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RESEARCH MEMORANDUM

RECENT CONTROL STUDIES

By John G. Lowry

SUMMARY

A brief review of the present status of control research is pre-
sented and a few of the more recent control studies are discussed. The
results indicate that, in addition to flaps and spoilers, air can now
be used in the form of Jjet controls or reaction controls as alternate
means of controlling the aircraft.

INTRODUCTION

It 1s the purpose of thls paper to give a brief review of the
overall picture regarding control characteristics and then to discuss
in some detall a few of the more recent control studies.

Figure 1 shows the types of controls that are considered and the
order in which they are discussed. At the top of the figure are the
familiar flap and spoiler types. At the bottom of the figure are the
Jjet control and the so-called reaction control. The Jet control obtains
most of its effectiveness, as does the spoiler, by changing the circu-
lation around the wing, but in addition it mey be supplemented by the"
reaction of the Jjets blowing out of the wing. In contrast the reaction
control obtains all of its effectiveness by deflecting the jet exhaust
stream. It should be noted that although the flap, spoiler, and jet
controls are pictured here as lateral controls and the reaction control
as a longitudinal control, all of the controls can be designed as either
lateral, longitudinel, or directional control devices. In order to
complete the picture and include the various controls not mentioned here,
a bibliography of control work done by the Natlonal Advisory Committee
for Aeronautics since 1946 is included.

COEFFICIENTS AND SYMBOLS

A aspect ratio

Ay cross-sectional area of inlet, sq ft
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Aj cross-sectional area of Jets, sq £t
b wing span, £t
Real paxrt of
Ch8 in-phase hinge~-moment parameter, D Y5
> 2M'q
Imeginary pert of
Ch$ out-of -phase hinge-moment paremeter, g P Y5
e 2M'g
Cy ~ rolling-moment coefficient, Rollingmoment
Cry normal-force coefficient, Yo sésforce
W
- momentum coefflcient, -—%
G 7 gas
c wing chord, £t
¢ control balance chord shead of hinge line, ft
Ce control chord behind hinge line, £t
g acceleration due to gravity, ft/sec2
a)(Cf + cb)
k, control-surface reduced frequency, —
M free-stream Mach number
M! area moment of control area rearward of hinge line, taken
about hinge line, f“l:3 :
Mg aerodynaemic hinge moment of control per unit deflection,
- positive trailing edge down, ft-lb/radian
pb/2v wing-tip helix angle, radians
P : rate of roll, radians/sec

q free-stream dynamic pressure, lb/sq £t
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) S wing aree including area within fuselage, sq £t
a SE exposed wing asrea, sq ft

v free-stream velocity, f£t/sec.

V3 Jet velocity, ft/sec

W welght rate of flow, lb/sec

a angle of attack, deg

3} control deflection, deg

Ac/h sweepback of quarter-chord line, deg

w anguler frequency of oscilletion, radians/sec

DISCUSSION
General

The characteristics of flap~type controls can be estimated in the
subsonic speed range by a combination of theoretical and empirical
methods. In the transonlc speed range empirical correlations and/or
specific tests must be relled on almost entirely. At supersonic speeds
avallable theoreticel and empirical methods may again be used to predict
the characteristics. All of these methods have limitations as to the
renge of appllcability - for exemple, figure 2 shows the range of angle
of attack o and control deflection & 1in which the methods apply for
flap-type controls at supersonic speeds. Boundaries shown for constant
free-stream Mach number represent the values of o and ©® below which
the available methods willl accurately predict the control characteristics.
At a Mach number of 3 the range of both « and 8 1s rather large, but
this range decreases as the Mach number is decreased until at M = 1.25
the positive range of o and & has practically disappeared. The scope
of this chart 1s actually expanded by the fact that for symmetrical alr-
foils the negative angle-of-attack range shown can also be considered
as positive angle of attack for negative flap deflections.

The situatlion is much the same for spoller-type controls as far flap-
type controls except that empirical methods must be used throughout the
speed range since separated flow 1s always associated with spoilers.

So 1ittle is known about the Jet controls and reaction controls at this
time that specific tests are generally required when a new configuration
is considered.
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- Flap-Type Controls

Some recent dynamic hinge-moment results obtained at transonic
speeds on an unswept wing will be discussed next. Figure 3 shows the
variation of the In-phase component of the hinge moment Ch’(‘) o with

2

Mach number M <for two controls on an unswept wing at zero engle of
attack. The values of Ch8 o are .given for a control having a small
2

Ch
overhang (c— = 0.2) and a large overhang (zi = 1.0) at a reduced
f £
frequency kg, of about 0.10. It can be seen that the variation of the
c

in-phase component of the hinge moment with both M and -5% is about

the same as the variation of the static hinge-moment coefficient. That
is, the small overhang is underbalanced throughout the Mach number range,
whereas the 100-percent overhang is overbalanced in the Mach number
range covered.

Figure 4 presents the damping coefficient or out-of-phase component
of hinge moment Ché o plotted egainst flap deflection for the same
J

controls as shown in figure 3. The parameter Ch6 o varies with flap
)

deflection at all the Mach numbers shown. Another very significant

thing is the pronounced change in damping with overhang. At the lowest
subsonic speed (M = 0.7) the 100-percent overhang reduces the damping

at all values of © and, in fact, becomes unstable at large flap
deflections. This instability is believed to be assoclated with the
unporting of the balance and the accompanying large changes in flap char-
acteristics. At the higher subsonic Mach number and near the speed of
sound a lerge increase in damping resulits from the overhang except for
very small deflections at M = 1.01. This Instability may be assoclated
with the effect of the unsteady shock wave on the f£lap.

Spoiler-Type Controls

Among the advantages cited for the spoiller-type control are good
effectiveness throughout the speed range end low wing torsional loads.
Figure 5 presents the results of some recent flight tests made by North
American Aviation, Inc., with an experimental swept-wing airplane. The
variation of rolling effectiveness pb/2V with Mach number M 1is pres-
ented for the airplane equipped with flap-type ailerons and with spoiler-
type ailerons (in this case, spoiler-slot-deflectors). Above a Mach
number of 0.8 the spoiler-slot-deflector gives a large increase in
rolling effectiveness, which demonstrates the advantage of low wing
twist associated with spoller-type controls.

T
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Jet Controls

Another type of control that has characteristics very similar to
those of the spoiler type of control 1s the Jet control, which can use
either free-stream air or compressed air to obtain control. Figure 6
shows some results for a model of the D-558-IT airplane equipped with
both flap-type and Jet allerons that were obtained in the Langley high-
speed T- by 10-foot tunnel. The variation of rolling-moment coeffi-
cient C; with angle of attack 1s shown for both the conventional

allerons and the jet controls at a Mach number of 0.90. The Jet control
in this case picks up free-stream air in the wing tip inlet, directs it
through a duct in the wing, and ejects it normal to the wing trailing
edge through a series of holes in the thickened trailling edge. The
values of C; are for the condition in which air is blowing up out of

one wing and down out of the other. The jet control at this Mach number
was about as effective as the regular allerons deflected their full
amount, +15°.

The results of some preliminary studles with compressed ailr are
" shown in figure 7. In this case compressed air was ejected through
the holes located on the 65-percent-~chord line. On the left-hand side
the rolling-moment coefficient C; 1s plotted as a function of the

- momentun coefficient Cu for the 550 swept wing at an angle of attack

of 4° and a Mach number of 0.9. The rolling-moment coefficient varies
linearly with momentum coefficient, and a comparison with the computed
Jet reaction (dashéd line) reveals that most of the control power is
obtained from changes In the circulation around the wing. On the right-
hand side of figure 7, the rolling effectiveness pb/EV is plotted as

a function of the weight rate of flow W for an airplane with this plan
form and a wing area of 335 square feet, flying at a Mach number of 0.9
and at an altitude of 10,000 feet. These values are based on the alr
being teken from the tell pipe, and thus on a Jet velocity of about
2,000 feet per second. Too little is known about these controls to say
how much the amount of air required might be reduced by conflguration
changes, but a reduction of about 25 percent could be expected if -the
Jets were moved to the trailing edge, the location used in the D-558-IT
studies of figure 6. If the air for this type of control is taken from
the tail pipe, the parameter Cu is essentially the loss in thrust

coefficlent of the airplane; another way of looking at it is that the
value of Cy 1is the’approximate Increase in drag coefficient assoclated
with control deflection.

Three different types of Jet controls using free-stream air have
been studied by the Langley Pllotless Aircraft Research Division by
means of rocket models at high subsonic and low supersonic speeds.
Figure 8 compares the rolling performance pb/2V over the Mach number
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range for the three Jjet controls on an 80° delta-wing configuration.
The top configuration picks up alr at the wing tip and ejects it normal
to the wing surface through holes along the wing trailing edge; and the
next one also plcks up the air at the tip, but ejects it along the wing
surface toward the wing root. These two types have about the same
effectiveness at supersonic speeds. The other configuration is the
least effective of the three; it plcks up the alr at the wing root and
ejects it along the wing surface toward the wing tip. One current
missile requires a value of pb/2V of about 0.02 for roll stabilization
throughout the speed range. Thus, any of these configurations would be
satisfactory roll-stabilization devices and, due to thelr nature, could
have low operating forces.

Reactlon Controls

Any aircraft can have regions of flight (at very low speeds or at
very high altitudes) in which the dynamic pressure is so low that con-
ventional control surfaces would have to be very large to provide ade-
quate control. In these regions reaction controls can be used, Fig-
ure 9 shows four different reaction controls that have been studied
by the NACA. At the top of the figure are two configurations studied
at the Lewis Flight Propulsion Iaboratory at a Mach mumber of about 1.6.
Hot alr was used as the Jet exhaust, and the configurations are typical
of those that might be used on Jet engines. The one on the left obtains
its control by deflecting the nozzle to turn the Jjet exhaust, and the
one on the right turns the jet exhaust by deflecting a vane that extends
across the Jet. At the bottom of the figure are two configurations
tested statically with rocket motors by the Langley Pllotless Aircraft
Research Division. They represent devices thet might be used iIn a
supersonic Jet exhaust. The one on the left turns the Jjet by deflecting
a paddle into one slde of the Jet, and the one on the right turns the
Jet by deflecting a spoiler into the Jet stream. These configurations
are only four of the muny that have been studied by the NACA and other
organizations. They are shown here only to give some idea of the thrust
loss that may be assoclated with this type of control.

Figure 10 shows the thrust loss associated with the lateral force
for the four controls of figure 9. In order to generalize the data,
both the thrust loss and the lateral force were divided by the basic
thrust. Of these configurations, the swiveled nozzle gives the most
lateral force for the least thrust. In fact, it is equal to 1 minus the
cosine of the deflection angle, the minimum possible loss. All the
other devices show more thrust loss for a given lateral force, and the
immersed vane has the undesirable feature of causing about a 2 percent
loss when in the neutral position. Neither the spoiler nor the paddle
appears to be able to furnish the lateral force that can be obtained
with either the swiveled nozzle or the immersed vane.

SathEeme IS
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When controls of this type are used on rocket-powered missiles, it
is often desirable to maintain control after rocket burnout. One scheme
for doing this without adding snother control is shown in figure 11,
where the trim normal-force coefficient CNTRIM is shown as a function

of Mach number for a cruciform delta-wing missile tested by the Langley
Pilotless Alircraft Research Division. For control, a paddle-type reactlion
control was used, but instead of deflecting Jjust one paddle as in fig-

ure 9, both the upper and lower paddles were deflected together. The
upper vane deflects the jet in the power-on conditlon and the bottom vane
acts as a body flap in the power-off condition. Although the power-off
control was not as powerful as the power-on control, trim normal-force
coefficients of 1/2 to 2/3 the power-on values could be obtained with
power off with this control.

CONCLUDING REMARKS

The results indicate that, in addition to flaps and spoilers, air
can now be used in the form of Jet controls or reaction controls as
alternate means of controlling the aircraft.

Lengley Aerocnautical Laboratory,
National Advisory Committée for Aeronsutics,
Langley Field, Va., November 2, 1955.




Security Classificatiomr-of-This Report-HasBeen Cancelled T

"10.

11,

diag
i, NACA RM L55L2za
BIBLIOGRAPHY

Brewer, Jack D.: Description and Bibliography of NACA Research on
Wing Controls. Jenusry 1946 - Februsry 1955. NACA RM ShKok, 1955.

Bond, Aleck C.: Experimental Investigation of a Flat-Plate Paddle
Jet Vane Operating on a Rocket Jet. NACA RM L50I20, 1950.

Blackaby, James R.: An Investigaﬁion of the Effects of Jet-Outlet
Cut-0ff Angle on Thrust Direction and Body Pitching Moment.
NACA TN 2579, 1951. Lt

. -

Strass, H. Kurt, and Marley, Edward T.: Recent Experilences With
Flutter Failure of Sweptback, Tapered Wings Having Outboard, Partial-
Span Spoiler Controls. NACA RM 153H26, 1953.

Clevenson, Sherman A., and Tomassoni, John E.: Experimental
Investigation of the Oscillating Forces and Moments on a Two-
Dimensional Wing Equipped With an Osclllating Circular-Arc
Spoiler. NACA RM I53K18, 1954.

Englert, Gerald W., and ILeissler, L. Abbott.: Preliminary Wind-
Tunnel Investigation of Two Types of Jet-Exit Configurations for
Control of Aircraft. NACA RM ESWE27, 195k,

Iord, Douglas R., and Driver, Cornelius: Investigation of the Effect
of Balancing Tebs on the Hinge-Moment Characteristics of a Tralling-
Edge Flap-Type Control on a Trapezoidal Wing at a Mach Number of 1. 61.
NACA RM ISWF22, 1954. -

McKay, John B.: Rolling Performance of the Republic YF-84F Airplane
As Measured in Flight, NACA RM H54G20a, 1955.

Franks, Ralph W.: The Application of a Simplified Lifting-Surface
Theory to the Prediction of the Rolling Effectiveness of Plain
Spoiler Ailerons at Subsonic Speeds. NACA RM ASWH26a, 195%.

Monfort, James C., and Wyss, John A.: Effects of Rigid Spoilers on
the Two—Dimensional Flutter Derivatives of Airfodils Oscj_'l.lat:l_ng
in Pitch at High Subsonic Speeds. NACA RM AS4T22, 1954.

English, Roland D.: Free-Flight Investigation, Including Some Effects
of Wing Aeroelasticity, of the Rolling Effectiveness of an All-
Movable Horizontal Tail With Differential Incidence at Mach Numbers
From 0.6 to 1.5. NACA RM I54K30, 1954k.




Security Classification of This Report Has Been Cancelled

C

12.

1k,

15.

16.

17.

18.

19.

20.

21.

FACA R L55L.22a Sl adiiEia, 9

Mellenthin, Jack A.: The Effect of a 4-Percent-High Spoiler on
Buffeting Forces on an NACA 65 (06)A00)+ Two-Dimensional Airfoil

at Subsonic Mach Numbers.. NACA RM ASLI22, 1955.

Fischetti, Thomas L., and Ioving, Donald L.: Effects of an All-
Movable Wing-Tip Control on the Longitudinal Stabllity of =a
600 Sweptback~Wing-—~TIndented-Body Configuration Equipped With
Fences at Transonic Speeds. NACA RM ISHI30, 1955.

Martina, Albert P.: Method for Calculating the Rolling snd Yawing
Maments Due to Rolling for Unswept Wings With or Without Flaps
or Ailerons by Use of Nonlinear Section Lift Data. NACA Rep. 1167,
1954. (Supersedes NACA TN 2937, 1953.) '

NACA High-Speed Flight Station: Flight Experience With Two High-
Speed Airplanes Having Violent Iateral-Longitudinal Coupling in
Alleron Rolls. NACA RM H55AJ_3 1955. :

Ulmenn, Edward F., and Smith, Fred M.: Aerodynemic Characteristics
of a 60° Delta Wing Having a Half-Delta Tip Control at é Mach
Number of 4.Ok. NACA RM L55A19, 1955.

Morris, Odell A., and Westrick, Gertrude C.: Effects of a Detached
Tab on the Hinge-Moment and Effectiveness Characteristics of an
Unswept Trailing-Edge Control on a 60° Delta Wing at Mach Numbers
From 0.75 to 1.96. NACA RM 155B15, 1955.

Lovell, Powell M., Jr.: Flight Tests of a Delta-Wing Vertically
Rising Airplane Model Powered by a Ducted Fan. NACA RM I55Bl7,
1955.

Thompson, Robert F., and Taylor, Robert T.:; Effect of a Wing Ieading-
Edge Flap and Chord-Extension on the High Subsonic Control Charac-—
teristics of an Aileron Iocated at Two Spanwise Positions. NACA
RM I55Bl8a, 1955.

Dunning, Robert W., and Ulmann, Edward F.: Exploratory Investigation
at Mach Number 4.06 of an Airplane Configuration Having a Wing
of Trapezoidal Plan Form - Longitudinal and Lateral Control Char-
acteristics., NACA RM 155B28, 1955.

Fetterman, David E., Jr., Penland, Jim A., and Ridyard, Herbert W.:
Static Longitudinal and Iateral Stability and Control Deta From
an Exploratory Investigation at a Mach Number of 6.86 of an Air-
plane Configuration Having s Wing of Trapezoidal Plan Form. NACA
RM I55C0k, 1955 .




Security -Classification-of This Report Has Been-Lancelled

10

25.

ok,

25.

6.

27,

28.

29.

30.

31.

32.

33.

NACA RM L55L22a

Valerino, Alfred 3.: Static Investigation of Several Jet Deflectors
for Iongitudinal Control of an Aircraft. NACA RM E55DO%, 1955.

James, Harry A., and Hunton, Iynn W.: Estimation of Incremental
Pitching Moments Due to Trailing-Edge Flaps on Swept and Triangular
Wings. NACA RM A55D07, 1955.

Kaattari, George E., Hill, Williem A., Jr., and Nielsen, Jack N.:
Controls for Supersonic Missiles. NACA RM A55D12, 1955.

Henderson, Arthur, Jr., and Goodwin, Julia M.: The Zero-Lift Wave
Drag of a Particular Family of Unswept, Tapered Wings With ILinearly
Varying Thickness Ratio. NACA TN 3418, 1955.

Czarnecki, K. R., and Iord, Douglas R.: Simplified Procedures for
Estimating Flap-Control Ioads at Supersonic Speeds. NACA
RM 155E12, 1955.

Day, Richard E., and Fischel, Jack: Stability and Control Charac-
teristics Obtained During Demonstration of the Douglas X-3 Research
Airplane. NACA RM H55E16, 1955.

Hammond, Alexander D.: Loads on Wings Due to Spoilers at Subsonic
and Transonic Speeds. NACA RM I55EiT7a, 1955.

Mertin, Dennis J., Thompson, Robert ¥., and Martz, C. William:
Exploratory Imvestigation of the Moments on Oscillating Control
Surfaces at Transonic Speeds. NACA RM I55E31b, 1955.

Moseley, William C., Jr.: Investigation at Transonic Speeds of the
Hinge-Moment Characteristics of a 1/8-Scale Model of the
X-IE Aileron. NACA RM I55F06a, 1955.

Stress, H. Kurt, Stephens, Emily W., Fields, Edison M., and
Schult, Bugene D.: Collection and Summery of Flap-Type-Aileron
Rolling-Effectiveness Data at Zero Lift As Determined by Rocket-
Powered Model Tests at Mach Numbers Between 0.6 and 1.6. NACA

RM I55F1h, 1955.

Penland, Jim A., Fetterman, David E., Jr., and Ridyard, Herbert W.:
Static Longitudinal and Lateral Stability and Control Character-
istics of an Airplane Configuration Having a Wing of Trapezoidal
Plan Form With Various Tail Airfoll Sections and Tall Arrangements
at & Mach Number of 6.86. NACA RM I55F17, 1955.

Schult, Eugene D.: A Free-Flight Investigation at High Subsonic and
Iow Supersonic Speeds of the Rolling Effectiveness and Drag of
Three Spoiler Controls Having Potentially Iow Actuating-Force
Requirements. NACA RM I55Gllia, 1955.

L A 4




Security Classification of This Report Has Been Cancelled

NACA RM L55L22a 11

34, Turner, Thomas R., and Vogler, Raymond D.: Wind-Tunnel Investigation
at Transonic Speeds of a Jet Control on an 80° Delta-Wing Missile.
NACA RM I55H22, 1955.

55. Hedgepeth, John M., Waner, Paul G., Jr., and Kell, Robert J.: A
Simplified Method for Calculating Aeroelastic Effects on the Roll
of Alrcraft. NACA TN 3370, 1955.

36. Cahill, Jones F., Underwood, William J., Nuber, Robert J., and
Cheesman, Gail A.: Aerodynamic Forces and Ioadings on Symmetrical
Circular-Arc Ailrfoils With Plain lLeading-Edge and Plain Trailing-
Edge Flaps. NACA Rep. 1146, 1953. (Supersedes NACA RM I6K22 by
Underwood and Nuber, NACA RM LTHOL by Underwood and Nuber, NACA
RM I50H1Ta by Nuber and Cshill, and NACA RM L9G20 by Nuber and
Cheesman. )

37. Lord, Douglas R., and Czarnecki, K. R.: Ioads Associated With
Spoilers at Supersonic Speeds. NACA RM 1I55El2s, 1955.

38. Runckel, Jack F., and Gray, W. H.: An Investigetion of Loads on
Ailerons at Transonic Speeds. NACA RM I55El3, 1955.

59. Critzos, Chris C.: Lateral-Control Investigaetion at Transonic
Speeds of Differentially Deflected Horizontal-Tail Surfaces for -
a Configuration Having a 6-Percent-Thick 45° Sweptback Wing.
NACA ‘RM I55I26, 1955.

40. Canning, Thomas N., and DeRose, Charles E.: Drag and Rolling-Moment
Effectiveness of Trailing-~-Edge Spoilers at Mach Numbers 2.2 and
5.0. NACA RM A55F15, 1955.




Security Classificatiomn of~-This-Report Has Beerr Cancelled-

12 & dbbesmntag, NACA RM L55L22s

TYPE OF CONTROL

s
Kl

FLAP B SPOILER

REACGTION

Figure 1

SUPERSONIC CONTROL PREDICTION LIMITS FOR FLAP-TYPE CONTROL

16

8,DEG 8




Security Classification of This Report Has Been Cancelled

NACA RM L55L22a 13

ST]FFNESS COEFFICIENT -
a=0°; kg=0.l0 ’

4r
B ~. C o
- SN\ 739=L00
P AN f “
2k - \
-
G - N
hg,w 1|
0 I
Cb -EESL—l
NO?_O
-1 f
-2—
L | [ 1 |
6 7 8 9 10 1l
M
Figure 3
DAMPING COEFFICIENT
a“0°; koﬁO.lO
M=0.70 M=0.94 M=1.0l
-2 ~ -
~ / ™~
I 2oz | S0 | )
[Thhe
| !
h§,w /"\\ | STABLE
° c T 1 I
b
=1.00 UNSTABLE
4ar Ct —\/ | T~
gL L L
t 1 ] L 1 ] L 1 ]
0 5 10 0 5 10° 0O 5 10
3 3 3
Figure L




Security Classification of. This Report Has Been Cancelled

1h m : NACA RM I55L22a
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