2v)	 .....................±.003	 ±.002 

The sensitivity of the experimental technique is such that small 
irregularities in the variation of pb/2V with Mach number in the order 
of one-half the magnitude shown above, however, may be detected. The 
maximum uncertainties in the determination of iw . and h/c are ±0.050 
and ±0.001, respectively. 

All (pb/2v)F values presented herein have been corrected for the 

effects of wing incidence due to construction tolerances (see table I) 
by the method outlined in reference 3. 

RESULTS AND DISCUSSION 

The results of this investigation are presented in figures 5 to 13. 
The basic-data plots of test vehicle total drag coefficient CD and 

flexible wing rolling effectiveness (pb/2V)F are presented in figure 5 
for various plain-spoiler controls with projections of 2 percent and 
5 percent of the local wing chord. All models had wings of the same 
stiffness characteristics except models 7 and 8-which had reduced wing 
stiffnesses.

Rolling Effectiveness 

Effect of wing flexibility. - Figure 5(b) shows some effects of wing 
flexibility on the rolling effectiveness for the outboard half-span 
spoiler. From these data the fraction of rigid-wing rolling effective-
ness retained by a flexible wing of type "A" construction was calculated 
by the method of reference 1 and is shown in figure 6 along with data 
for an aileron-equipped wing of the same construction. Figure 6 shows 
that the percent of rigid-wing rolling effectiveness lost for the spoiler 
wing is less than one-half that of the aileron wing for the same wing 
stiffness and approximately the same pb/2V at M 2! 1.1. Since this 
loss is due primarily to the wing twisting moment in the free-stream 
direction (ref. 1), the wing twisting moment for the spoiler is less 
than one-half that for the aileron. When compared with the rigid wing, 
the effectiveness of the spoiler-equipped flexible wing was about 
10 percent higher at M = 0.6 and 10 percent lower at M = 1.6; this
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condition indicates a change in the sign of the wing twisting moments 
as speed is increased through the transonic region. 

Effect of spoiler span.- FigiIè 5 shows that, for a given spoiler 
projection and wing stiffness, the highest rolling effectiveness is 
obtained for the full-span spoilers over the Mach number range tested 
and that the inboard half-span spoiler has approximately twice the 
rolling effectiveness of the outboard half-span spoiler. The trend 
toward low or reversed rolling effectiveness for the outboard spoiler 
elements can be seen in figure 7 where rolling effectiveness is plotted 
as a function of outboard-spoiler span at various Mach numbers. These 
results show that the rolling effectiveness decreases almost linearly 
with decreasing outboard-spoiler span except near the wing tip where 
the short-span spoilers gave reversed rolling effectiveness at subsonic 
speeds and very low positive effectiveness at supersonic speeds. A 
tendency toward roll reversal was previously observed at subsonic speeds 
for unswept wings in free-flight tests of full-span spoilers having 

i- percent-chord projection (ref. 4) and also in full-scale flight tests 

of outboard part-span spoilers at small projections (ref. 5). This 
tendency toward roll reversal for low spoiler projections at subsonic 
speeds may be due to an effective cambering of the wing caused by 
spoiler projections that do not extend beyond the boundary layer 
(ref. 5). Figure 7 shows that the rolling effectiveness reversal for 
the present tests varies with both spoiler span and spoiler projection 
and occurs over a decreasing outboard spoiler span as either the Mach 
number or the spoiler projection is increased. 

The rolling effectiveness of an inboard spoiler was estimated from 
the data of figures 5 and 7, and a comparison with measured values is 
presented in figure 8. The method of combining the effectiveness of 
individual control segments into a single spanwise influence curve, 
although not generally applicable for spoilers at subsonic speeds, as 
indicated by figure 8 and references 6 and 7, gave good results at 
transonic speeds and fair results at supersonic speeds for the spoilers. 
Tests with an aileron control (ref. 8) show good agreement throughout 
the Mach number range when a comparison is made between the rolling 
effectiveness values as measured and as estimated from a single span-
wise influence curve. 

Effect of spoiler projection.- Figure 9 shows the effect of spoiler 
height on the rolling effectiveness at various Mach numbers for each 
configuration tested. At high subsonic and transonic speeds the rolling 
effectiveness of all configurations is shown to change with spoiler 
height in a nonlinear fashion. There is a general decrease in the rate 
of change of rolling effectiveness with spoiler height at the higher 
projections except for the outboard quarter-span spoiler. As the Mach 
number is increased between M 1.1 and M 1.5, the results indicate
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that the rolling effectiveness variation with spoiler projection becomes 
more nearly linear for all configurations tested. 

Drag 

Effect of wing flexibility.- Figure 7(b) shows negligible variations 
in test-vehicle total drag coefficient for the outboard half-span spoiler 
when the wing torsional stiffness is reduced by a factor of approximately 

2.7.

Effect of spoiler span. - In figure 10 some effects of Mach number 
and outboard spoiler span on the incremental drag coefficient ACD are 

presented for spoiler projections of 2-percent and 5-percent chord. The 
values were obtained by subtracting the total drag of a test vehicle 

without spoilers from the total drag of the test vehicles with spoilers. 
The total drag of the test vehicle without spoilers (fig. 5) may be con-
sidered to be essentially the same as zero-roll drag, since the induced-
drag effects of the preset 1.40 incidence were decreased when the model 
was free to roll and are believed to be small. Thus, the incremental 
drag coefficient iAD represents primarily the drag due to the addition 

of the spoilers (one per wing) plus an induced drag component due to the 
net lift distribution which exists over the rolling wing. The difference 
in drag coefficient associated with the slight difference in flexibility 
between the solid duralumin wings (ref. 8) and type "A" wings of the 
present tests is believed to be small. Results in figure 10 indicate a 
general decrease in incremental spoiler drag increment with increase in 
Mach number and show an almost linear increase of spoiler drag increment 
with increasing span of outboard spoilers over the Mach number range 
tested. In figure 11, the incremental spoiler drag coefficient LCD 

is plotted against spoiler height for all spoiler configurations and 
results show that, for a given spoiler projection, the drag of the full-
span spoiler is slightly less than the sum of the drag values of its 
inboard and outboard components measured individually at all Mach numbers 
tested. 

Effect of spoiler projection. - At subsonic speeds, figure 11 shows 
that CD increases almost linearly with increased spoiler projection 

for all spoiler configurations tested. At transonic and supersonic 
speeds the variation of LCD with spoiler height remains linear for 

the outboard spoiler segments but becomes nonlinear for the inboard 
and full-span spoilers. Slight additional drag increases are noted 

at . 0.05 for the inboard spoilers and for the inboard elements of 

the full-span spoiler (fig. 10) at transonic and supersonic speeds.
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Drag comparison for spoiler and aileron. - The comparative drag 
between spoiler and aileron configurations having the same rolling 
effectiveness is presented as a function of Mach number in figure 12. 
The rolling-effectiveness data for the 0 .3-chord aileron deflected 70 
are taken from reference 8, and the drag data for the aileron configu-
rations are unpublished. The drag values for the spoiler configurations 
were obtained from the present test results by plotting (pb/2v)F against 

CD at constant Mach number and interpolating for CD at the desired 
(pb/2V). Figure 12 shows that the spoiler has more drag than the 

aileron for the same rolling effectiveness, but this difference becomes 
small at supersonic speeds especially for the inboard half-span control. 

Variation of Rolling Effectiveness With Spoiler Drag 

Figure 13 presents the rolling effectiveness data of each spoiler 
configuration plotted against the incremental spoiler-drag coeffi-
cient LCD. 

The solid curves of figure 13 represent constant-span spoilers 
with varying projections and the broken curves represent constant-
projection spoilers with varying outboard spans. The curves were 
faired between test points by utilizing values from the faired curves 
of figures ', 9, 10, and 11. The results show that, for the same LCD, 

the full-span spoiler maintained the highest rolling effectiveness of 
all configurations tested up to a Mach number of approximately 1.7 
where the inboard half-span spoiler became the most effective per unit 
drag. For a given drag increment the solid curves indicate that the 
inboard half-span spoiler produced almost twice the rolling effective-
ness of an outboard half-span spoiler at all Mach numbers. In the 
transonic region, the variation of rolling effectiveness with drag in 

figure 13 indicates that, for h >0.05, increases in spoiler height will 

probably result in relatively large drag increases but small rolling 
effectiveness increases. The data of figure 13 also indicate that a 
spoiler of low projection and large span would have less drag for the 
same rolling effectiveness than a short-span spoiler of large projection. 

CONCLUSIONS 

A free-flight investigation employing the rocket-model technique 
s made over the Mach number range from 0.6 to 1.6 to determine some
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effects of spoiler span, spanwise location and projection, and wing flexi-
bility on the rolling effectiveness and drag of plain spoilers located 
along the 0-percent-chord line. Spoilers with projections of 2-percent 
and 7-percent chord were tested. The wings were swept back 470 along 
the quarter chord, had an aspect ratio of 4.0, taper ratio of 0.6, and 
NACA 65A006 airfoil sections. From the results of these tests the 
following conclusions have been drawn: 

1. The full-span spoiler had the highest rolling effectiveness 
for a given projection of all configurations at all speeds tested. 

2. For the same projection in percent chord, the inboard half-
span spoiler had about twice the rolling effectiveness of the outboard 
half-span spoiler. Quarter-span spoilers at the wing tip had low effec-
tiveness at supersonic speeds and reversed effectiveness at subsonic 
speeds.

3. The variation of rolling effectiveness with spoiler projection 
was generally linear at supersonic speeds but nonlinear at subsonic and 
transonic speeds. 

!i. For a given drag increment, the full-span spoiler had the 
largest rolling effectiveness at all speeds below M 1.5; at this 
speed the inboard half-span spoiler had the largest rolling effec-
tiveness per unit drag. Increases in spoiler span gave more rolling 
effectiveness per unit drag than did increases in spoiler projection. 

5. A comparison of spoilers and ailerons at the same rolling 
effectiveness indicated that the spoiler had lower wing twisting 
moments but greater drag than the aileron; however, the drag differ-
ence between spoilers and ailerons became small at supersonic speeds 
for the inboard half-span control. 

Langley Aeronautical Laboratory, 
National Advisory Committee for Aeronautics, 

Langley Field, Va.
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Figure 2.- Geometric details of test vehicle. All dimensions are 
in inches. 
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.2	 .4	 .6	 .8	 1.0 

Figure 3.- Variation of wing torsional flexibility parameter with wing 
span. Couple applied near wing tip in a plane parallel to body axis 
and normal to wing-chord plane. 
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Figure 4, Variation of test Reynolds number and dynamic pressure with 
Mach number. Reynolds number based upon average wing chord of 0.72 foot.
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Figure 5.- Variation of total drag coefficient and rolling effectiveness 
with Mach number for various spoilers located at the 70-percent-chord 
line. 1w = 0. 
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Figure 7.- Rolling effectiveness as a function of outboard spoiler span 
at constant Mach number and for both projections tested. Type A wing 
structure.
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Figure 11.- Variation of incremental spoiler drag coefficient with spoiler 
projection at several test Mach numbers. Type A wing structure.
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Figure 13. - Variation of rolling effectiveness with incremental spoiler 
drag coefficient at constant Mach number. Type A wing structure.
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Figure 13.- Continued. 
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Figure 13.- Continued.
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