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SUMMARY

As a pert of a general investigation of control
boosters,. preliminary calculations were made to indicate
the sizes of control boosters necessary tc move the con-
trols of airplesnes of various sizes. The sanalysis was
based on the assumption that the controls were moved
with a repidity and amplitude equal to that measured with
a fighter airplasne in simulated combat. A corcllary
purpose consisted in determining the effect on reducing
booster=-power unit size of incorporating an energy
accumulator in the booster system.

The analysis indicates that up to 13 times as large
a power unit would be required for supplying sudden
bursts of power 1f no sccumulated energy were availeable
as compared to a power unit capable of sunplying the
average power used 1n contlnuous maneuvering in combil-
naticn with a relatively small energy accumulator.
Results of the calculations show that to operate 2ll the
controls of a small fighter-type airplene, a power source
of 0.057 horsepower in combinstion with an accumulator
capable of storing 51.4 foot-pounds of energy would be
sufficiently large if friction and booster cycle losses
arve nelgected. In this case, the accumulator would be
required to supply bursts of power in smounts up to
0.l:62 horsepower for extremely short periods of operation.
The power requirements and booster sizes increase rapidly
with sirplane size. Under the assumptions of the analysis,
a power source of 2.05 horsepower in combinatlion with an
accumuleter capable of storing 3350 foot-pounds of energy
would be required to operate all the controls of a bomber
weighing about 70,700 pounds. In this case, the peak-
power demand required from the accumulator would approxi-
mate 20 horsepower. Some of the problems involved in
predicting the booster requirements are discussed in
relstion to the assumptions that were made in the
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preliminsry evaluaticn. It is concluded that extensive
flight tests are required to determine the effects of
speed, size, and airplane functional type on the booster
requirements. -

INTRODUCTION

A general investigation of control boosters is bszing
conducted at the ILangley Laboratory of the NACA in an
effort te provide some of the informatlion needed for
their design. hie Investigation is divided into the
following four pheses:

(1) Study of flight tests and hinge-moment dsta to
determine the speed V1tn which the contrcls are usuelly
moved and the power required of a booster system to move
them with the desired repidity.

(2) 4nalysisz of bocster systems in use or in the
design stage.

(3) Wind-tunnel and ground tests of the more
promising bocoster systens.

u) Flight tests of airplanes equipped with booster

-

This paper is a contribution to the first phese of
the general investigation.

SYMBOLS
AR increment of energy required to drive controls
Hp hinge moment on control surface at beginning cof

incrementsl-control motion during which con=-
trol is moved at constant rate

Hg hinge moment on control surface at end of
incremental-control motion during which control
is moved at constant rate

Ad increment of ccntrol-surface deflection in control
motion during whicih control is moved at con=-
stant rate
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'5TRB control deflection from trim at begimning of

' incremental-control movement o
OTRm control dsflection from trim at end of incremental

control movement

8- . average control deflection from trim for
&t incremental-control movement

Gamq aileron deflection from trim

52 5 " 2

o) energy factor, degrees

5.2 ileron energy fact degrees?

2 ailero nergy factor, degrees
Ea/t nower fector, degreesz per sccond
t tnnv, saconds
F _ (dCrl\

(=

\WeleWi
N 6/T

dac

Qaga tctel rate of change of hinge-moment coefficient

: ' with control-surface dellection, pser degree
(includes effect oi rate of change of hinge-
morment coefficlent with cheange in angle of

attack)

_—_del B s N a s a

a5 rate of chenge of hinge-moment coefficient with
change 1in control-surface angle, per degree

dCy

s rate of chsange of hings-moment coefficient with
change in sngle of attacl, per degree

S control-surface area back of hinge center line,
squsare feet

c roct-mean-square chord of control surface back
of hinge center line, fest

e impect pressures, pounds per square footbt

sle} . .

Eag rate of change of elsvator alcle with change in

“t angle of attack at the norizontal tail

AB g, incremental change in totsl aileron sngle (sum of

upgoing and downgoing zileron movements)



I NACA RB No. L5F27
METHOD OF ANALYSIS AND GENERAL RESULTS

Three essentisl elements are used in a normel control-
booster system: (1) the power unit, which supplies energy
to the booster system; (2) the accumulator, which stores
up a certsin gquantity of energy that is instantly avall-
able on demand; and (3) the booster unit, wihnich takes
energy either from the power unit or accumulator and drives
the control surface. The function of the accumulator is
to teke care of short-period demands for great amounts
of power. The purpose of the eccumulator is to reduce
materially the necessary size of the power-input unit.

The present problem consists in finding the relation
between the slzes of the power unit and accumulator thst
will always setisfly the energy demands involved in moving
the controls of an sirglene having any glven physicel
dimensions. The results obtesinsed should be applicable

to any tyve of control-tooster system, whether hydrsuli-
cally, electrically, mechanicelly, or air driven.

An analysis was mede by selscting an actual vari-
ation of airplene contrcl motion with time snd assuming
thet this varistion is epplicgble to the general case for
purposes of computing control energy and power require-
ments., From g considerable guantity of records available
for a highly maneuvereble fighter airplane in simulated
combet, aporoximately 25 seconds of typically violent
maneuvering were selected. Figure 1 is a reproduction
of the selected time history of airplane and control
motion.

If it is sgssumed that hinge-moment variations with
control deflection are linesr and aerodynamic damping of
the controls 1is neglected, a plot may be constructed

from the data in figure 1 of the time variastion of some
quantity that is propertional to the energy used in
deflecting the controls. Under the preceding acsumptions,
the energy required to deflect the control surface thirough
a given angle mey be determined a2s The average of the
hinge moments acting on the surface st the beginning and
end of the motiocr multiplied by ths chenge in control-
surfece angle; that is,

o

=
2 by

_ Hp + Fp
2

AR

AD
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Since the hinge moment 1is proportional to the control-
~surface angle, the energy will be proportional to the
average of the control-surface angles at -the-beginning- . -
and end of the motion multiplied by the change in control-
surface angle, or

Srrp + OTRg
AR o A = GTRaV AS

2

Figure 2 gives the results obtained by summing up the
incremental~energy quantitles required to drive the
aileron control in the maneuver of figure 1. The energy
nas been expressed in terms of an energy factor 52,
which represents the summation of average control deflcc-
tion from trim times incremental control deflection over
which the rate of control motion was approximately
constants

t

52 =N 5
P
0

TRgy 20

The time history was broken into increments during which
the rate of control motion was approximately constent in
order to determine the veristion of the control power
input with time. The varistion during the maneuver of
control power input with time affects the balance between
power unit and accumulator sizes. Inasmuch as energy to
move the controls is required only when the control is
moved away from trim, the numerous flat spots 1in the curve
represent conditions where the controls were either fixed
or were returning toward trim. The energy factor plotted
in figure 2 may be converted into energy in units of foot-
pounds by use of the relation

X
573

Work = B2 Scaq, (1)

Values of K to be used in equation (1) are the
total hinge-moment-coefficient variation for the control
surface, which includes the variation of hinge-moment
coefficient with angle of attack. Thus, the response
chearacteristics of any particular airplane to which the
selected variation of control moticn is applied are
accounted for in the equation.
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Figure 2 and similar plots for the other two controls
were used directly to estsblish genersl relations between
the power input required and the accumulator capacity
necessary to supply every ensrgy demand of the controls.
Under the assumption that energy is supplied to the
accumulator at a given rete whenever its energy content
falls bslow its rated capacity, a simple trial and error
graphicsal solution was employed to determine the desired
relstion. This solution consisted in finding, for
various assumed energy capacities, the line with the
smellest slove (smellest power-innut rating) that would
provide en energy-avsilable curve which would just meet
the energy-required curve at the most critical time.

One such trial snd error solution for an accumulator
capecity factor of 200 degreesz is shown in figure 2.
Note thst the slope 62/t so determined is = direct
measure of a minimum vower~input factor which, In combi-
nation withh the assuned energy capacity, will satisfy
the energy demends of the control throughout thz entire
25~-second megneuver. Just as in the case of energy, the
power Ifactor msy be converted into power in foot-pounds
per second by use of equstion (1) with the power

fector B2/t in place of the energy factor J2.

o = o K = -
Power = %~ 7% Scqg (2)

Results showing the balasnce between power input and
accumuletor capacity reguired for performing 25-second
reriods of violent maneuvering at widely spaced intervals
are given in figure 3 for all three controls. Attention
is directed to the horizontal line labelled *"Indefinite
meneuvvers?” in this figurs. This line defirnes the average
rate gt which, by far, mcst ci the ensrgy reguired to
move the controls was used and is therefore repnresentetive
of the minimum power input required for indefinite maneu-
vering. A determination of this value for the alleron
control is given by the slope of the dsshed line in fige
ure 2. Higure 3 shows the isolated wmeximum power values
plotted for accumulator capscities of zerc. These points
were determined from {igure 2 snd other similar plots by
measuring the greatest rate of energy output required to
drive the controls at any time during the selected
maneuver.

The data of figure 3 indicate thsat up to 17 times
as lsarge a power unit would have to be provided if no
acecumulator were used as compared to the minimum power-
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unit rating required for indefinite maneuvering in
combination-with- a rolatlvely small . accumulator.  In
this connection, it is believed that a combination con-
sisting of an extremely small power unit and a very large
accumulator would not be considered since this combination
would be satisfactory only for limited-dursetion maneuvers
cecurring at widely separatsd times. Probably the best
all-asround combinatiocn would be one in which the power
unit is the smallest required for indefinite meneuvering
together with an accumulstor of moderate size.

APPLICATICN TC SPECIFIC AIRPLANES AND DISCUSSION

In order to gain some idea of the sizes of power
units snd accumulators necessary to supply 100 percent of
the energy required toc move the contrels of zirplanes of
verious sizes with a rapidity equel to thst attained with
the fighter =airplane used in the selected maneuver, the
data of figure 3 and equation (1) have been gpplied with
appropriste dimensions to four airplanes covering the
reunge of size of present interest. These calculations
yvere mede for the minimum-size booster combinations
required for continuous maneuvering. 3everal assumntions
apmly to the results, which are shown in table I, as
follows:

(1) All control surfaces are assumed to have no
asrodynamic be lnngo. This esswmetion lesds to appgoxi—
Ch
mate values of ST of =-0.010 per degree and of T

of «~0.003 per degree for surfaces of usuel dimensions.

(2) All airplasmes are assumed to have a degree of

€ = 1.0.
dag
This sssumption leads to a value of K for the elevator
of 04007 rver degree.

stick~fixed longitudinal stability such that

(3) All maneuvers are accomplished with zero sideslip
angle. This assumption results in a value of K for the
rudder of 0,010 per degree.

(L) The effect of chenge in angle of attack over the
ailerons on aileron hinge moments during rolling is neg-
lecteds This assumption results in a valuwe of K for the
allerons of 0.010 per degree.
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(5) The indicated airspeed is constant at 175 miles
per houre. This condition was very nesrly the case in
the selected maneuver of the fighter airplane.

(6) All transfers of energy in the control-booster
system are sccomplished at 100~percent efficiency for
purposes of this enalysis,.

Some of the foregoing assumptions are related
directly tec certain basic control-booster considerstions,
some of which are discussed in the following peragrsaphs.

In practice some asrodynamic balance would ovrobably
be used on control surfaces as a means of reducing the
size and weight of the booster. In these cases, the
booster reguiremesnts would bs expected to vary inversely
with the degree of serodynemic balance employed (as
expressed by the factor K in equation (1)); however,
the power required to overcome control-system lnertia
in order to obtein the desirsd quickness of response
will orobebly determine thie minimum size of booster that
can be used when the controls are closely balanced aero-
dynamicaily. HNo sccount was teken of control-systen
inertia in the 1llustrstive calculations, the results
of which ere given in tabls I.

Although the illustrative calculations for booster
size were made for only one speed, the booster power
regquired is undoubtedly dependent on the speed of flight.
Consider, for instsnce, the control-power requirements
for a fighter eirplane in a pnarticularly violent type
of evasive maheuver. Assume that a pilot rolls an air-
plene from 90° bank in one direction to 90° bank in the
other direction by use of full aileron control and suf-
ficient rudder deflection to maintsin zero sideslip ot
all times; assume g£lsoc thet the elevator control is used
to »roduce the pilots! limit load factor when the air-
plsne is banked 90° and lg normal acceleravicn at the
instant ths girnlsne passes through lsterslly level flight.
winally, assume the maneuver is repeated continuously
(without pause when the plane reaches 90° bank in either
direction). Under these conditions, the power necessary
to move the silerons should vary approximeately a2s the
cube of the indicated airsveszd, that necesssry to move
the rudder as the first power of the indicated airspeed,
and that necessary to move the elevator as the inverse
of ths indicsted airspced (at constant zltitude). This
analysis neglects, of courses, the possible adverse effects
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of comoreS°1b111ty on the control forces of airplanes
flown in the critical-speed region. Although the use of
a booster might considerably alTev1ate control problems
at extreme speeds, no attempt to anaiyze guantitatively
the feoulrements of a booster system in this regard seems
OOSQ1ble until more complete data on the aerodvnamlc
effects are available.

The effect of airplane size, as related to the rate
of response to control deflection, must also be con-
sidered in any accurste snalysis of booster requirements.
For purposes of the illustrative calculations, &all the
airplanes were assumed to be subjected to the sasme vari=-
ation in control motion with time. The chortcoming of
this assumption can be shown by & simple analysis. For
example, suppose a very lsrgs n1rolane, such as salir-
plsne D of table I, were to werform the evasion maneuver
suggested asbove, If the rolling effectiveness of the
ailsrons were the seame (in tsrms of wing-tip helix angle
produced by full zileron deflection) &s for the fighter
indicated in tabls I (sirplsne A), the frequency of control
motions for the large airnlsane would be reduced to sbout
one-tenth the frequency of the control motions for the
fighter becsuse the length of time to roll to 90° would
vary sphroximately as th° ratio of the wing spans. The
relative ccntrol power regquired would be reduced the same

amount due to the slower response of the lerger airplanc.
Obwiously, then, it 1s not logicvl o assume that control=-
power requirements for airplanes of all sizes and types
can be determined from any specific variation of control
motion with time, or for thsat matter, from any specific
tyne of spatial meneuvsr; for, wheveas fighter sirplanes
encountser most violent mansuve Plng conditions in combat,
very large airplanes may encounter mosgt violent maneuverlng
conditions while flying through gusty air.

The preceding considerstions sesrve to outline soms
of the major factors affscting booster regquirements that
could not be handled at the present time due to scarcity
of appropriate flight data. It appeears that extensive
flight tests of various types of airplanes must be carried
out if sn accurate predetsrmination of the control-booster
requiremsnts of eny projected design is to be made. 3Such
tests would best be conducted with structurally sound
airplanss equipped with OVCPlJ lerge control boosters in
order that the desired degree of maneuverabllity could
always bes achileved.
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From the foregoing discussion the results obtailned
from the i1llustrative calculstions for booster sizes
(see table I) aprarently cannot be regarded as sccurite
quantitative results. For the larger eirplanes, particu=
larly airplanes C and D, the estimates are liable to be
in considerable error.

CONCLUDING REWNARXS

An analysis of hooster requirements presented has
served to provide rough estimastes of the sizes of boosters
necessary for the continucus rapid maneuvering of air-
planes of various =sizes. RBecause g specific varistion
of control motion with time, taken from data obtsinsd
with a fighter airvlsne in mock combst, was epplied to
airplanes of different sizes and functional types, the
results obtained sre to be regarded as only rough indi-
cations of the power reqguirements. A further limitsaticn
of the calculations is that the variation in required
control=boocter power with speed of Tlight could not be
taken into sccount although a theorsticsl analysis indi-
cates speed of flight is one of the primsry determinants
of the required control-booster sizs. For a more accurate
determinetion of control-booster regquirements 1t eappears
that extensive flight tests must be masds for airplanes
of different sizes and functional typ»es in crder to
determine the maneuvsring conditions that ere most
ecritical with regard to the pcwer required to opnerate
controls,

Langley Memorial Aeronautical Laboratory
Netional Advisory Committee for Aerconautics
Lengley Field, Va.




TABLE I

APPROXIMATE SPECIFICATIONS OF BOOSTER SYSTEMS REQUIRED FOR THE CONTINUOUS RAPID MANEUVERING

OF AIRPLANES OF VARIOUS SIZES HAVING AERODYNAMICALLY UNBALANCED CONTROLS

ASSUMIKG 100-PERCENT BOOSTER EFFICIENCY

Allerons Rudder Elevator All controls:
Peak Peak Peak ';Peak
power power power power
Power- Accumu=- Powere Accumu- Power= Accumue- Power- Accumu-

1 Wing| ¥ing Ngg:::l unit lator r§°g‘§!’fgd unit | lator rgeﬁggd unit lator demgnd 4| it lator rdeﬁ‘imgd
Alr- span ?rea gelght rating |capacity grom rating | capacity] grom rating | capacity "g“ e8| pating {capacity °.g o;
plend (e ;g) (1b) |eguired| required| o oo _[required required . UV |required required| z::u- required| required| . TOF

hp) (fe=1p)| o hp) (fe-1b) “ 0 (hp) (ft-1b) gam‘ hp) (££-10)] Joiom
(hp) (hp) (hp) (hp)
A 3 | 213 7,850f 0.017 16.8 0.103 0.03 L46.7 0.152 0,016 27.8 0.207 0.057 51.4 0.462

B 65 | 602{28,500| 0.081 78.5 0.491 0.111 215.0 0.702 0.102 179.2 1.320 0.295 h72.7 2.51%

¢ | 149 | 2,780|70,700| 045 430 2.72 0.60 1,152 3.80 1.01 1,768 12,07 2.05 2,350 19,59

D | 320 [1L,500(300,000] 3.39 2,280 20455 7.55 14,580 L7.8 9.31 16,220 | 120.5 20.25 24,180 | 188.8
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