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APPRECIATION

SUMMARY

AND PREDICTION OF FLYING QUALITIES

By WILLIAMH. PHILLIPS

material g“wn in this report wmmarize~ some of the

oj recent research that will aid the designm of an

airplane in 8electing or m odijjphg a con~guration to prwide

8atiefactory dability and control churacteri.shh. l%e reguire-

ment8 of the National i$dvi80ry Committee for Aeronautics for

satisfactory $ying qualitie8, u’hich speci~y the important sta-

bility and control characteri#ic8 of an airplane from the pilot’s

~tandpoint, are used a~ the main topics of the report. A dis-

cu8a”on is @“ren of the reasons for the rquir~ments, of the

factors inrolred in obtaining ~ti”sfizcto~ jlying qualitie8, and

of the methods used in predicting the .#ability and control

characteristics of an airplane. Tli8 rnatertizl ie ba~ed on

lecture note8 for a training cour8e for research workers engaged

in airplane stability and control inre8tigatiom.

INTRODUCTION

In recent years, extensive @t, wind-tunnel, and theo-
retical investigations of the stability and control character-
istics of airplanes have M to an improved understandi~~ of
this subject and to better correlation between the results of

P
th e three research methods. The present report summa-
rizes the more import ant aspects of this field of research and
pr~ts information that will aid the designers of an air-
pl ne in selecting or modifying a con&uration to provide

!
sa isf actory stability and control characteristics. The
m teriaI given in this report is based on lecture notes for a

F
co e, fit given in 1942, that was intended to train rc-
sea rch workers engaged in airphme stability and control
inv estimations.

[?he flying qualities of an airplane are detied as the
sta ~ility and control characteristics that have an important
bea ring on the safety of flight and on the pilots’ impressions
of -he ease of flying an airplane in steady flight and in
ma ~euvers. li’ost of the avaiIable knowledge of flying

ies has been obtained from flight tests made by the
since 1939 on approximately 60 airplanes of aU types.

tests, recording instruments were used to obtain
qua ntit ative measurements of control movements, control
fore es, and airplane motions whale the pflots performed cer-
t tin specitied maneuvem The results of many of these
test s have been pubhshed as ATACA Wartime Reports.

ence 1 is a typical example of this type of report.
the fund of information accumulated in these tests,

it. h w been possible to prepare a set of requirements for
satis factory handling qualities in terms of quantities that
may be measured in flight. or predicted from wind-tunnel
tesLGand theoretical analyses. When an airplane meets these
requ remenk, the airplane is fairly certain to be safe to fly
and to have desirable qualities from the pflot’s standpoint.

Different sets of specifications for satisfactory handiing
characteristics have been prepared by various agencies as a
result of the work done by the ITACA. The requirements
for satisfactory flying qualities stated in this report do not
form a complete set and are not. taken directly from any
of the previously published specifications, but they include
the more important. requirements that should, in general, be
met by all types of airplanes. For more complete flying-
qualities specifications, references 2, 3, and 4 should be
consulted.

The origiial lectures on wind-tunnel procedure and
control-surface hinge-moment characteristics wereprepared
by Mr. I. G. Recant and Mr. T. A. Toll, respectively, and the
corresponding sections of the present report were based
upon the material prepared by these two membe~ of the
Langley Aeronautical Laboratory staff.

A Iist of symbols is included as an appendix.

LONGITUDINAL STABILITY AND CONTROL
CHARACTERISTICS IN STRAIGHT FLIGHT

STABILITY CHARACTERISTICS IN STRAIGHT FLIGHT

EEQUIRZMENTSANDDEPIN1TIOIW

~ airplane is required to be staticrdIy longitudinally
stable with stick fi~ed or free in &ht conditions in vrhich
it is likely to be flown for long periods of time, and in the
landing-approach and landing conditions. The meaning
of this requirement is explained in the following sections.
First, the concept of trim and the concepts of static and
dynamic stability are considered.

& airplane is trimmed longitudinally in steady fligh~ with
stick fixed when it is in equilibrium, that is, when the re-
sultant force on the airplane is zero and the pit ding moment
is zero. An airplane is trimmed in steady flight with stick
free when, in addition to the above conditions, the stick
force is zero. The methods of obtaining trim are to adjust
the pitching moment to zero by means of the elevato~
and to adjust the stick force to zero by either a trim tab, art
adjustable st abiIizer, an au.diary airfoil near the tail, or an
adjustable spring in the control system. Of these devices,
the trim tab is by far the most common.

In order to determine whether an airplane is stable, it
first must be trimmed. StabiLity is related to the behatior
of an airplane after it is disturbed slightly from the trimmed
condition. Stability is referred to as stick-fixed or stick-
free stability, depending upon whe~er the contrcd is held
fixed in its trim position after the disturbance or is left free.
The behavior of an airplane after such a disturbance may
consist of a divergence, a convergence, or an increasing or
decreasing oscillation. The definition of static longitudinal

123
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stability is expressed in terms of this behavior as follows:
en airplane is statically longitudinally stable if, when dis-
turbed slightly from a trimmed condition (by changing
angle of attack or speed), it will initiaI1y tend to return to
its trimmed condition. An airplane is statically unstable
if, when it is disturbed slightly from the trimmed condition,
it performs a divergence. The dynamic lougitudinal sta-
bility may be defined as foIlows: an airplane is dynamically
longitudinally stable if, after a disturbance, it performs a
decreasing oscillation. ALI airplane is d-ynamicaI1y unstable
if, after a disturbance, it performs an oscillation of increasing
amplitude.

METHODSOFOBTAINING STATIC LONGITUDINAL STABILITY

An airplane will be staticdy longitudinally st able if, when
the angle of attack is increased, the pitch& moment acting
on the airplane becomes negative, tending to return the
airplane to its original angle of attack (dCJda negative).
If this condition is fulfilled, the airplane wiU also tend to
return to its trim speed if the speed is changed. For m-
ample, if the speed is greater than the trim speed, corre-
sponding to a lower angle of attack than that required for
trim, the airplane \fl tend to pitch up ta the trim angle of
attack. & a result, it will go into a climb and tl]e speed will
decrease and tend to approach the tr@ speed.

An approximate theory of static longitudinal stabiIity is
given in order to show the eflects of primary design features
on the stability. In ~he following analysis, it is assumed
t.l~at drag forces and propeller cffe.cts may be neglected. The
tl.teory derived under these assumptions applies approxi-
mately to the condition of gliding flight at. low angles of
attack, The theory given herein is not sufficiently complete
for design purposes because the metl~ods for determining the
effects of the fuselage and idling propellers are. not discussed.
Tl]e methods presented in references 5 and 6 maybe used to
calculate the longitmdinal stability of an airplane in the
gliding condition for design purposm.

Any combination of aerodynamic bodies that have liuear
variations of lift ancl pitching moment with angle of attack
(such as a wing and fuselage) may be shown to have an
aerodynamic. center. The aerodynamic center is defined as
the point about which t.hc pitching moment remains constant
if the angle of attack is variecI at a given airspeed. This
constant moment is indicated by the symbol MO.

The moments and -rerticaI forces acting on the airplane
are indicated in figure 1. The pitching moment about the
center of gravity is

M= Lx’+ Mo–Ld (1)
By definition

L= C.qI!3

M= Cmqsc

Making these substitutions gives .

<c.
()

hf=a ‘~ @c’+cmo@-cu, ~; ;lrsd c?~

but

The following equation may therefore bo derived:

This equation may be used to det.ermine the tail incidrnm _
required for trim (C~=O) at, a given angle of attack for tlIe
simplified airplane under considwation. The dqg-rcc 6f
static longitudinal staMity may now bc obtuincd from th.c
preceding exprcssiou by differentiating with respect. tu a.

The value of dCJda is:

From equation (4] a value may b found for x’, the distance
from t~e aerod~amic cenkr to the center of gravity, such

that ~=0.

The concept of neutral point may now bc introduced
because the neutral ~~int is defined as the erntcr-of.~ravit y

locatiori at which a*= O when the airplatw is trimmed

(C~=O). When the center of gravity is ahead: of lc
!neutral point, dCJdcz is negative and the airplanc is SL t-

ically stable. When the center of gravity is Mimi the
neutral point, the. value of dCJda is posit i}-cand the airpl ‘nc
is statically unstable.

I
The preceding equations for clctcrmining [h’ neutral po IIt

witi stick fixed can also lx used to de tcmnine the mw d

I

point with stick free by using a valuo for thu slope of the ift
curve of the tail corresponding to that obtained with hr
elevator free. IL the elevator tends Loflont with (hi relit vc
wind (that is, to float up when the W@ of attark is incrcn cd
posit.ively), the lift effcctivwms of the tail will bc rcdu cd

1
L

/

c’ z s

+Zv’d~-cc+

WT
- Xo—>

FIantEI.—l.formrmandmrtkd hrccsactlssgon anelrj)lo~c[nslrodglllKIJi.
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and the stick-free neutral point will be farther forward than
the stick-flmd neutral point. If the elevator tends to float
&.gainst the reletive wind (that is, to float down when the
angle of attack is increased positively as it may with certain
types of aerodynamic balance), the lift effectiveness of the

iI will be increased and the stick-free neutral point will be

$ ehind the stick-fixed neutral point-.
I The stability of an airplane is expressed in terms of various

design parametem in formula (4). It is more convenient to
transform this formula M that the center-of-gravity position
b expressed in terms of its distance from the neutral point
rhther than from the aerodynamic center of the wing-fuselage
combination. Solving equation (4) for the distance between
the center of gravity and the aerodynamic center of the -iving-
fhselage combination yields

At the neutraI point,’~ =0; hence, the distance between

the aerodynamic center of the vi-ing-fusekge combination
and the neutraI point is

dCi

( )_
q de
;= l–

(a-)a TqTsTl
Zua7rqsc

—— —

da

(6)

As may be seen from figure 1, the distance bet vieen the
center of gravity and the neutraI point is obtained by sub-
tracting equation (5) tim equation (6). ‘I’his procedure
giws the result

x dC./da

i= ‘ma

I

(7)

Formula (7) shows that the degree of stability is determined
solely by the distance bet-iveen the center of gravity and the
netitral point. The distance between the center of grmity
and the neutral point, expressed in percent of the mean
aerodynamic chord, is frequently cslkd the static margin.
If, “m the design of the airplane, the center-of-gravity location
is considered to be mriable, any degree of st abiIit y may
be obtainecl by suitable location of the center of gravity, and
the tail may then be designed simply from consideration of
its bility to provide trim.

F

On the other hand, if the center
of avit-y is fixed by other design considerations, stability
mu t be obtained by providing a sufficiently rearward loca-
tio$ of the neutral point. Formula (6) shows the design

I

fea urea of the airplane that. may be changed to prov-ide
mo e rearviard location of the neutmd point. These possi-
bili ies include increasing the tail area, tail length, and tail

1

asp ct ratio.

Under the simplified assumptions of the preceding analysis,
the pitching-moment coefficient varies linearly with angle of
attack and, as a resuIt, the neutral-point location is indc+
pendent. of angle of attack. These assumptions no longer
hold in power-on flight or in flight near the stall where the ___
drag is increasing or where appreciable flow separation may
have set in. In these cases, the variation of pitching moment
with angle of attack may be nonlinear and neutral-point
location -will be a function of angle of attack.

DYNAMIC LONGITUDINAL STABtLITY

The position of the center of gravity with r-pect to the
neutral point determines the static longitudinal stability
but not the dynamic stability. Certain general relations
exist, however, between the dynamic stability and the
position of the center of gravity with respect to the neutral
point. These relations are summarized in figure 2, which
shows the behavior of an airphme following a disturbance
with stick fixed and free, with various center+f+yatity
locations. This method of presentation is taken from a
British report of Limited availability by S. B. Gates, which
gives a more complete discussion of these relations. The
period of the phugoid, or Iong-period, oscillation referred to
in figure 2 is so great that the damping of this oscilkdion has
no correlation with the haridhng characteristics from the
pilot’s standpoint.. (See reference 7.] The occurrence of an
unstable or poorly damped short-period oscl~ation tith the
elevator free is, howeyer, very objectionable and dangerous
because of the rapidity with which large accelerations may
buiId up. (See reference 8.]

The divergence that. occurs vrith the center of gravity
behind the neutraI point is not violent but is generslIy a slow,
easily controlled mot ion. AIthough this type of instability
is not dangerous, it- is objectionable to the pilot on a long
flight because smaLl corrections must be made continually
to hold a gimm fhght speed. It is aIso undesirable because of
iIIogical control-force mriations and stick movements that
me required in changing the flight speeds. For these
reasons, this type of instability is considered unacceptable for
satisfactory hwd& quaIities. (This difficulty wiU be dis-
cussed more fully in connection with control characteristics.)

EFFECTS OF PROPELLER OPERATIOhr AND POWER ON
STABILITY

SINGLE-EXGINE AIRPLANSS

The folIowing discussion applies primmiIy to propdler-
driven aircraft, though some of the effects of power on
jet-proprlled aircraft are quite similar to those on propeller-
driven aircraft.

The application of power introduces the following effects
which change the pitching moments act ing on the airplane:

(1) Moment of propeller axial force about center of
gratit y

(2) Moment of propeIIer normal force about center of
gravity

(3) Increased angle of downmsh

I
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(5)
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4
Shor+-per&f oscillo+hn

(usually welfdomped,
sometimes unstable).
Long-period oscillofhn

;@&&”~h+:;:kO;mu:- .

Sf;ok - free n,p.

?

t-

Divergence w!+h sfick free

Shorf -period “oscillut.bn
cdwoys well dumped.
Lang-pen-ad oscillofim
fphugaid) stable w
unsfoble with s tick
fixed.

I Dfkrqence wifh tsfick fixed

FtGUBE2.—Chortdesaibfngthedynamickmgttudinalstabllkyofarial Me osa functionof center-of-gmvltyposttion. The orrows[ndkatsIocstiond
Tcenterof gratity w th respectto neutmlpoint.

Increased dynamic pressure at the tail
Change in pitching moment of wing due to action of

slipstream
These effects will cause a change in longitudinal trim of the

airplane if the power is suddenly applied at a given speed.
Since the Longitudinal stability depends on the variation of
pitching moment with angle of attack, the factors just listed
will affect the stwbility if they vary in magnitude with the
angle of attack. In steady flight., the propeller thrust
coefficient varies and, as a-result, all the related propeller
effects vary with speed. The variation of propeller thrust
coefficient with lift coefficient in steady flight is ordinarily
similar to that shown in f@re 3.

The moments of the direct propeller forces may be esti-
mated from theoretical considerations or from experimental
data given in various papem. A theoretical treatment of
the propeller forces is given in reference 9. Because the
thrust coefficient incrcasea with lift coefficient, the moment
coefficient crowed by the axial force will increase with angle
of attack. If the thrust Iine passes below the center of
gravity, this effect will be destabilizing. The normal forces
act on the propeller in a way similar to the force that would
act on a small wing at the same location as the propeller.
For a propeller located ahead of the center of gravity, the
propeller normal force WN therefore give an appreciable
destabilizing effect.

The eflecte of the downwash and increased dynamic pres-
sure in the slipstream on the pitching moments contributed
by the wing and horizontal tafl surface are dificult to esti-
mate from theoretical considerations. For this reason, tests
of powered models are normally used to predict the stability
characteristics of an airplane in the power-on condition.

Some general statements as to the eiTM.s of power on the
moments contributed by the wing and tail may, howevcrt l.w
made,

The increment in dynamic pressure in tlw slipstream
caused by propeller operation increases linearly with thrust
caeflicient. If the tail is required to carry a dow~i load for
trim (as for example, to offset the wing pitching moment
with flaps down), the positive pitching-moment cocfllcicnt
given by the tail located in the slipstream will increase as the
angle of attack of ~he airplane incrcascs, and a dwtabilizihg
effect will result. In extreme cases, the tail may actually
decrease the static longitudinal stability in power-on flig~lt.

Because of the increased normal force on tho propchr
with application of power, the slipstream is Miccted do}~m-
ward and thereby causes an increased downwash ovm ~he
tail. AIso, with power on, the slipstretim incrcascs the iif~
of the section of the wing that it covers. The downwa~ in
the slipstream, therefore, generally increases with angle. of
attack more rapidly than the downwash outside the Stip-

stream. As a result, the factor 1—~ that occurs in ~ho
I

formula for the stability contributed by the horizonhd tti~ is
reduced and the stability of the airplano with power on is
decreased.

If the tail is carrying a down load and comes iuto the hi” h-

1

velocity region of the slipstream as t.hc anglo of at t rk
increases, the positive pitching-moment coefllcienl cent .ib-
uted by the taiI will increase with angk of at taclc fin 1 rL
destabilizing effect will remdt. For this reason, the 1 ri-
zontal tail surfaces of some airplancs huve been located car
the top of the vertical ttiil in order to avoid entering lthe
slipstream at high anglw of attack.
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From=a.—’rypfcalmrlstionofpropdkrtlmrstccemcientT.withltftcrwllchntfnsteady
lllght. 2’.-P%.

Though the effects of power on the longitudinal stablity
of single-engine airplanes cannot be predicted in a com-
p1et+4y rational manner, attempts have been made to devise
semiempirical methods that wiII yield fairly accurate results.
The method given in reference 10 may be used for design
purposes.

MULTIKVGIXE AIRPLANZS

The effects of power on the longitudinal stability of twin-
engine or multiengined airplanes are similar to those on single-
engine airplanes, but cert tiin additional effects that depend
on the mode of rotation of propeJIem are introduced. If the
pmpellers rotate in opposite directions, changtw in dovrmvash
over the horizontal tail VW be introduced by the slipstream
rotation. This effect is most marked in the case of tviu-

I
le airplanes, because in most cases the span of the

horizontal taiI does not extend far beyond the center Iines
of” the two propellers. The downvrash behind the inboard
portions of the propeller disks will have a predominant effect
on the angle of attack of the tai.L

Experiments have shown that. in the flap-up condition of
flight the rotation of the slipstream behind the propeller
continues in the same direction after the slipstream has
passed over the w-@. If the propellers rotate in opposite
directions with the blades moving up in the center, the slip-
stream rotation will cause an increment of upwash at the
tail that will increase in strength as the speed is decreasd
because of the restiting increase in torque coefficient. This
upwash at the tail wiII cause a negative pitching-moment
increment that increases with increasing angle of attack;
therefore, a stabilizing effect w-Wresult. Conversely, if the
propel.lels rotate in opposite directions with the blades rnov-
iug down in the center, an additional dowmrash at the taiI
vrill be produced resulting in a destabilizing effect. Figure 4
illustrates these conclusions.

Experiments ha-m shown that ~~ith flaps down the direc-
tion of slipstream rotation is re-rersed after the slipstream
has passed over the wing. (See reference 11.) As a result,
the effects on stabiIity discussed for the flap-up condition
may be reversed in a flapdown condition of flight. In some
cases, in which tests show that the stabiLity of a twin-engine
airplane may be different with ffaps up or down, the mode of
propeIIer rotation may be changed to utihze these stability
effects; for example, if the stabiIit y is satisfacto~y with flaps
up but deficient with flaps down, the stability with flaps
down might possibly be impromd by us@~ propellers that
rotate down in the center.

In general, the mode of rotation cannot be rediIy changed
because, for reasons of servicing and maintenance, it is desir-
able to employ engines thnt rotate in the stime direction.

Lk-.&cfim of frow
u

FtomEL—EHectofmodeofpfopr-lIerrotatfonondownwsshattaflonatwfn.mgfnaEAT&W.

I
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JET-PROPELLED AIRPLANES

On a jet-propelled airplane in which the jet is expelled from
the rear of the fuselage, the influence of the jet on the flow
about the airplane will probably have a negligible effec~ on
stability. Application of the jet power will, however, intro-
duce the moment of the direct j et thrust about the center of
gravity. The moment coefficient caused by this force
varies with speed in a manner similar to that caused by the
propeller mid force, mm] ita effects instability are the same.
A more serious effect on stability may occur if the jet exit is
Unsymlnutricd. In this case, the jet may adhere to one
side of the nozzle in some fight conditions and not in others.
As a result, the direction of the jet thrust may change in
an unpredictable manner and cause large pitching-moment
changes. For this reason, it is advisable to use a sym-
metrical nozzle which is not located directly alongside other
parts of the airplane.

In order to avoid damage to the structure, the jet is always
Iocated in such a way thtit it does not impinge directly on
some part of the airplane. Jets mounted on the. wing, which
paw below the taiI, may, howc-re.r, cause considerable change
in the downwash at the tail, even though they do not blow
directly on it, because of the inflow of air Wo the mixing
zone behind the jet. The destabilizing effect of this down-
wash is simflar to that of a propoller slipstream. The mag-
nitude of this effe.ct mny be estimated from data given in
reference 12.

Tha flow into the inlets of a turbojet engine aho causes a
destabilizing effect which may be estimated from the change
in direction and the mass flovr of the air entering the inlet.

CONTROL CHARACTERISTICS IN STEADY FLIGHT

ln steady flight, the elevator must be used to offset any
pitching moment causecl by tie stability of the airplane or,
in other words, by the variation of pitching moment with
ang~e of attack. lf the airplane is stable (cf&/& negative),
more. up elevator (correeponcling to a more rearward position
of stick) must be applied to holcl the airplane at a higher
angle of attack, Because steady flight at a higher anglo of
attacJi corresponds to a lower flying speed, a st.ablo airplane
will require a rearward motion of the cent.rol stick to trim at
a lower flight speed and vice versa. Such a condition leads
to a logical type of control; that is, in order to reduce the
speed, the pilot normally noses the airplane up by pulling
back on the stick. This stick position may then be main-
tained to hold tlm airplane in trim at a lower flight speed.
On the other hand, if the airplane is unstable, tho pilot, in
order LOfly at a lower speed, must first pull the stick back to
nose the airplane up and then move it forward ahead of its
original position to hold the airplane in trim at the lower
speed and prevent the speed from continuing to decrease.

The stability of the airplane with stick free is similarly
related to the variation of control force with speed. If the
airplane is stable with stick free, a pull force will be required
to trim at a lower speed. Thus, for a stable airplane, if the
speed were reduced and the stick then released, the stick
would move forward and pitch the airplane down, and its
speed would therefore increase to tlM .origimd trim speed.
A logical type of control results if the airplane has stick-free

stability because in order w reduce thu speed, for CMURplP,
the pilot must first pull on the stick to pitch the airplane up.
He may then maintain this control force to hold the airplane
in trim at the lower speed.

The stick-fixed stability of an airplane is apparent to lb
pilot through its influence on the variation of elevator nnglc
with speed or with angle of attack. In steady flight t.ho
elevator is used to mako the pitching moment. zero. TLc
variation of elevator angle with speed may ho derived by We
of this fact. The following relations arc obt aincd from
@re 5.: The pitching moment, due to elevator angle is ~

(8]

This formula neglects the small pitching momcn~ of the tail
about its quarter-chord point. Tho pit.thing-morncn[
coefllcient is

(9)
.

In order to make C==O, the pitching-moment cocfficic@
due to the elevator must bc equal rmd opposite to the
pitching-moment coefficient due to tho angle of attnck,
From formula (7) this quantiLy is

()-CL –: (lo)

Hence

or r1)

I12)

I
or thO elevator angle cl, is directly proportional to lht! hfL
coeficien~ CL and to Lhe distamw hctwccn the ceJlk of
gravity and the neutral point. Bccausc in steady Ilig]it

113)

then
I

(14)

or the elevator angle varies invcrsely as the sq uarc oi the
speed.

I
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-’posif’e
In the preceding formulas, it. has been resumed that zero

elevator deflection is required to trim when the lift coefficient
is zero. In practice, some idial elevator deflection WW be
required to offset the pitching moments existing mhen
CL= O. The value of elevator deflection given in formulas
(12) ~d (14) represents the change h deflection from this
initial ~alue.

Typical exmnples of the variation of elevator angle with
speed for stable and unstable sirplanea are shown in figure 6.
In general, curves of the type predicted by formula (14) are
measured in gIidiug flight, but considerable variations from
this type of curve may be obtained in povrer+m flight
because of the tiects of power mentioned previously and
also because of effects of sideslip that will be considered
later.

The stick-free stability of au airplane in flight is tipparent
to the pilot through its influence on the variation of control
force with speed. The control-force variation with speed
depends not ordy on the elevator-sngle variation vrith speed
but also on the hinge-moment characteristics of the elevator.
Some consideration of the hinge-moment chmacteristica of
typical control surfaces will therefore be required in order to
derive an expression for the stick-force variation with speed.
A control surface that consists of a phin flap with no aero-
dynamic balance usualIy has hinge moments that vary
linearly with angle of attack or -with deflection at angles
below the stall. In practice, some type of aerodynamic
bahmce on the surfaces is usually employed. In some cases,
the hinge-moment. characteristics of an aerodynamically
baIanced surface are nonlinear. Ln order that the contrcd
characteristics of the airplane shall be normal, however,
linear hinge-moment characteristics are very desirable and
an effort is usually made to avoid nonlinear characteristics.
For this reason, it vi-illbe assumed in the following discussion
that the elevator hinge moment varies linearly with angIe

Stable

t
--StofIhg speed

1

I1/’I
Lhsfab&

FINZE 6.-TyP1ed exsrnpk?sof the varfatfonof ekvstor anglewLthSPSedfor stablemd
unstabletiPkuws.

of. attack of the t aiI and with elevator deff ection. This
statement may be expressed mathematically as follows:

(15)

Hinge moment may be expressed in terms of a dimensionless
coefficient simihr to lift and moment coefficients. The hinge-
mommt coefficient C’his detied by the relation

(16)

FormuIa (15) may then be expressed as follows:

~= (ffTC’haT+&CkZe+e%) gdace= (17)

The te~m d% has been added to take care of any initial hinge-

moment coefficient that may exist -when CT~and tic are zero.
The trim tab may be used to vary C’%.

The variation tith speed of elevator hinge moment maybe
obtained by substituting in formuIa (17} the a~pressions for
the values of a= and & aLready deri~ed. The expression for
& (formula (14)) has been modi6ed by adding 6%, the initial

elevator deflection when CL is zero. This substitution @’ieJ

.
In steady flight CL=q~. The stick force is directly pro-

portional to the elevator hinge moment,: F=KH. M&ing
these substitutions and simplifying gives

[ ‘c
~’ ffT 1 +.. bwc.’ ;; h:——

F=K 8 q ()
chaT–~ & t)~==

1

Ca$e+-C%’qz-b,c:

x’ Z X a8e
(19)

where CkO’is the sum of the constant terms:

C%’=i#h=T+- ~V~ha,+ ~% [20)

FormuIa (19) may be used to she-iv the effect of various
design features on the variation of stick force tith speed.
If the assumption is made that the ratio q=fg does not vary
appreciably with speed (a condition usually true in gliding
flight), the first two terms of formula (19) are seen to be inde-
pendent of speed. The third term, which depends on the
trim-tab setting or stabilizer setting, adds to the constant
force a force that varies as the square of the speed. These
conditions are shown graphically in figure 7. The slope of the
curve of stick force against speed for a given tiim speed is
seen to be statile when the sum of the first two terms gives a
pti force. If Cat is assumed to be negative, facto~ contrib-

uting to stability ~e, first, a center-of-gratity Iocatiou ahead
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of stick-fixed neutral point., and second, a positive value of
ch=T. The case of a positive value of Ch&ais of no practical

int&est because, as will be shown later, tl& condition results
in unstable short-period oscillations of tlm airplane with stick
free. If the airplane is stable with the stick fixed (z/c posi-
tive), increasing C~J~negatively will increase the slope of the

curve of stick force ‘against speed.
The relative importance of the terms C*6, and CJa~ may be

shown by substituting the folIowing typical values for the
first two terms in formula (19):

~=40 pounds per square foot K=I.25

dC.
~=0.10 per degree

1 –::=0”4

:=0.05

ZICL
~== 0.05 per degree

e

;=4.

,“225

[
S+abt e“ region

I Neutral stick - free shbili+y

sfabif;{y for sta tic
morqin of .05c

Uns+ab {e region

.o~g15 I f
.O1o -.005 (

Ch#e

The first two terms of formula (19) are 200C*tiTb<? and

t32.5th,’b6c?. For this particular value of static mrtrgin,

therefore, a given change in Ch== has about three times as

much eflect on the sum of these two terms, and hcncc on
the stability characterist.ica, as a similar change in CAJi

One type. of diagram that ilhstrates graphically the rcla-
tive effects of C’ha=and C’~Jon ihc static stubilhy, and that.

8
is also useful in the design of an elevator, is shown in figure 8.
This diagram is a plot of C, against Ch$. On this pk)t is

aT
a line representing combinations of Ch=Trtn’d CAFwhit’h Ulk

the sum of the fist two terms of equation (19\, and hcncc
the stick-free stabiIity, equal to zero. This line is drawn for
the case .of a static margin of 0.05c, just considcrml, and aIso

for the case of the center of gravity at the stick-fixed ncutml
point (static margin equal to zero). ~hen the static margin
i8 equal to zero, variatio~ of C.J ha~’e no @ff@?tJon the ~tick-

force variation with speed. In & diagram, each combhm-
tion of .Cha and CkaT may represent the l~ingc.-momcul~

e
characteristics of an elevator with some type of aerodymmic
balance. It is possible to pick combinations of C& and

c, .~ that will give stability. ~ range of types of ‘ncro-

dynamic balance wtilch will give stability mny t.huvforc bc
selected. Other lines, representing such quantities ns various
degrees .of stick-force variation with speed or accchwtion,
trim changes due to flap’s m-id power, and bo undmics Wwccn
stable and unstable short-period oscillations, may be drawn
on a plot of this type. The hinge-momcn~ paratncters
which give the most desiral-de cluirncterist ica for a given
application may then be determined.

The relation between the cxmtrol clmrartwistics of thu
airplane and the locations of the stick-fixed and stick-frco
neutral points may be summarized on a diagram similar to
that previously given for the stability chmvirteristics. This
chart is shown as figure 9.

POsifive values of Chd not used

zb-use of unstable s or f-period
oscillations wifh Sfick free

I
.005

F:aurm8.–Bouridarybetweenstablemd unstablevalues01C~zandCl,, fortbeexampleghn [n tbetest

UnstableddeofboundarkaIndicatedbyerrm.hatcbfng.
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When a control surface is &e to float it will assume a
deflection such that the hinge moment. is zero. If the surface
is init idly trimmed at zero deffection, the floating angle is
rehted to the angle of attack by the formuIa

(21)

It was previously mentioned that the stick-free stability
would be increased if the elevator tended to float against
the relative v-h-l and that a positive ~a]ue of dC’Jdce vrou~d
contribute to the stick-free stability. Formula (21] indi-
cates that a surface with a positive value of (?a=w-ill float

against the relative wind. The two methods of considering
the problem of stick-free stability are therefore in agreement.

DETER311NATION’OF NEUTRAL POINTS FROM FLIGHT
TESTS

Data for the determination of neutral points from flight
tests are obtained by measuring the elevator angle and stick
force required to trim the airplane at various speeds. The
tests are made at two or more center-of-gravity positions.

STTCK-FLXEDNEUTEAL POINT

The stick-fked neutral point is determined km the
variation of the elevator angIe with speed. Typical flight
data showing elevator angle plotted against speed for various
center-of-gTavity positions are shown in figure 10(a). The
stick-kd neutral point at any given speed may be deter-
mined by finding the center-of-gravity position at which the
elevator angle for trim remains constant as tb e speed is
changed shghtly. Because of the dficulty of reading the
slopes of the curves plotted in figure 10(a) with equaI accuracy
at all speeds, it. is desirable to plot tit tie elevator angks
against lift coefficient as shown in figure 10(b). Inasmuch as
in this case these curves are not straight lines, the slopes of

these wrves are determin ed at the Lift coefficient at which it
is desired to find the neutral point.. These slopes are then
plotted against the center-of~vity position as showg _jn
@re 1O(C].d5The stick-fixed neutral point is the point at

which slope ~~ equals zero: in this case, 36.5 percent mean

aerodynamic chord (M.A.C.).

STICK-FREE NEUTRAL POINT

The stick-free neutral point is determined from the varia-
tion of stick force with speed. Typical flight data showing
stick force plot ted against. speed for nuious center-of-gravity
positions are shown in figure 11(a). From these cu.mw, a
plot of F/g against lift coefficient is made as shown in fig-
ure 11(b). The slopes of these curves are determined at the
lift coefficient at. which it is desired to find the neutral point.
These slopes are then plotted against the center-of~avity
position, as shown in figure 11(c). The stick-free neutral
point is found as the center-of-gravity position for which &e

d$

s~pe ~ equals zero: in this case, at 28.0 percent mean

aerodymmic chord.
This method is strictly correct only at the lift coe5cient at

which the airp~ane is trimmed, but the error invohd at other
Mt. coefficients is generally within the accuracy of the flight
data.

Another method to determine the stick-free neutral point
in flight is to trim the airplane, stick free, at various speeds
and record the trim-t ab angle as a function of speed. The
test is repeated at vmious center-of-gravity positions and the

--—

stick-free neutral point is determined as the center-of-gravity
position where the variation of trim-tab angle with Lift
coef3cient is zero. The procedure used is sindar to that
described for finding the stick-flmd neutral point from the -----
measured variation of elevator angle with speed.
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EFFECTS OF COMPRESSIBILITY ON TRIM AND STABILITY

EFFECTSOFCOMPRESSIBILITYONVARIOUSAIRPLANECOMPONENTS

Large chrmges in the aerodynfimic forces and moments
exerted on a wing do not occur until the wing critical Xfach
number is mceedod. At the critical lJach number, a shock
wave is formed. In order to define the critical Nlach
number, a 10CUSof points on the body where the velocity of
flow is a m~~imum must be detmrnined. When the com-
ponent of velocity normal Lothis locus reaches the locaI speed
of sound, the oritical Jfach number .is reached. For two-
dimensional and axially symmetrical flow, or other flows in
which the locus of points where the velocity is a maximum is
perpendicular to the free-stream flow, the critical llach

20
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number is the speed at which the local vdoriLy cquds Lhc
local speed of souml, =It a J1tich numbrr approxim[l[dy 1/1 O
greater Lhnn the critical ~lach number, scparal ion of flow
occurs behind the shock wave, and the lift und llw moment
acting on the WLW are greatly changed. Gwmwlly the lif ~
at a given ang]e of attack is rCdUCd d the piLC’~hlg

moment acting on the wing becomes more positive. Tho
orit.ical hfach number of a wing depends principally on ils
thickness and somewhat on its airfoil section. The critical
Nfach numbers of various airfoil scctione me givcw iu
reference 13.
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The forces acting on the tail are influenced by compress-
ibility effects in the same way as the forces on the wing. At
l[ach numbers 1/10 or more above the critical 31ach number
of the tail section, the effectiveness of a control surface such
as the elevator may be espected to be gredy reduced.

Compressibility effects on the fuselage may cause consicler-
ahle hag increases but they usually do not serioudy affect
the stability.

EXAMPLES OF EFFECTS OF COMPEESSIEIIJTY

Typical effects of compressibility on the trim and stability
characteristics of rLstraight-wing airplane designed primarily
for flight at subcritical speeds, as typified by &hter airplanes
of WorId War II, are as foLlows:

(1) Large nosingdown tendency at. high speed that. may
require pu~ force on the stick exceeding the strength of the.
ptiok

(2) Large increase in stability which requires unduly Iarge

devator movement and forces to produce a given change in
lift coefllcient or acceleration

An example of the variation tith speed of the stick force
required for steady flight in a fighter airplane of this type is
shown iD figure 12. The stick forces required to pull out of
the dive with various accelerations are rdso shonm. AIthough
most airp~arms experience a diving tendency due to compressi-
bihty effects, some airplanes htive show-n a nosing-up
tendency.

EEASOXS FOECOlfPEESSIBILITYEJ?PECTfJ

In most cases the diving tendency experienced at high
l~ach numbers maybe accounted for by a reduction in dovcu-
vrash at the tail resulting from separation of flow at the wing
root and also from the need to pitch the airplane to a higher
tingle of attack in order to maintain the same Iift on the wing
as the 31ach number increases. The increased stability of
the airphme at high Alach numbers results from the same
cause: that is, the airplane musk be pitched to a higher angle
of attnck than normal to obtain a given lift increment and
when this lift is obtained it. is not accompanied by dovinvmsh
at the tuil because of separation of the flow from the inboard
portions of the wing. When these compressibility effects are
experienced in tlight, they are generally accompanied by
severe btieting and shaking of the airplane caused by the
action of the wing wake on the tail surfaces.

Compressibility effects may be postponed to higher Jlach
numbers by providing thinner wings and otherwise providing

for a cleaner design. The terminal Jlach numbers of fut ure
airplanes may, however, frequently e----teed the llach num-
bers at which compressibility effects occur, in spite of any
rehements in design. With thinner sections, however, the
adverse effects of compressibility y on st abihty and control are
likely to be much less severe.

Another method for reducing the ad~erse effects of com-
pressibility is the use of emeepback. On a siveptback wing
of high aspect ratio, the critical Jlach number of sections
not too close to the root or tip is postponed until the com-
ponent of velocity normal to the leachg edge e--ceeds the _

critical Xlach number of the airfoil in tvrodimensional flow.
(see reference 14.) On a tite-span swept fig, however,
this amount of gain is not obtained because the root section
tends to behave more like an unswept wing. Thus, the use _.
of sweepback cannot be expected to eliminate stabiIity dfi-
culties similar to those encountered with straight-wing
designs. The use of a large amount. of sweepback also intro-
duces many low-speed stability and control problems. (See
reference 15.)

DIVE-RECOVERY FLAPS

One device -which has proved successful in providing
recovery from dives at Klgh llach numbers on straighhwing
airplane configurate ions designed primarily for flight at sub-
critical speeds is know-n as the dive-recovery flap vrhich con-
sists of a pair of small movable flaps on the lower surface of
th~ wing, generally located at about 30 percent of the chord.
Such flaps should be located in front of the horizontal tail
because their main effect is to change the span load distri-
but ion of the wing so as to provide an increased dowmvash
at the tail. For a fighter airplane such flaps vvouId have
about. 2-foot span and 6-inch chord. When deflect ed in the
dive these flaps will cause the airplane to pulI out vcith an
acceleration of about 5g. The acceleration obtained may be
adjust ed by varying the flap deflection. A typical dive-
recowwy-flap installation is illustrated in @ure 13.

EFFECTS OF STRUCTURALAND CONTROL-SURFACE
DISTORTION ON LONGITUDINAL STABILITY

Other causes of cIifEculty with longitudinal stability and
control characteristics that appear in tliiht at high speeds
are distortion of the covering on the control surface, twisting
of the stabilizer, or bending of the fuseIage. The most seri-
ous effect. generally results from deflection of the covering of
the control surface. Such effects generaIly arise from two
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FIGURE13.—TYPicaldin?-rscowx@spInstsdlat!on.

causes. These me fist, a bulging or sucking in of the covm-
ing due to positive or negative interred pressure, and second,
a change in tlm mean camber line of the control surface due
to external aerodynamic loads.

The effect of positive internal preesure may bulge the sur-
face so that its trailing-eclge angle is great.ly increased. This
hinge in contour may result in the surface becoming over-
balanced and will cause violent shorbperiod oscillations to
occur. On the other hand if the covering is sucked in by
negative internal pressure, the effective trailing-edge angle
may be reduced so that values of C& become more negative.

This change, in hinge-moment ch&acteristics may result
in a 10ss of stick-fkee stability which may cause unstable
control-force variations -with accckration in dive pull-outs.

Bowing of the mean camber line of the control surface
which increases progressively with speed may occur if the
fixed surface ahead of it is set at the wrong angle. For ex-
ample, if the stabilizer incidence is too great, up elevator
will havr to be carried in flight at high speecf. The download
on the elevator will cause a progressive increase. in curvature
of the surface which gives an effect sigdar to deflecting a
trim tab on the surface farther up as the speed increases.
As a result, rapid~y increasing pull force will be required to
rnaint ain trim. The opposite &ect will OCCK if $&e&tj-
lizer is set at a. negative angle, requiring down elevator for
trim, The effects are illustrated in figure 14.

In orcler to determine whether unusual control character-
istics in high-speed fight are caused by compressibility or
by distortion, teats should bc made at low and high alt.i-
tudes. In this way different hlach numbers may be at-
tained at the same dynamic pressure. Compressibility
effects will ahvays set in at a given Nlach number, whereas
distortion @ects will set in at. a given dynamic pressure.
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Theac stabiIity characteristics cannot bc predicted from
wind-tunnel tests of a rigid model; however, tests of a rigki
model should give characteristics of h basic airphm
cofigu;ation when it is free from distortion effects. Tho
distortion effects may be minimized by correctly sctt.ing the
stabilizer and by properly venting the elevator to avoid
large internal pressures. In some cases the diit-ortion effects
may be employed to advant.tige to provide incrcascd st.abiliLy
if the ri@d airplane is deficient iu stubility. A more complvtc
analysis of these distortion effects is given in reference IG.

LONGITUDINAL TRIM CHANGES DUE TO POWER AND
FLAPS

REQUIREMENT

The specifications of various agcncks for snlisftictory Ilying
quaIities differ somewhat in the limits spwifhvl for rillowaLsh’
trim changes. k general, the rcquhmwnt is that the chnngc
in stick force duo to chtinging the configurate ion of thc a irplnnt~
by changing the flap position or povmr c.omlit ion should lw
less than 35 pounds at any speed within the struch.uwl limits
of the design.

REASONSFORTfUMCHANGE WITH FLAP AND POWER CONDITION

In generr-d, changing the fiap or power condition will caum
a change in angle of flow and in dynamic pressure nt tho (nil.
These elfects combined with the chtinge in wing pitching-
moment characteristics will require a chango in elcwwtor
angle to mainttiin trim. The changes in the tingle of nt.ttirk
and elevator angle influrnce tho Plevator hingr-momrn t
coefficient in a~cordanc~ with the values of Ch= and C+

A change in dynamic prcesure causes a chunge in elrvahw
hinge moment even if the hinge-moment. cocficicnt rwnaius
constant. Trim change may possibly lx! minimizwl by
using values of Cha and oht such tlmt the dfccts of nnglu of

attack and devator detlcction kmd to cancel onc unothcr.
The maximum trim change frcqudy occuta whcu full

power is applied after the airph-uw bus been trimmml for a
landing-approach with flaps down and power o[~, This
condition usually requires full nose-up trim-tab drflcction.
With application of power the velocity of flow over the 1rim
tab gene.raI1y increases more than the average changp over
the tail and large push forces may l.w required to prevent thc
airplane from nosing up.

On largo airplanes, the value of (?hamust h made. small

to obtain light forces in mmmuvers over a rmsonably large
center-of-gravity range. Since large chnnges in anglr of
attack of the tail usually occur when the flaps m-c dcflccled,
the value of ~,4Cmust also be small to avoid large Lrim
changes. In general, a Iarge positive value of Caa (obtained

with a horn-balanced elevator or a be}~clcd-[rai~u~g+dgc
eIevator) has been found t.o lead to exccssivc trim changes.

LANDING AND TAKE-OFF CHARACTERISTICS

REQUIREMENT FOR LANDING CHARACTERL~T[CS

The flying-qualities requirements state that the elevator
control should be sufficiently powerful to hohl the airphmc
off the ground until three-poin~ contact is mado for a con-
ventional landing gear and, for a tricyck landing gear,
should be sufficiently powerful t,o bohl the airplane from
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actual contact with the ground until the minimum speed
required of the airphme is attained. The stick force required
for this maneuver should be 1sss than 50 pounds pti.

EEQL!EEME?4TS FOR TAKE-OFF CHARACTERISTICS

During the take-off run it shouId be possible to maintain
the attitude of the airphtne by means of the eIevator at
any value between the level attitude and that. corresponding
to maximum lift under the fo~owing conditions:

(1) For a tricycle Ianding gear, after 0.8 t ake+ff speed
has been reached

(2) For a conventional landing gear, after 0.5 take-off
speed hsis been reached

DISCWWOXOPGEOUXDSPFECT

The foregoing requirements were established because the
landing condition is often the most critical with regard to
elevator control. This condition results from the fact that
the ground reduces the dommvash angles near the tail and
makes the airplane more stable. The size of the eIevator
is usually determined by the control requirements near the
ground. A simplified explanation of the effect foLlows.

The airplane wing may be replacecI by a vortex whose
strength is proportiomd to the lift, as show-n in figure 15(a).
The vortex produces a ~ertical veIocity w in the region of
the tail and the do-mm-ash angle

~= ‘Wr
F

The effect of the ground can be sirmdated by a mirror
image of the airplane and its -rort ex system, since such an
image wiLIsatisfy the condition that there can be no vertical
velocity through the ground. This vortex system is shown
in figure 15(b). The effect of the image vortex is to produce
an upward velocity ZOfin the region of the tail. The down-
w-ash angle vihen the airplane is near the ground is then

W—fwfl
e =—

v

The downvmsh is
ground and more
airplane.

therefore reduced by the presence of
up-eIevator angle is required to trim

the
the

LONGITUDINAL STABILITY’ AND CONTROL

CHARACTERISTICS Ill ACCELERATED FLIGHT

RELATIONS BETwEEX LOXGfTUD~AL STABILITY N STRAIGHT AXD IN

ACCELERATED PLtGHT

In the preceding sections the static stabfity of an airplane
in straight flight has been discussed. The stability was
related to the variation of pitching moment with angle of
attack. Changes in angle of attack were brought about by
changing the speed while keeping the airplane in straight
flight at. 1 g normal acceleration. This condition applies in
ordinary cliibing, crnisii, or gIiding flight. In maneuvers,
however, it is more common for the pilot to make sudden or
rapid changes in angle of attack which occur before the speed
can change appreciably. The result of such changes in
angle of attack is to cause an accelerated maneuvm. In

this case, the normal acceleration is more than 1 g and may
approach the structural Iimit of the airplane, rhich for
fighter airpIanes corresponds to about. 9g and for transport
or bomber types, to about 3g. During an accelerated
maneuver of this kind, the eIevator is used to supply a
pitching moment which balances the pitching moment
caused by the variation of augIe of attack. In this respect
longitudinal stability in maneuvers is shdar to that in
straight flight. An additional pitching moment is intro- .
duced, however, because of the curvature of the flight path
in an accelerated maneu~er. In order to calculate the
elevator mo~ement and control forces required in acce~erated
maneuvers, the effects of both sources of pitching moment
must be considered.

The effects of curvature of the flight path are discused..
first. Consider the airpkme performing a pull-up from
straight flight while trawling at constant speed as illustrated
in figure 16. The change in angle of attacli of the tail caused
by the curvature of the flight path is given by the expression

(22)

R

‘Y!!!&&t
v

Fmuw%16.-Efleotofcurvatnreofrlfghtwthon thM@00fStt5Ck8t thetsfldurtnga@f-Up.
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The radius of curvature maybe expressed in terms of the
normal acceleration nnd the speed, by means of the formula

~, ~’2

‘–l=i=@”

The change in angle of attack of the tail
is therefore given by the expression

*aT=l&l)g
~72

(23)

caused by curvature

(24)

For some calculations this formula is more conveniently
expressed in terms of lift coeilicient instead of normal
acceleration. From the definition of lift coefficient

L
c.=—

; J?2S

_ H-n

; ~.??s
(25)

This formula may be solved for ~’~to give

T“’=.-!i~ (26)
(:!L~g

Substituting this value in formula (24) gives the following
expression:

if??– 1).?C.S $
Aa~=

Ifrn ‘-

=~L~_-! .
2p n (27)

where

~=:& . C28]

The quantity p is called the airplane relativedensity
coefficient. This factor frequently occurs in dynamic-
st-ability calculations.

The. change in elevator angle required in accelerated flight,
like the change in angle of attack of the tail, comw from
two sources. The fit part, designated AS,,, is that re-
quirecl to pitch the whole airplane to a higher angle of
attack, and the second part, designated A& is that re-
quired to offset the additional lift on the tail that results
from the curvature of the flight path. The quantity AL$,Iis
derived by equating the pitching moment due to the change
in elevator angle to the pitching moment due to change in
angle of attack. The expreasbn for the elevator angle vras
derived previously and is given in formula
in elevator ~ngle is

(12). The-&ange

. --- (29)

An additional change in elevator angle is required to oflsct
the effect of curvature of the flight ptith. This change in
elevatm angle is given by the expression

C. n–l.—— —
2LLT n - ““ “-

(30)

where
?K’LT/b6e

‘=K’LT@~
..(31)

The sum of these two increments of clwmlor ~nglo gives the
total change in elevator angle required in accclcra ted [light.

CALCULATION OF STICK FORCES IN ACCELERATED FI.IGIIT

The change in elevator hinge moment mny be ctdculnted
from the generaI formula

It is convenient to cmtiider separntdy the chtingcs in
hinge moment caused by pitching the whole nirphlnc to a
higher angle of attack and the- chmgcs in hinge momen~
caused by the effects of curvat uro of the flight path.

Effects of pitohing the whole airplane to a higher angle
of attack ,—The change in ehwator rmglo necessary L.O
substitute in forsmda (32) was given in formula (29). The
change & angle of attuc.k at the tail is dcrivrd as follows:

() dt
Aa71=AaE 1—d%

(33)

Substituting the preceding vnlues for A~,I and A~rl in
equation (32) and simplifying gives the following expression
for the change in ehnwtor hinge rnomwlt-:

where AH1 is the change in clcva[or bingo n~omvn[ neglcc [ing
the effects due to curvature of the flight path.

Effects of curvature of the flight path,—’I’he chnngc in
elevator angle neccssmy to substitute in formuln (32) was
given previously (formula (30)) nml the clmngc. in angle of
attack a~ [he tnil due to the curvature of thu flight path
was alsapmsented (formula (27)), The ekva[or mglc used
is that required to oflset tho additional lift on the tnil caused
by the curvature of the flight ptith. Whcu these qunnl itirs
arc substituted in formula (32} and t.ho result. simplified, the
following expression is obtained for the clmngo in clcwntor
hinge moment caused by curvat.urc of the ffighL path:
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DISCUSSION OF FACTORS I?WLUENCLNG STICK FORCES IN ACCELERATED
FLIGHT

Formulss (34) and (35) show that the hinge moment and
hence the stick force in a pull-up varies directly with the
normal acceleration and that the force per g normal mcelera-
tion is approximately independent of speed. The part-of the
stick force per g caused by pitching the airphme to a higher
angle of attack is proportional to the -wing loading and to the
span times chord squared of the elevator. The contribution
of CB88to this part of the force per g is proportional to x, the
distance between the center of gravity and the stick-fi.ed
neutral point in straight fight. The part- of the stick force
per g caused by curvature of the flight. path is proportional
to the air density, the tail length, and the span times chord
squared of the elevator. This part of the force per g, there-
fore, varies with altitude rind approaches zero at high ahitude
where the density becomes small. This part of the force per
g is independent of the center-o f~avity position.

DISTINCTION BETWEEN TURKS A??D PULL-UPS

In a steady turn the angle of bank rapidly approaches 90°
as the acceleration increases. For example, in a 2g-turn the
angle of bank is 60°, and in a 4g-turn the angle of bank is 76°.
When the airplane is banked, the acceleration of gravity
which caused a read~m of 1 g on the accelerometer in leYel
flight is no longer applied to the instrument. A turn and a
pull-up made at the same value of acceleration as determined
by an accelerometer vW, therefore, differ because 1 g which
was supplied by gravity in the pull-up must be supplied by a
shorter radius of curvature in the turn. The change in the
tingle of attack at the tail caused by curvature of the flight
path will, therefore, be greater in a steady turn than in a
gradual pull-up at the same accelaation. The expression
for change in angle of attack at the tail caused by curvature
of the flight path in a turn is as follows:

C= n’–l

(–)‘a’=2/l n’
(36)

l’f’hen this expression is used to caIctdate the force per g, it is
found that the force per g in a turn does not vary linearly
with the acceleration. The departure from Iinearity causes
a sIight difference between the values of force per g measured
in turns and pull-ups. This difference, however, is generally
within the experimental accuracy of flight tests. lIany
other factors may cause a nodineax -mriation of stick force
with acceleration on an actual airplane. For examp~e, non-
linem stick-force variation may be introduced by nonlinear
hinge-moment. characteristics of the elevator or by gyroscopic
moments from the propeIIer.

REQUIREMENTS FOR ELEVATORCONTROLm ACCmERATEDFLIGHT

The elevator effectiveness is specified by the requirement
that either the allowable load factor or the matium Lift
coeftlcient can be developed at every speed. Ordinarily this
requirement is less critical than the requirement for making
a three-point landing. Possible exceptions to this statement

are as folIows: Iight airpIanes for which the tiects of curva-
ture of the flight path are large, and flight at high l~ach
numbers where, because of large increases in stability caused
by compressibility effects, excessive elevator deflection may
be required for maneuvering.

The variation of normal acceleration with elevator angle
and w-ith control force should be approsinlately Iinear. The
theory developed previonsly indicates that this condition w-ill
be satisfied if the eIe-rater hinge moment and effectiveness
characteristics vary Iinearly with deflection.

The variation of the elevator control force with normal
acceleration shouId be in the following range:

(1) For transports, heavy bombers, and so forth, less than
50 pounds per g

(2) For dive bombers, torpedo planes, and so forth, kss
than 15 pounds per g

(3) For pursuit types, sport planes, and other highly
maneuverable airpkmes, less than 8 pounds per g

(4) For any airplane it shoild require a pull force. of not
1sss than 30 pounds to obtain the allowable load factor

These requirements vary somewhat in the specifications
of various agencies, but the force Iirnits are in the same range.
Another requirement sometimes made is that the airplane
should not, under any condition, be flovin -with the center
of gravity far enough back to reduce the force gradient to
zero pounds per g. An additional requirement that the
force in rapid maneuvers should be sufficiently heavy com-
pared with the force in steady turns has beun shown to bc
necessa~ by recent research.

EXAMPLESOF STICKl?ORCEm ACGZLERATEDFLIGHTOX DIFFERENT
TYPZSOFAIRPLAXES

The stick force per g of an airplane at. any center-of-gravity
position may be con-reniently shown on a plot of the type
shown in figure 17(a). The effects of changes in some of
the parameters that Muence the force per g are illustrated
in figure 17(b). In order to illustrate the eikt of airplane
size on the stick-force characteristics, the force per g that
would be obtained at various center-of-gravity positions on
three airpIanes of ditTerent types has been calculated. The
calculations were based ou the assumption of an unbalanced
elwrator with hinge-moment paramet era C*a= —0.003 per
degree and C~J= – 0.007 per degree. The results of the
crdculat ions are shown in figure 18. The desired range of
stick force is also shown in this figure. The airplane char-
acteristics that- were assumed in calculating these results are
given in table I.

From these exampks, the use of a plain unbalanced
elevator on the fighter or bomber airplane types is seen to
give stick forces that do not satisfy the requirements over a
sufficiently large center+ f-gravity range.

31EAM OF OSTAIN~G SATISFACTORY ELEVATOR CONTROL FOBCES IN
STEADY MANEUVERS

& illustrated in figure 17(b), the variation of stick force
per g with center-of-gravity position may be decreased by
reducing the value of CaJ and the vaIue of the stick force
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per g may be changed by a constant amount at any center-
of-gravity position by changing the value of Cha, A con-
stant increment of sLick force per g may also be added by
use of a bobweight. A bobweight, t@refore, has an effect
on the stick-force characteristics similar to that of a more
positive value of C~a, Jleane for independently varying
the values of CJa and C~Jwere discussed in connection with
the bah.ncing of control surfaces. Fi@re 18 shows that ah
unbalanced elevator will provide satisfactory stick forces on
a light airplane, but that a large amount of aerodynamic
balance will be required on larger airplanes. The required
reduction in Cia as a function of airplane weight is shown
roughly in figure 19. Since small variations h c,, wfl~
occur because of differenceti in contours of the elevtitors
within pro.duc Lion. tolerances, the stick-force characteristics
of vmy Iarge airplanes may be difficuh to predict and may
vary widely between ditlerent airplanes of the same type if
a conventiomd elevator is used. These dif%culties may be
avoided by the use of a servotab or by some type of booster
mechanism which multiplies the pilot’s effort by a large fuctor.

STICK FORCES IN RAPID PULL-UPS

When an airplane is equipped with an elevator that does
not have a large amount of aerodynamic balance, the stick
force required to produce a given acceleration in a rapid pull-up
wiII be much larger than the stick force required to produce
the same acceleration in a steady turn, because the elevator
deflection required. in a rapid pull-up is much larger. On
the other hand, if the e~evator is very closely balanced so
that C*5is zaro and all the force in a maneuver rwdts from
the use of a bobweight or a positive value of ~~a the stick
force in a rapid maneuver wiIl be no greater than that in a
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steady turn. Such arrangements have been tried in order
to provide desirable stick forces in steady turna over a Iarge
range of center-of+ravity position. Flight teats of such
an arrangement have shown it to be undesirable, however,
because the pilots object to the light stick forces in rapid
maneuvers. With such a system the piIot may be able to
deflect the elevator quickly a large amount with practically
no stick force and then the stick force caused by the action
of the bobweight will build up as the acceleration increases.
In order to avoid this undesirable control feel, the use of very
closely balanced elevators should perhaps be avoided. This
restriction will necessarily Limit the center-of-gravity range
over which desirable stick forces can be obtained unIess
some additiomd mechanism is employed which increases the
stick forces for rapid deflections without afTecting the forces
under steady conditions.

DISCUSSION OF TYPES OF COI!JTROIAH.JRFACE
BALAINCE

IMPORT~CEOFCOXTROL-SURFACEBM.ANCE

The discussion of stick-force characteristics in steady

fliiht ancl in rnaneu~ers indicated the close relation bet~reert

the stick-free longitudinal stability characteristics of an

airplane and the hinge-moment paramet era of the elewat or.

The same type of relation is shown to exist in the case of the
aileron and rudckw controls. h’ot only the stability itself
but also the magnitude of the control forces in -iarious
maneu~ers is directly dependent on the control-surface hinge-
mornent parameters. As larger and faster airplanes are
made, an increased degree of baIance (corresponding to values
of Ch=and C’hJcloser to zero) must be employed on au control

surfac~ in order to prevent control forces in steady flight
and in maneuvers from becoming excessive. Several com-
mon types of aerod~amic balance for control surfaces wilI
be considered. Firat, the characteristics of a plain control
surface, which consists of a hinged flap m-ith no aerodynamic
balance, are discussed.

PLAINCO?JTROLSURFACE

The values of ch= and Ca& as a function of flap chord for

pIain (unbtiIanced] sealed flaps on an hT~C~ 0009 airfoil of

itite aspect ratio are show-n in &ure ZO. These data are
taken from reference 17. The effect of tite aspect ratio
usuaIly is to reduce somewhat the negative ~alues of both
Ck= and C**. Reliable vfdues of these hinge-moment param-

eters for a finite aspect ratio can be calculated from the
twodimensional parametem only when methods based on
Iifting-surface theory are used. Lift.ing-line-t.heory methods,
such as are generally used in prediction of lift-curve
slope, have been proved inadequate. Liiting+nuface-thecmy
equations, applicable to full-span control surfaces on wings
of finite aspect ratio, are given in reference 18.

BALANCECHARACTEZWPKS

Overhanging or inset-hinge baIance.-The owrhm@g
balance or inset-hinge balance has been the type most
commonly used in the past. on actual airplanes. The hinge-
moment parameters for control surfaces having such baIances
are affected by the overhang length and by the balance nose
shape in the manner illustrated in figure 21. These data

are taken from reference 19, which also contains a large
ardount. of information on the various types of aerodynamic
balance. Increasing the bluntness of the balance nose
reduces the hinge moments for smalI deflections, but it ah-o”
tends to make the flow separate from the balance nose at
smaIIer deflections than those at which separation occurs on
an eIIipt ical- or sharp-nose section. A control surface with
a very bhmt-nose balance therefore usuaIIy must be restricted
to a smaller deflection range than a control surface with a .._ .
more rounded nose shape.

Unshielded horn balance.— The effeots of varying the size
of an unshielded horn brdance are shown for a typical case
in figure 22. These data are taken from reference 20. The
amount of balance is expre=ed in terms of the area moment
of the horn about the hinge Iine.

Balancing tab,—The effect of n balancing tab is to reducq
the negative value of Cjtd without appreciably changing the

-iaIue of Cka. The -due of C*=is not changed because the

configuration of the airfoil is not affected by the tab except
when the cent rol-surface deffection is varied. The tab
affects the value of chc by changing the pressure distribution

in the vicinity of the trailing edge of the control surface
when the surface is deflected. This change for a balaricing
tab resuIts in a smaII loss in controkmface effectiveness as
weIl as a reduction in the value of ChJ. A tab with a ratio

of tab chord to flap chord of about 03 gives the least
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f%~uction in control effective~s for & given ha.nge in Ch$.

Typical effects of a balancing tab on the hinge-moment
characteristics are illustrated in figure 23. The data shown
in this figure are derived from reference 19.

Beveled-traiIing- edge balanoe,-The flow in the vicinity
of the trailing edge of an airfoiI equipped with a beveled-
trailing-edge control surface, when the control surface is
deflected, is like that caused by a deflected tab. For this
reason, the va]ue of Cht is reduced by the bevelcd trailing

edge. 11’hebeveled trailing edge also reduces the negative
%lue (or increases the positive value) of ~ha. A beveled

traihng edge on an unsealed control surface may give exag-
gerated effects at small deflections and angles of attack,
which redt in overbalance of the surface for a small
deflection range. For this reason, control surfaces equipped
with a beveled trailing edge should be seaIed. The eflects
of trailing-ec]ge angIe on hinge-moment characteristics me
shown in figure 24. The data shown in this figure are derived
from reference 19.
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Sealed internal baItmce,-The. chamct.cristics of a scnlcd
internal balance are somewhat similar t.o tlmso of an over-
hanging balance. Thti ratio of t.hc area of any leaks in the
seal ta the area of the ventg at the hinge line must bc small if
tha balance is to be eflective. In practice, some type of
rubberized cloth seal is most satisfactory. The eflocts of a
sealed internal balance on the hinge-momcn~ chmwc krist ics
are shown in figure 25.

Other types of control-surface balance .—-Other t.ypw of
control-surface balance that arc sometimes used arc as
follows: shielded horn balrmcc (paddle l.dancr), Frisc
balance, piston balance, and various types of double-hing~>
control surfaces, such M those dwcrnbed in rcfcrcnccs 21 d
22. Otb.er devices that may bc used to reclucc control forces
include spoilem (reference 19), all-movabk! cent rol aurfnccs
(referenm23), servotabs, and spring tabs (rcfcrcnce 24),

COIUPARfSONOFVARIOUS BALANCING DEVICZS

The preceding discussion of the various t.mlaming dcviccs
has shown that some balances affect C*a more thtin C*J

whereas other balances htivc a prcdominml &cL ou C’hJ~

In order h obtain desired control-force and stubility cltur.
acteristics, it is convenient to bc able to vary C*= nml C’AJ

independently through the appropriate choice of btilanco or
of combinations of balances.
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~ comparison of the rdative effects of the various balances
cm the hinge-moment parameters is given in figure 26 where
value9 of (?k~ are plotted egainst values of Chl. ~ point

indicated by a circle on f@re 26 represents the dues of
the hinge-moment parameters of a typical plain control
surface. The various lines radiating from that point indicate
the manner in -which the hinge-moment parameters are
changed by the addition of various hinds of balances. ‘lJhe
distance along any of the lines from the point for the plain
control surface to a point for a bahmced control surface
depends on the amount of balance used. Through the
appropriate choice of aerod~amic balance a Iarge number of
combinations of C’k=and CB4can be obtained. A consider-

ably greater number of mmbinat iona of these parameters
can be obtained b-j combiDing two or more types of balance
as, for example, a amaIJ amount of bevel with any of the
overhang balances or -with a balancing tab. The vahe of
C,= may be made to inorease positively while the value of
ChJ increases n~atively by combining an unbalancing tab

with an unshielded horn baIance or with a beveled-trailing-
edge balance. A plot of C’*=against Pkt such as f@re 26

showing the balance characteristics may be used in con-
junction with a similar plot such as figure 8 showing the
required hinge-moment. chmact erist its. By comparison of
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the two sets of curves, a baIance which will provide the
desired stick forces may be selected.

&Ly of the types of balance discussed in this section may
be used to reduce the value of Cat to zero if used in sufficient

amount. The choice of the type of balance to use in a

practicaI installation depends Iargely on the effect of the
balance on characterist.im other than the hinge moments at
sma.11 deflections. The advantages and disadvantages of
various types of bahmce are briefly discussed in table 11.

DIItECTIONAL STABILITY AND COINTROL
CHARACTERISTICS

DIRECTIONAL TRIM CHARACTERISTICS

REQUIREMENTS

I?or aII types of airplanes, the rudder should be sufficiently
po-iverfuI to provide equilibrium of yawing moments in
flight with the wings level at any speed and in any &Wht
condition. When the airplane is trimmed at masimum
level-flight speed, the rudder force required at any speed
from the stall to the maximum driving speed should be as
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small as possible and should not &Ycccfi.180 pounds. In
addition, the rudder control should be suflicieutly powcrfd
to maintain directional control during take-off and landing,
For multiengine airplanes, the rudder control should bc
sufficiently powerful to provide equilibrium of yawing mo-
ments at all speeds above 110 p(’rcent of the stalling speed
with any one engine inoperative (prop&r at low pitch) and
the other engines developing full rated power.

DIREC~IONALTMMCHARACTERLSTI~FOR SINGLE-ENGINE AIRPLANES

Typical variations of rudder angle, rudder force, and
sideslip with speed in straight flight with the wing-s lahmdly
level are shown for a single-engine airplane in figure 27.
The reasons for the rudder deflection and sidcdip required
at low speed with power on me il]ust-rated in figure 28. AL
high angles of attack the propeller produces a yawing mo-
ment and the propeller-fuselage combination produces a side
force. For the normfil direction of propeller rotalion (clock.
wise when viewed from the rear) the yawing moment ~nd
side force are to the left. Right rudder deflection is re-
quired to offset propeller yrtwing moment and also to offscL
the aileron yawing moment when the aihwons are dcflcctcd
to balance the propeller torque. The verfical tail, thwc-
fore, deve.Iops an additional side force to the left. In ortlm
to offset the left side force on the fusehgc and tail, the air-
pIane must sideslip to the left because with tho wings ]cvcl
no side-force component due to gravity exist.s. Bccausc of
the airplane’s directional stability, addit ioual rudcfcr dcflcc-
t.ion to the right is required to provide directional trim when
the airplane sideslips to the lef L Right rudckr dcficction is
also required to offset the effects of slipstream rotation. The
provision of directional trim at low spmd. wit 11fhps down
and rated power generally is a critical condition for the rud-
der power. It is clesirable to htivc sufficient rudder deflection
beyond lh~t required for trim to offset the yawing moments
due to aileron cleflection and rolling velocity in a roll.
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The variation of sideslip angle vrith speed in the power-on
condition (fig. 27) may infhence the eIevator angle required
for trim and hence the static Longitudinal stability as meas-
ured in flight. The sidesLip m@e will affect the elevator
angIe required for trim in cases where there is a pitching
moment due to sidedip. Frequently the pitching moment
due to sideslip of a single-engine tractor airplane in the
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power+n condition is in the nosedown direction. As a
result, increased up-elevator deflect ion will be required for
triin at lower speeds. This effect results in an increase in
static longitudimd stability. This effect of sideslip must be
considered when comparing flight and wind-tunnel predic-
tions of static longitudinal stability. The use of this effect
to increase stabiIity does not appear very desirable, inasmuch
as a huge pitching moment due to sidedip is inherently
undesirable.

The variation of rudder force with speed is caused by the
effects of power and by distortion effects on the rudder fabric
at. high speed. In the power-off condition an airplane with
zero fin offset would be expected to require no rudder deflec-
tion or rudder force for trim at any speed. The right rudder
force which is shown by @ure 27 to be required for trim in
the low-speed power-on condition results from the right
rudder deflection required. The left rudder forces required
for trim at very high speed would occur if the h were offset
with Ieading edge to the left, for the same reason that the
elevator force variation with speed depends” on stabilizer
set ting. On actual airplanes the fi is frequently offset to
the left in order to reduce the rudder deflection required for
trim at low speed. This practice appeam inadvisable on
high-speed airplanes because of its adveme effect on the
rudder trim forces in dives tlmt result from distortion of the
rudder.

A possible method for considerably reducing the rudder
deflection for trim at low speed without intrmlucing unde-
sirable effects at high speed is to offset the center of gravity
of the airplane to the right. This method is eflective for
the folIov&g reasons: -

(1) The aileron deflection
and therefore the aileron
reduced.

required for trim at Iovr speed
yawing moment are thereby

P hrusf m ,cw-cpdfe~ tides

%$- -%)-

w 8idesllp=O; sMeforce to left.

+

\

Flow direc M

(b) ‘ --A40re tie~ de flecfti

2S.-Fcmeandmoments aetLngon etngknghre tractor afrplane fn ftfght at bfgh angles r4 attack

(b) 6idesUp to Iefc;sfdefome-O;e,frpkwlnequfHMrm.
wfth* laterallyIewl PropellerrotatImtcfockwfsewhen from the rear.
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(2] If the thrust force exceeds the drag, the excess of
thrust over drag produces a yawing moment to the right
about the center of gravity which reduces the rudder deflec-
tion required for trim.

(3) Because of the smaller side force on the verticaI taiI,
less sideslip is required for equilibrium and hence the rudder
deflection required to produce this sidedip is reduced.
The control deflect ions required when the center of gravit y is
offset vary inversely as the square of the speed and therefore
become very smalI at high speeds. Flight tests have shown
that on a t-ypictd single-engine airplane a lateral center-of-
gravity shift of 1.8 percent of the rring span reduced the
rudder deflection required for trim at minimum speed in the
wave-otT condition by 10°.

CHARACTERISTICS IN STEADY SIDESLIPS

EEQLTEEMENTS

Directional stability and control characteristics in side-

slips.-Right rudder deflection should be required to hold
left sideslip, and vice ~ersa. The variation of rudder angle
with sideslip should be appro.ximately linear for R@ee of
sideslip up to + 15°. The variation of rudder force with
sideslip should be such that. right rudder force should be
required to hold a rudder deflection to the right of the trim
position, and vice versa. If this requirement is met, the
airplane fl tend to return to zero sidealip when the rudder
is rdeased. For multiengined airplanes the directional sta-
bility with rudder free shouId be such that straight flight can
be maintained by sideslipping, at any speed above 140 percent
of the stalIing speed, with maximum possible asymmetqr of
power caused by Ioss of one engine.

Pitching moment due to sidesIip.-The variation of ele-
vator ar@e and elevator force with sideslip angIe should be
as small as possible. Requirements of clitTerent agencies are
somewhat differmt. Flight tests have shown that the
pitch~ moments in sidedips should not be sufficient to
produce undesirable changes in acceleration if the elevator is
left free. A tentative requirement is that the application of
a rudder force of 50 pounds should not produre a change in
normal acceleration greater than 0.29.

Side-force characteristics.-The variation of side force
with sidedip shoukl be such that Ieft bank is required in left
sidedips and vice versa.

The lateral stabiIity and control characteristics in steady
sidealips are considered in another section.

DLSCUSS1ONOF EQIIU.5HLIM OF AX AIEFLMJE N A STEADY SIDZSLIP

In a steady sideslip the airplane flies straight with constant
attitude and speed and must therefore be completely in
equilibrium. In order to maintain this comlition the rudder
is deflected until the yawing moment is zero. The ailerons
are deflected to make the rolhng moment zero and the
elevatom are deflected to make the pitching moment. zero.
The airplane must bank so that the lateraI component of

gravity offsets the aerodynamic side force on the fuselage
caused by sidesLip. The reIation between the angle of bank
and the ar@e of sideslip may be derived by referring to
figure 29

~ sin ~= cyq~

.9 ~ (#j

or for small angles of bank

~“+~ * *S

bc,
d_ b~ q
j----~

i)c,p~
‘7z- (37)

This relation shows that at Iow speeds or high lift coefficients
a Iarge amount of side-slip will be required in combination
vrith a small angIe of bank in a steady sideslip. At high
speed the angle of sideaIip cm-responding to a given amount
of bank is reduced. The formula ah shows that an airplane
with a smalI amount of side area will have to sideslip to large
angles for relatively smal.I amounts of bank in steady side-
slips. If an airplane is banked and an effort is made to
raise the low wing by use of the rudder aIone, the flight path
of the airplane VW continue to curve toward the low wing
until the sideslip is sticient to de~elop side force on the
fuseIage to offset the Iateral component of gratity. A
Iarge side-force coefficient is therefore desirable in order to
minimize course changes that occur when the airplane is
displaced in roll by gusty air.

TYPICALDIMICIENCiESIS SmESIZPCH~RACTEEIsTICS

One type of diflhdty frequently encountered, known as
rudder ‘~lock,” is really a condition of rudder-free directional
instnbiIity that occurs at large angles of sideslip. This difE-
culty is usually found to be caused by the vertical tail stalling

L

w

FIGCBEz8.-Forces acting on an airplans in a skdy sidesiip.
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or emerging from the slipstream at Iarge angIes of sideslip.
If an airplane is directionally stable with rudder free, left
rudder force will be required to hold the airplane in a right
sidedip, and vice versa. ‘i#en a condition of rudder lock is
encountered the rudder floats to an angle greater than that
required to hold the airplane in a stead-y sideslip, and the
pilot must exert right rudder force to return the rudder
toward neutral when the airplane is in a right sideslip, and
vice vema. This condition may be very dangerous on a
large airplane because the rudder force required to push the
rudder from its stops and start it turning toward neutraI may
exceed the strength of the pilot-.

Directional instability at d angles of sideslip is some-
times encountered, especially in the flap-up condition at
high angles of attack. It is sometimes caused by the vertical
taiI operating in the wake of the fuselage. This typ~ of
instability makes it very difEcuIt to hold the airplane on the
desired course, especially in maneuvers in -which high angles
of attack me reached at high speeds. Lack of directiomd
stability at small angks of sidesIip may be dangerous in
flight at high speeds because in accelerated rolling maneuvers,
in which the airplane is subjected to large -yawing moments,
angles of sidcdip may buiId up sticiently to mceed the
design load of the verticaI taiI.

~Negative dihedral effect may be encountered in flight tit
low speed with power on, especially in the flaps-down condi-
tion, even though the airplane may have positive dihedral
effect in high-speed flight. The causes of this condition are
discussed in subsequent sections. Negative dihedd effect is
undesirable, but it is not considered to be a dangerous condi-
tion provided that the aiIeron control is more than adequate
to holdup the leading wing in a sideslip with fulI rudder.

CONTIUEUTIONS OF VARIOUS AIRPLAN= COMPONENTS TO THE
DIRECTIONAL STABILITY

I)iyectiOn~ stabtity of the fuselage.-The variation of.
yawing moment with sideslip for a fuselage is difEcult to
predict because of the irregular shape of the fnselage. The
effect of the fuselage cannot be neglected, however, because
it usuaIIy contributes a large unstable variation of yawing
moment with sideslip. Theoretical attempts to predict the
directional instability of the fuselage have been based on
ctdculatious of the yawing moments on ellipsoids in an ideal
fluid. The flow around an ellipsoid in an ideal fluid does not
simulate the flow around an actual fuselage and for this rea-
son the theoretical calculations exaggerate the directional
instability. These calculations do show that the directional
stability of the fuselage depends principally on its dimemiona
as seen in the side ~iew and does not depend to any huge
extent on its thickness. Since yawing moments of fuselage
shapes are frequently presented in the form of yaviing-
moment coefficients based on the fuse~age -rolume, care
should be taken to con-iert these results to the basis of side
dimensions when they are applied to prediction of the mo-
ments on a body with difTerent- cross+iectiond shape. In

order to predict the directional stability of an actutd fuselage,
wind-t unnel-test results for a simiIar fuselage shape me
preferred. Wind-tunnel results are frequentl-y presented as
the variation of aerodpamic forces and moments with angle
of yaw-, rather than angIe of sideslip. @le of yaw is defined
as the angle of the Iongit udinal axis of the airpkme with
respect to a fixed direction, whereas angle of sideslip is the
angle of the longitudinal axis with respect to the direction of
the rdative wind. For an airplane in straight flight or in a
wind tunneI, the angle of yaw is equal to the negative of the
angle of sideslip, and the two angIes may be used inter-
changeably. When any type of maneuver involving turn-
ing is anal-yzed, however, the two angks must be considered
separately. In the present paper the term “mgle of side-
sIip” viiII therefore be used in the text when the angle with
respect to the relative wind is being considered. Some of the
@res presenting wind-tunnel data, however, are given iri
terms of angle of yaw in accordance w-ith usual tind-tunnel
practice.

One of the. factors contributing to the problem of rudder
lock is the fact that. the unstable yawing moments from the
fuselage and propelkr continue to increase when large angles
of siddip are reached, whereas the stabilizing efhct of the
vertical tail may decrease when it stalls or emerges from the
slipstream Figure 30 shows the variation of yawing moment
with angle of yaw for an iaolated fuselage with circular cross
section. The e&t of smalI fins added on the rear part of
the body is also shown. The addition of fins makes the
fuselage very stable at Iarge angles of sidedip though it does
not tiect the instability at smaU angles of sideslip.

PropeLler yawing moments.—A tractor propeller gives an
unstable -wwiat ion of yawing moment with sideslip because
it behaves like a wrtical fin located ahead of the center of
gravity. The instability contributed by the propeUer may

~
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be accurately estimated from theoretical calculations of the
direct propeller forces, such as those given in reference 9.
The propeller also affects the flow conditions at the vertical
tail and so influences its contribution to the directional
stabihty.

Wing yawing moments,—The vmiation of yawing moment
with sideslip for the wing is generally small. A wing with
positive geometric dihedral wilI give a sIight destabilizing
effect because of the intluence of the lift force on the yawing
mom ents. The reason for the unstable variation of yawing
moment with sideslip is shown in figure 31. The lift vectors
are drawn perpendicular to the relative wind and perpen-
dicular to the surface of the wing. Yawing moments con-
tributed by the induced drag in a steady sideslip are small
because. the ailerons are used to baIance out the rcdling
moment and hence tend to equalize the lift on the two sides
of the wing, For conventiomd designs the contribution of
the isolat*d wing to the directional stability is very srnall,
but it may become important in the case of taihs airplanes.

Yawing moments from the vertioal taiL—The verticrd tail
is designed to overcome the unstabIe yawing momenta con-
tributed by the propeller, wing, and fuselage. The yawing
moments produced by the vdical tail may be estimated
from the foIlowing formula:

(38)

In practice the quantities entering inta this formula are
difficult to estimate accurately. The principal source of error
is the determination of the area and effective aspect ratio of
the vertical tail. Inasmuch as tests have shown that the
portion of the vertical tail located behind the fuselage con-
tributes very little to the directional stability, it appears
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desirable to base tke quantities only on the portion of tk
vertical tail located above the fuselage. The aspert ratio of
the vertical tail should be increased by a factor ranging in
value from 1.2 to 1.5 to take into account tlm end-phttc
effect of the horizontal tail. The sidewnsh and dynamic
pressure at the vertical tail must aIso bc. estimated. ThlJ
sidewash and dynamic pressure thtit. exist in the propcllw
slipstream may be determined from various theorctiml or
experimental data. Interference effcds from tbc wing and

fuselage also have a largo effect on the sidcwash and dynamic
pressure- at tho vertical tail. These cflects me discussed in
reference 25. Whd-t.uunel tests have shown thnt a f~lvoraldc

sidewash factor ~ as lnrge as —0.4 may exist for low-wing

airplanes. On the other hand for high-wing airphmw nn
unfavorable sidewash factor of 0.6 luw been m(?asured. Trots
of pow~ed models of actual airplanes have gcucmlly shown
much smaller sidewrwh effects. The twrngc favorftbk side-
wash for low-wing models seems to Iw tipproximat vly —0.1,
to which the propdler sidewash shwdd be added. ‘1’Iw
dynamic pressure at the tai~ may be assumed equal to that
in the propeller slipstream for airplanee with clcnn canopies,
but for airplan- with poorly shaped canopies the vertirnl
tail area in the wake of the canopy must bc nssumcd to bu
rclatively ineffective.

DWIGN CONSIDERATIONS FOR PREVEXTION OF RUDDER LOCK

The yawing moments contributed by tho fuselage, pro-
pekr, and vertical tail may increase with sikdip eomcvdmt
as shown in figure 32. The yawing moment given by the
tail does not increaso beyond about 15° sideslip bccauso the
tail reaches the stall angle and also emerges from t.hu slip-
stream, whereas the yawing moments given by tlw propcllvr
and fuselage continue to increase all the way to about a 45°
angle of sideslip. For this reason the rtirplnnc nmy bccomc
directionally unstable at large angles of siddip oven with

vs%&J#%es,,\=,a,,
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Fmuru 32.-VsrIstlmIwith sfdesllpof thaynwln momentscontributedby the prop?lkr,
fnselage,and verthul taff for a slog%aghrc tractor alrplsne,
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the rudder fixed. With rudder free the directional stability
will be further decreased because when the verticaI taiI stalls
the rudder always has a large tendency to float with the
relative mind no matter what type of balance is used. (See
reference 26.) A large amount of directional stabiIit y must
be added at large angks of sideslip so that- the rudder deflec-
t ion required to hold the airpIane in a steady sidesdip fl
exceed the angle to which the rudder tends to float. One
method of making the fuselage stable at large angks of
sideslip was pointed out previous~y in the discussion of
fuselage yawing moments. This method consisted of the
addition of smaII sharp-edge & aIong the rear portion of
the fuseIage. These b, known as dorsal or mxttraI b,

have pro-red very successful b eliminating rudder lock on
many actuaI airphmes. Another method that has been
proposed to prevent. rudder Iock consists of pIacing vertical
taiI surfaces at the tips of the horizontal tail. These surfaces
tend to preserve the directional stability up to larger angles
of sidesIip because they remain in the slipstream Ionger.
Wind-t unneI tests shom~ the effect on the yawing moments
of dorsal fins and of end plates on the horizontal tail of a
typical single-engine fighter airplane are shovrn in figure 33.
A70te that the curves pass through zero because of the use
of contrarotating propellers. Ti%h single rot at ion, the
curves for povwmn condit iona are displaced at zero sideslip,
and thus rudder-force reversaI is caused at a stilI smaller
angle of sideslip in one direction (normally in right sideslips).

DIHEDRAL EFFECT

Eeqtiements,-The dihedral effect as indicated by the

~ariation of aiIeron angle with sideslip in steady sideslips

should be such that up aileron is required on the leading wing.
The wwiation of aileron angle with sideslip should be ap-
proximately Iinear. The variation of aileron force with
sideslip angle shouId be such that the stick will tend to
return toward its trim position at zero sideslip when it is
reIeased. This requirement is equivalent to stating that the
dihedraI effect- shall be positive with stick fixed or stick free.
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The maximum allowable dihedral effect is spec-fied in-
directly by the follovzing requirements:

(I) When the airplane is dispIaced laterally and the con- _
trols are released, the resulting oscillation should damp to
onc+alf amplitude in 1- than 2 cycles.

(2) The rolling veIocity in a roLl made with rudder fixed ___
should never decrease to zero as a remdt of the sideslip pro-
duced in the roll.

The foregoing requirements for the masimum aIlowable
dihedral effect are rather Ienient and a more severe re@re-
ment should possibly be provided. Some ahlan~ ~th _ ___
Iarge dihedraI effect and low directional stabiJity have proved
objectionable because of the vioIence of the ding motion
caused by smaII movements of the rudder in high-speed
flight. Further research is required before a definite require-
ment can be formulated to cover this condition.

Definition of effective dihedraI.-The gmmetric dihedrgl
angIe is defined as the angIe, as seen in the front view, between
the wing panels of an airplane and the spanwise a.tis of the “”
airplane. The effective dihedraI angIe may differ hm the
gegmetric dihedd angle because of the interference effects
of the fuseIage and propeIIer slipstream. The effective di-
hedral of an airplane is defied as the number of degrees
of geometric dihedral that would be required on an isolated
-wing of the same plan form to give the same variation of
rolling-moment coefficient with sideslip. The effective di-
hedraI is taken on the basis that it is constant from the root
to the tip of the wing. Thus, a wing with tips up turned
at a 45° amgle might huve about 10° effective dihedral.

The variation of rohg moment with sideslip per degree
dihedral for * of various phm forms and aspect ratios
has been determined theoretically and may be obtained from
various papers, such as reference 27. For an aspect ra~lo

of 6, 1° of effective dihedraI corresponds to a vaIue of ~ ~

the variation of rolling-moment coefficient with sideslip angIe,
of 0.0002 per degree.

Influence of wing location, power, and sweepbaok on
effeotive dihedraL-Ordinarily a high-wing arrangement has
about 3° more effective dihedral than geometric dl%edral.
A low-ring arrangement has about 3° Iess effective dihedral
then geometric dihedral.

The effective dihedral on a tractor-type airplane frequently
decreases with the application of power. This condition is
most marked in the climbing condition with ftaps down at
low speeds because in this condition the ratio of dynamic
pressure in the slipstream to free-stream dynamic pressure is
highest. The reason for the decrease in eBective dhedraI

with power is ilhstrated in @me 34. The decrease in
dihedrd effect is caused by the additional Iift deveIoped by
the trailing wing when the slipstream, which is deflected in
the sidesIip, covers a larger area of that wing. The lift
results in a rolling moment tending to raise the trailing wing.
Because of the increase in the thrust coefficient as the speed
is decreased, the effective dihed.rd in power-on conditions of
flight becomes progreseiveIy more negative (unstable) as
the lift coeflkient increasw.
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FIGUBE34.-Illustration of unetabla dlbedml effect mused by power (Craetw-type airplane).

A wing with sweepb%ck is found expmimentn.lly LOhave a
positive dihedral effect that increases in proportion to the
lift coefkient, This effect maybe used to offset the decrease
in dihedrd effect due to power. A typical example of the
variation of effective dihedral with lift coefficient for an
airplane in the power-on condition is given in figure 35.
The beneficial effect of a relatively small amount of sweep-
back in avoiding negative dihedral eflect at high lift coeffi-
cients is shown. With flaps down swcepforward or sweep-
back of the hinge line of the flaps rather than the quarter-
chord line of the wing sections is the important factor in
determining the dihedral effect. The difficulties encountered
with large posit ive dihedral effcct in high-speed flight have
been mentioned previously. It is therefore very desirable
to reduce as much as possible any increase of dihedral effect
with increasing speed. Experience has shown that negative
dihedral effect at low speeds is Iess serious than excessive
positive dihedral effect at high speeds. Though sweepback
is beneficial in offsetting the decrease in dihedral effect due
to power, sweepback of a wing even in small amounts is
usually detrimental to its stalling characteristics.

The use .of a Iarge amount of sweepback (that is, 30° or
more) on jet-propelled a.ircruf t for the improvement of
performance at transonic and supersonic speeds generally
produces very large positive dihedral effect at high lift
coefficients. The increase irt dihednd effect with lift co-
efficient md with sweepback may bc estimated qualitatively
by calculating the lift on the Ieft nnd right wings on the
assumption that the component of velocity normal to the
Ieading edge is responsible for the Iift of the wing. The
predictions based on this theory are in fair agreement with
experiment so long as the flow on the wing remains unst alled.
With large sweep angles, however, flow separation may start
at relatively Iow angles of attack, and the dihedraI effect ob-
tained under these conditions increoses with lif t coefficient less

o
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rapidly than predicted by the theory. Tests of swcptbtick
wings “tith sharp leading edges have shown that the (Iilwclrrt]
effect d“ange9 from positive to negativo values a~ modcrale
lift coefficients, as a result of stalling of the leading wing.
Quantitative data on the dikhd cffw% tind othor ruwo-
dynamic characteristics of swept wings muy be found in
reference 28 and many other pwpms. High dihedral effect at.
high lift coefficients or low flight speeds is not so objectiormblo
as it would be at high speeds, and ncceptal}le fligh~ chmactcr-
istics may be obtained provided that the direct ionrtl stability
is also fairly large and the aiIeron effectivenws is normrtI.

Measurement of effective dihedral in flighk-l?rom tho
variation of aiIeron angle with siekilip measured in steady
sidedips the variation of rolIing moment with sidcslip or the
dihedral effect may be determined, providml thaL the
variation of rolling-moment coefficient with ni~oron drflcction
is known, by means of the formula

(39)

The variation of rolIing-moment cocfh’iwlL with nilcron
angle may be obtained from flighL mcmurcmcnt.s of the
rolling velocity by means of the formulti

(40)

The damping in roil Cl, maybe obtained for wings of vmious
plan forms from theoretical calculations, Tlw value of Cl, is
between 0.4 and 0.6 for unswept wings of normal aspecl
ratios.
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AILERON CONTROL CHARACTERISTICS

J3EQULREJIEXTSFOESATISF~CTOBYAILEEOXCOXTEOL

EarIy research on lateraI-controI devices was concerned
mainly vrith improvement of the lateral controI of the
airplane beyond the st aLI. Attempts were made on the basis
of this work to set up requirements for satisfactory aileron
controI characteristics. One proposed criterion stated that
the rat io of rcdhng-moment coefficient to lift coefficient
should emeed a certain -due. This criterion would in
effect require an airplane to have a rdhg -w40city that
-mried inversely as the airspeed. Jfeasurements of flying
quaIities of numerous airplanes have shown that a criterion
of this type does not conform to the pilots’ opinions of
sat isfactory ro@~ performance. With con~entional aiIerons
the rolling ~eIocity obtained with a given aileron deflection
increases in proprtion to the speed. The reason for this
increase is that the ailerons introduce an effective twist into
the wing that causes the airpIane to roll essentially on a
geometric helix In a steady roll with a gi-ren aiIeron
deflection, therefore, the airplane ahvays rds through the
same angIe of bank in traveling a given distance no matter
what the airspeed.

The concept that the airplane describes a he~ix when it
rcdk has led to the practice of specifying the rate of roll in
terms of the heIi~ generated by the wing tip. The tangent.
of this helix angle is given by the expression pb/2 ~r as shown
in figure 36. In practice pb/21” is of the order of 0.1 or less
so that it is sticientIy accurate to consider the tangent equaI
to the angle e.xpre=~ in radians. For this reason, pb/2 1-
is generally cahd the heh.. angle.

Flight tests of mmmrous airphmes have shown that piIots
demand a l@her rolling velocity as the speed is increased and
they aLso require that a smalI airplane should be able to roll
faster than a Iarger airplane. These observations lead to
the conclusion that the rolling ability of any airpkme wilI
be considerwl satisfactory by pdots if the vaIue of pb/2~’ is
greater than a certain amount. Tests have shown that the
rolliig abiIit-y of an airphme is considered satisfactory when
the value of pb/21” exceeds 0.07 radian. (See refmence 29.)
This criterion is consistent with logical design of the airplane,
because geometricdy similar ming-aileron arrangements of
diHerent sizes with a given aileron deflection vi-allhave the
same hdix angle independent of size or airspeed. If a given

A, ‘7 ‘

ding velocity were required to sat is& the pilots, the aiIeron
proportions wouId have to increase rapidly with the size of
the airpIane.

With a: aileron control system in which the derons are
directIy hnked to the control stick, the piIot is generally
unable to obtain full deflection of the aiIerons above some
detite speed because the stick force required becomes too
huge. For nonnditary airpIanes the requirements state
that full aileron deflection should be obtainable with 30-
pound stick force or 80-pouncl wheeI force up to 0.8 times the
maximum level-flight speed. Combat experience with mili-
tary airplanes has emphasized the importance of roWng
ability in both normaI flight and high+peed dives. The
present &my and ISav-y requirements, therefore, specify
that large values of pb/21” or rolling velocity should be
available up to the maximum diving speeds of fighter-type
airplanes vrith the stick force not exceeding 30 pounds. The
Army and ISavy requirements ako specify a vaIue of pb/2~7
considerably great er than 0.07 for low-speed or cruising flight
in order to provide for rolling ability water than that desired
simply on the basis of satisfactory handling characteristic.

In addition to the previously stated requirements for
aileron effect iveneas and stick force, the follow@ require-
ments must be satisfied:

(1) The aileron force and rolling velocity should nmy
approximately linearly with aiIeron deflection and the stick
force should be suliicient to return the control to neutral
when the stick is rdeased.

(2) The rollihg acceleration shouId always be in the correct
direction and should reach a maximum -raIue no more than
0.2 second after the ailerons are deflected; this requirement
has always been met by conventional ailerons but certain
types of spoiIer aiIerons have proved nmatisfactory because
of excessive Iag or initial re-wrsal in their action.

TYTICAL AILERON CONTROL CHARACTERISTICS

If the ailerons are suddenly deflected, an airplane ordintiy
reaches its steady rolling velocity very rapidly. For this
reason only the steady rolling velocity is considered in the
requirements for aileron effectiveness. If the rudder is held
bd during the roll, the roIIing -reIocity may decrease after
it reaches the maximum because of the sidedip deveIoped
during the roll. Any sideslip in conjunction with the
dihedral effect of the airpIane introduces a rolli~~ moment
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opposite to that given by the ailerons. If the rudder is used
to maintain zero sideslip, the rohg velocity may continue
to increase during the roII because of the rolling moment due
to yawing velocity. Typical time histories of rudder-fixed
rolls are given in figure 37. Although in normal flight the
rudder is coordinated with the ailerons to avoid excessive
sidealipping, tests for aileron control characteristics are
usually made with the rudder fixed in order to obtain a
maneuver that can be reproduced.

The variation of aileron effectiveness with speed is ordi-
narily similar to that shcwm in figure 38. This diagram
shows that with a rigid wing a constant vahe of ~b/2 V
should be obtained at all speeds with full aileron deflection.
In practice, however, the ailerons cause the wing to twist in
such away as to reduce the rolling veIocity, until at some very
high speed, known as the aileron revemal speed, the wing
twist completely offsets the effect of afleron deflection and
the ailerons fail to produce rolling velocity. The aileron
reversal speed should, of course, be well above the maximum
diving speed of an airplane. A method for estimating the

/ -1
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(s) 140mMe per hour. (b) SW miles per hour.
FIGrxrE~.-Time Msforfes of typical rudder-fixed aikron rolls In a DIedkudmrnber alrplfme,

aileron re~e-rsal speed is given in r~fercnce 9. Figure 38
also shows that some loss in aileron effectiveness may l.w
expected near the stall because of reduction in t.hc rolling
moments given by the ailerons and bccausc of the incrcascd
sideslip reached in rolls at low speed, With a gjven stick
force the pilot can fully deflect the ailerons up to some dcfinita
speed but at higher speeds the uileron dcdktion is rcduccd
because of the high stick forces, hence the vtiluc of pJ/2~” is
reduced. This reduction is illustrated in 6gurc 38.

With a given aileron configuration and conventional types
of aileron balance, the aileron perfornmnco at low speed may
be improved at the expense of high-sped chmach’ristics lIy
increasing the aileron traveI while keeping the sanlc stick
travel. Conversely, the aileron cffcctivenm at high spcwds
may be improved at the expense of low-spucd rolli[lg abi]it.y
by decreasing the aileron tmvcl while liecping the stmm stick
travel. These effects are shown in figure 39. With inmcnscd
aiIeron travel, the value of pb/2 V for fuIl aih’ron dc[lwt ion
is increased but the speed abovo whirh the pilol is unablu
la obtain fulI nileron deflection is reduced because of tho
reduced mechanical advanttige of tho stick over the ailmons.

CALCULATION OF ROLLING EFFECTIVENESS

The value of p6/2V attainable with a given ail(’ron dPflcc-

tion and witl~ given wing and aileron dimensions can Lc

calculated accurately enough for design purposes, Tho
rolling velocity may be estimated within about +10 pcrccnt
for conventional types of aiIcrons in unshdIcd flight. The
calculation is based on the assumption that in a shmdy roil
the rolling moment due la the uilcrons is equal to tha dnmp-
ing moment in roll

@1)

The damping moment is caused by the incrcxcci nnglc of
attack on the downgoing wing and the reduced anglo of attack
on the upgoing wing. FormuIa (41) shows thn~ this momcn~
is proportional to the hclh angle, the dynamic pressure, and
the product of area and span of the wing. If formula (41)
is expressed in coef%cient form, the following rcsldl is
obtained:

% k
@ ~,-full aikran de%cti~
g OCfuol o&p477e

[mryivg sfick fwce]

$! !

o 1
Indicated airspeed _

i I
Stall M::~;m RswPe:syl

speed

FK+VM3&-Typleolvariation of afleron eflectknese with SWIM,

(42)
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The damping-moment coefficient C~ is a function onIy of
the wing pkm form. Its value has been calculated theoreti-
cally and may be found in reference 27 as a function of wing
aspect and taper ratios. The value of pb/2J”may be readily
calculated if the aileron rolling-moment coefficient is known.
This quantity may be determined from wind-tunnel tests or
may be determined with equal accuracy from the aileron
dimensions by the fo~owing procedure. The aileron roUing-
moment coefficient may be expressed in the form

@3)

acl
where the coefficient Cla is equal to ~ and the value of r is

the ratio of the variation of section Iift coticient with deron
deflection to the variation of section lift coefficient with
angle of attack. Notice that the symbol ~ is eqtivrdent to

/7
the symbol k used in reference 27. The mlue of > repre-

sents the roLling-moment coef%cient that would be given by
a wing if the spanwise part that includes the aiIerons were
twisted 1 radian. When this quantity is multiplied by r,
the rding-moment coefEcient is reduced to correspond to

] radian of aileron deflection. The value of > maybe found

in reference 2i as a function of the wing aspect and taper
ratios and of the span-rise location of the deron. The value
of r may be obtained from section data but more accumte
calculations may be made by computing from values of
p6/21” measured in flight a value of r for ailerons of a type
simiIar to those under consideration. ~ somemhat more
exact procedure for calculating the value of pb/21- is given
in reference 9.

AIMOUXT OF AILERON BALA??CE REQUIRED FOR SATLSFACTOBY
CHARACTERISTIC=

The following example illustrates the degree of aerody-
namic balance required for ailerons on airplanes of various
sizes. Consider a fighter-type airpIane with the dimensions
shown in @ure 40. The value of pb/2T7 reached with + 15°
aileron deflection may be calculated as follows: For 20-
percent-chord pkn ailerons, assume that r=O.4. l?mm
reference 27:

C$=0.46

%=0.3
T

From formula (43)

(?,===57.3 (0.3) (0.4) =0.0314

From formula (42)

pb 0.0314 —0.06sradian
2T 0.46

The stick forces are crdculated by assuming that pIain aiIerons
with no aerod~mnic baIance are used. The foIIow-@
typical -it-dues are assumed for the hinge-moment parameters:

C,a=–o.ooi

C,== –0.003

&ume 9 inches stick travel is required to deflect each aiIeron
15°. The force required per aileron is then determined from
the aiIeron hinge moment as foLIows:

FAX,=HM. (44)

F (;)=H (~ )
F= O.35H

The hinge moment is gi~en by the equation

H= (ACY~k=+A&CkJ qiks (45]

where Aa is the change in angIe of at tack at the aileron caused
by the rolIing velocity. This change in angle of attack at the

wing tip is equal to the value of pb/2T”. The change in
angIe of at tack at any point on the atieron may be calculated

40’

I

I I
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~bt
by multiplying pb/ZV by the ratio ~ J where b’ is the clistance

from thclongitudinaI axis to Lhispoint ontheaileronandb
is the wing span. hfore co_mplete rmfdyses, su& as that
given in reference 11, have shown that a point near the in-
board end of the aileron should be used to give the best
average measure of the angle-of-attack change.

In the present example

=0.048 radian or 2.8°

where b’ is the distance from the Longitudinal asis to a point
on aileron 0.7 foot from the inboard end. From equa-
tion (45), the hinge moment on the fully downward
deflected aileron is

~=[(–2.8) (–0.003)+15 (–0.007)] q (6.7)(1)2
= – 0.00L)771’~foot-pounds

where 1’7is in feet per second.
The variation wiLh airspeed of sticli force to deflect two

aiIerons is therefore as ahow~ in figure 41. llrith plain ailer-
ons, full deflection cnnnot be reached with 30 pounds stick
force above 158 miles per hour. Above this speed, the de
flection and hence the value of pb/21’” vary invenmly as the
square of the speed.

In order to meet the present AImy or Navy requirements
for aileron control at high speed, the ailerons on an airplane
of this size would have to be aerodynamically balanced to
reduce the hinge moments to about 1/3 of those for “a plain
aileron, even with the + 15° deflection range that was
assumed, The aileron deflection range would, however,

FIGURE41.—Variation of stick force and alicron deflectkm with speed for airplane
Uwd M Cxarnple.

hnve to be increased to +19 .5° to meet the low-speed re-
quirement of a value of ]Jb/21’ of 0.09, The mcchnnicrd
advantage of the control stick would thuwforo l)c rcx.luccd
and the hinge momont for fu]l dc[lw:t.ion inmmscd and n slill
closer degree of balance would IJOrequired for saLisftictory
high-speed chamct.eristics.

Consider next a large bomber of 240-foot spun, assumccl
to have a wing-aileron arrangement gcomctrimlly similar to
that of the fighter rtirplanc discussed previously. If n stick-
type con f,rol is assumed, thu mwhanictd ml vimlngo of the
stick over the ailerons will remain the snmc. If plain, un-
balanced ailerons are again assurncd, the only qurinLily in
the equations that changes is tlw producL J=cCZ. This qum~-

()240 ;
tity is muhiplied in the ratio -40 w 6.*which equnls 210.

By use of a whceI-type control, the pilot’s mwhallictd ad-
vantage may be increased about 60 pwccntj so thltt the

forces wou]cl be multiplied by ~~o or 135. The ortlw of nmg-

nitude of the wheel forces is indicated in flgurc 42,
‘A very close degree of balance of tlw ailmons (approx.

C**= ‘().()()014 imd (?*== O.OOOO()}for ~\~aInplC) ~~ouh~ br

required to reduce the whm~l forces to acccptabk Iimits. I~i
practice, this degree of balanco is unattainabk lwcausc minor
dif7erencea in the contours of the rtihx-ens, within production
toIeranccs, can cause Yariat ions i~~~kt ad flh= of &0.0005.

Some type of servo or boostw control is thcrcforc rcquimd
for adequate control of an airphmc of ll~is size, or even for
one of considerably smaller size. The tiilerons should bc
aerodynamically balanced as far as possibh’, while a dc*tiniLo
force gradient is still mt-tint.ained, in ordrr to reduce LIM
power requirements for the booster.

NOTBS ON AILERON BALANCE, FRISE AILERON& AND SPOILERS

The example given previously showed that thu chtmg~ iu
angle of attack wt.the aileron during the roll was about 1/5 tho
change in atieron deflection. A given chnngr in the vtdue
of C~=will therefore have only 1/5 as much L41’ccLcm nilwcm

forces as the same change in the value of C’*J. The nihuwn

control-fd chmacterist.ics arc not nlmkedly aflectrd by the

io,m

[

ul I I I
100 .2fM m

hdicoted ukspeeoj *

FIGCBE4Z.-Aileron wheel loom for M aileron detleetion w a fIUIcLlonof spiwl for afrphmo
wfth 2t0-foot span. Unbafuneed afkroua.
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ratio of the values of C’$a and Pka although vrhen C*= is

positive, the control force required to deflect suddenly the
ailerons -rriU be lighter than the fhaI force reached in a
steady rolJ; whereas when the due of Cj= is negative, the

opposite wi~ be true. N the types of control-surface aero-
dynamic balance discussed previoudy have been successfully
applied to derons.

Certain additiomd means of providing aerodynamic bal-
ance for ailerons huve been frequently used. These methods
depend upon balancing the system consisting of the two
ailerons and their connect ing linkage rather than baIancing
etich aileron indi’ridudly. In the case of one frequently
used type of aileron balance, called the Frise afleron, the
upgoing aileron is o~erbaIanced and therefore heIps to deflect
the dow-ngoing aileron. In using this arrangement the con-
trol system must be very rigid so that the upgoing aileron vdl
not deflect to excessive~y large angles and cause the system
to overbalance at high speeds. A differential linkage is fre-
quently empIoyed in conjunction with Frise type ailerons
as weU as with other types of aiIerons. ~th this arrange-
ment the upgoing aileron deflects through a larger range
than the dow-ngding aileron. If both the ailerons have an
upfloating tendency (trailing edge tending to go up), the
differential linkage will result in reduced stick forces.

The use of spoiler-type ailerons has been proposed to per-
mi t increasing the span of the landing flaps, thereby decreas-
ing tak~ff and landing speed tithout sacrificing aileron
performance. The hinge moments of spoiler-type aiIeronsmay
be erratic unless care is taken to use a design that de-reIops
very small hinge moments. One successful spoiler a~Oe-
ment incorporated a thin circular-arc spoiler which develops
snMII hinge moments in conjunct ion with a small convent ionaI
aileron to provide the necess~ controI forces. The spoiIer
shouId be located far back on the chord in order to avoid
undesirable Iag in its action.

ADVERSE MLEROX YAW

use of the ailerons to produce a ro~ing moment also intro-

duces a ~ati~ moment for two reasons. When the aiIerons
are lirst deflected the induced drag on the side of the down-
going aiIeron is increased and that on the side of the upgoing
tderon is decreased. The difference in induced drag causes
a yawing moment. When the airplane starts to rd the lift
vectors on the dovingoing wing are inclined forward and
those on the upgoing wing are incIined baclccard. A
yawirqg moment is therefore introduced called the yawing
moment due to roIIing which is in the same direction as the
yawing moment due to the aiIerons. These two yawing
moments tend to swing the nose of the airpIane to the right
in a left roll, and vice versa. The change in heading is in
the opposite direction from that desired and this effect has
therefore been cahd adverse aileron yaw. h additional
yawing moment due to the pro&-drag differences on the
left and right wings when the ailerons are deflected must also
be added to the induced yawing moment and the yawing
moment due to rolling mentioned previously, but this profile-
dmg dif?ierence is relatively small for conventional aiIerons.

92A77M1—11

‘illth spcder-type ailerons the profWdrag ditTerences may
introduce an appreciable fa-rorabIe yawirg moment. Even
when spoiIer aiIerons are used, however, at higgh lift coeffi-
cients this favorable moment is generaLIy snder than the
sum of the adve~e yavring moments due to induceddrag
cliflerences and due to rding.

The adverse aileron yawing moment in a roll may be
calculated by adding to the yawing moments measured in a
wind tunneI the yawing moment due to ding. The yawing
moment due to rolling may be determined as a function of
wing plan form by methods from reference 27 and other
papers. If wind-tunneI data are not a-raiIabIe, the induced
aileron yawing moment may be found from theoretical cal-
culations in reference 30. h approximate formula for the
adverse yawing-moment coefficient act ing in a steady roII is
as follows:

(46)

This formula, which is accurate within +5 percent for or-
dinary wing pIan forms, gives appro.simately the sum of the
yavring moments due to induced ~~ and due to roLling.
The adverse aileron yavrirg moment is directly proport ional
to lift coefficient.

REQUIREMENT FOE LIMITS OF YAW DUE TO AILERONS

Since undesirable heading changes occur in maneuvers
because of the effects of aileron yaw if the directiorud stability
of an airpIane is too smalI, a requirement in the handling-
qmdities specifications has been pro-ridc+d to set an upper
Iimit on the sidesIip reached in rolls. This requirement
states that the change in sideslip occurring in a rudder-~wd
roll made with full aiIeron deflection at 1.2 times the stalling
speed should not exceed 20°. It is important that this
degree of stabflit y shouId be obtained at. smalI sideslip angles
in order to limit inadvertent sidesIipping which causes head-
ing changes in maneu~ers invoI~ smaII aileron deflections
such as those used in flying through rough air. Also, it is
important to avoid large amounts of sidesIip in high-speed
flight, as discussed in the following section. Thus, in a rcdl
with 5 percent. of full afleron deflection, the sidedip shodd
not exceed 1”. With conventional types of ailerons the d~
signer can do little to reduce the adverse aileron yawing

moment. The rudder-fi.ed directional stability of the air-
plane must therefore be made sufticientIy great to meet the
above requirement. In f3ight tests, this requirement can be
checked more con-reniently by rolling out of a 450 banked
turn, so that excessive angles of bank are not reached before
the maximum sideslip is attained.

EOIJJNG MAIIEUVERS IN ACCELERATED FIJGET

When an airplane is rolIed out of a pull-out or out of an
accelerated turn, the values of pbJ2 1“, liftcoefficient, and
airspeed may dl be relatively large. The aileron yawing-
moment coefficient wilI therefore be Iarge, as shown by
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formula (46). The amount of sideslip developed in a rudder-
fixed roll at high speed in this type of maneuver may there-
fore equal the amount of sideslip developed in a roll from
straight flight near the stalling speed. Reference 31 indi-
cates that because of the high speed, the loads imposed on the
vertical tail may be exceptionally Iarge. The provision of
adequate directional stability, especially at small angles of
sideslip, in order to prevent excessive sideslipping in rolls at
high speed is therefore important from structural considera-
tions as welI as from the standpoint of providing desirable
flying qualities.

STALLING CHARACTERISTICS

REQUIREMENTSFORSATISFACTORYSTALLINOCHARACTERISTICS

Conventional airplanes are unable to fly if the flow on the
wing has completely stalled. In setting up the requirements
for satisfactory stalling characteristics the fact thaL mmnal
control characteristics cannot be maintained beyond the
stall hm been considered. The purpose of the requirements
is, therefore, to prewm~ inadvertent entry into a stalled
condition of flight and to assure recovery from a stalled
condition if the pilot stalIs the airplane intentionally.

The required characteristics are as follows: First, the
approach to a complete stall shoulcl be unmistaliable t.o the
pilot. Any of the following characteristics are considered to
constitute satisfactory staII warning:

(1) Lfarked buffeting or shaking of the airphme or control
system

(2) hlarked rearward motion of the control stick or increase
in pull force required ta stall the airplane

(3) SufEciently slow devclopmcnL of instability
(4) A mechanical warning device may be used, in the

event that inherent stall warning is not present,

Second, it should be possible to effect a prompt recovery
from a complete stall by normal use of the controls. Finally,
a desirable characteristic, although not required, is that
the rate of roll of the airplrme aft,er the stall should be 10W,

DL9CUSS1ONOFTYPICALSTALLING CHARAC’CE~TICS

Flight tests have been made by the NAC?A to determine
the stalling characteristics of many different airplanes.
In these tests measurements were made of the control
motions, accelerations along each of the thee axes, angular
velocities about each of the three axes, angle of sideslip, and
airspeed. In some cases the p~ogression of ~he stall on the
wing has been visualized by means of tufts. Jlany different
typm of stall behavior have been observed. In some cases
a violent roll without any form of warning occurs at the stall.
In a fighter-type airplane the rate of roll has in some cases
exceeded 900 per second. In other cases violent oscillatory
motion occurs in which the airplane rolls, pitches, and yaws
through a fairly large amplitude in an erratic fashiom
This type of stall is not so dangerous as the fhst mentioned
type but is, nevertheless, considered unsatisfactory if the
violent motion occurs without warning. In some other
cases, violent buffeting of the airplane occurs several miles

an hour above the minimum sped and full up rhwutor mrty
be applied without- crmaing the airplane to Id]. This lypr of
stall behavior is considered satisftictory. Another type of
motion at the stall consists of a gradualIy inrrcasing oscilln-
Lion in roll and pitch that, if allowed to con[inuc, may
eventually cause the airplane to roll on its buck, This
type of stall is considered satisfactory if tlw pilot lNWtime to
apply corrective action before the amplitudc of lbo motion
becomes excessive.

The stalling characteristics may be rnarkwlly diffurrn[ iu
difTerent conditions of power and flap setting. They may
be also aff ecbxl to a large extent by minor cln-rngcs in ron-
figurntion, such as change in cowl-flap position. A stnll
made from a high-speed turn is frequently more viohwl than
a stalI made from straighL flight bemuse of tho incrmscd
aerodynamic moments acting on tlw stnllcd uirplnnc.

INFLUENCE OF VARIOUS DESIGN FACTORS ON STALLING
CHARACTERL9TICS

The stalling charnctwistice of nn nirplunc ranno[. Ix accu-
rately prcxlicted by any available methods. TIN umwrlui uty
in the prediction of shilling chtiracterist icsf is duc partly (o
the large number of variables which may iuflucmw thcso
characteristics and fiartly to tho lticl; of nn urlequnte thLlu-
retical. treatment. of phenomena involving flow scpmw( ion.
A few general st.aLeInents with regard to present knowledge
of stalling characteristics will bc given in the following pIIrn-
graphs. ln any individwd design, l~owwwr, other fuctors
than those considered may have a large effect on ihc sttilliug
characteristics. A summary of full-scale wind-Lunmhl sludics
of stalling characteristics is given in refercncc 32.

The progression of the stall on the wiug is usunlly consid-
ered to be of primary importance in drtumining the stullil]g
charactcristice. If the stall stwls first ut the tip nnd pro-
gresses inboard, the type of shall chnraelcrizcd by n viobmL
roll without warning is likely to red t.. A vidd ~011 is

caused because the region of stalled flow is at u lnrgc distancu
from the airphme center line and, thcrcforc, cxmts n hwgc
ro~ing moment. & soon as the airphtne sturls to roll, Ihc
angle of attack on the downgoing wing is imww.ccl fartlwr
beyond the stalling angIe while tlmt. on (1IP upgoing wiug is
decreased. As a result the downgoing wing is conlpl~tr]y
stalled while the upgoing wing remains unsttillrd. The hrgu

rolling moment produced by this asynnnc[rie-flow conditiolj
may be accompanied by R largo yawing moment. which wil~
tend to cause the airplane to cntur n spin. Sttill wtiming is
likely to be absent because the stalled 11OWdots not strike
the tail of the airplane. Aileron cent rol may also bc 10S[
because of the stti~ing of the flow over the ailcrcms. Illiiiul
stalling of the wing tips is likely to LN!caused by a high drgreo
of taper or by the use of swecpback. In Ihli {’USC of u Iaprwd
wing, ~he induced velocity a~ the wing caused by the trailing
vortices increases the effective angle of attwk of scctious at
the tip and decreases the effective angle of tittnck of sections
at the root. The tips therefore sttill first unlws the lip nir-
foil sections arc designed to havo u higher st.nlling nnglc than
those at the root.

.-
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Sweepback has a sirnihr effect- in promoting tip stalling.

The flo~v fielcl about the wing creates an induced velocity

and alsa an induced camber at the tip which tends to promote
tip stalling. In addition, the boundary layer tends to flow
toward the tip, which helps to prevent separation at the
inboard sections.

A sta~ which starts at the V@ root and progresses sym-
met rically toward the tips is usually considered beneficial.
This type of stall may provide warning in the form of buffet-
i%u bw~ame fluctuations in the flow occur at the tail over a

region appro.timately t mice as wide as the region of reduced
dynamic pressure in the wake. Furthermore, the large 10SSof
lift at the center portion of the wing may result in a decrease
in dow-nwash at the tail. ~ large nosing-down moment mill
result. and a marked increase in up-elevator cleflection or a
pull force on the stick d be required to maintain trim. The
smalI moment mm of the stalled area contribute to a low
initial rate of rolI tmd the aileron control may be maintained.

lhitia~ staIli~y of the W@ root is promoted by use of a
rri~~ of rectangular phm form or by sweepforwmd. The
induced -velocities and boundary-layer effects are then oppo-
site from those of the tapered and sweptbnck wings.

Some factors which may be o~erloolced in connection with
st alhg chmact erist ics are as follows:

(1) On a lmge airplane a stall at the wing root may be
unsatisfactory because of excessidy tiolent buflet.ing of
the tail.

r2j The wake from a w-@ staIIed at the root may blardcet
the ~ertical tail. & a result rudder control may be lost and
the airphme may become directionality unstable. This
instability in combination with the high effective dihedral of
a stalhd wirug may result in a violent directiomd di-iergence
and roII.

(3) “Stability” of the stalI pattern is importunt. In other
tvords, several degrees change in angge of attack should be
required for the stun to progress from the root to the tip. If
only a small change in angle of at~ack is required to cause the
whole wing to staI1, then as soon as the airphme starts to roll
the increased a@e of attack of the downgoing wing mill
cause this wi~m to stall a-ml R violent. roll wiII result. If
stabiIity of the std pattern is at tainecl by means of “wash-
out-” of the wing tips, a loss in ma..um lift coefficient will
necessarily resuIt because not all portions of the W@ will
reach their maximum lift at the same time. StabiIity of the
staH pattern may, however, be provided by use of slots on
the outer portions of the King. These slots increase the
maximum lift coefficient W thm stations. This procedure
wiIl not result in any loss of maximum lift coefficient.

~4) If the wing sta~s first at the traiIirg e~~e of the wing
root, the spread of the stalI to the leading edge rather than
outboard on the wing is beneficial. This characteristic
causes a lmge loss in Iift as the awgle of attack is increased
which w~ cause the airplane to pitch down rather than to roH.

It is possible for some airplanes to haTe good stalling
characteristics even though the tip sections staII fit. These
desirable characteristics are usuaIIy obtained by the use of an
airfoiI section at the tip which has a so-mdled flat-top lift
curve. ‘With this type of lift curve the airfoil maintains its

Jift beyond the staU and as a resnh large rolling moments are
not applied to the airplane. Thin hi@ly cambered sections
with small leading-edge radii generally have lift- curves of
this type.

FLIGHTCOXD~OXSLEADmGTOI?JADVEETEXTSTALLIXG

The handling characteristics of an airplane at speeds above
the staLI may have a decided effect on the danger of inadvert-
ent stalling. A htrge pitching moment due to sideslip is
undesirable because the piIot has very IittIe ability to judge
the amount of sidesIip existing in flight at low speed, and
because changes in sideslip such as those occurring in a roJl
out of a turn in the laDding approach may result in pitc~
moments sufficient to staII the airplane. Longitudinal m-
stabihty in the landing-approach condition also increases the
danger of inadvertent stabg because the airplane will tend
to stalI by itself unless the pilot. applies increasing push forces
to the stick Directional instability may result in inadvert-
ent large sideslip angIes while rolling into or out of turns.
The masimum Iift coefficient may be considerably reduced
fit these hrge sideslip angles, and the airspeed meter may
give false indications, so that the airplane may stall at
indicated speeds at which it would normally remain unst ailed.

The formation of ice on the leading edge of the Ming or on
the retaining strips of de-icer boots may have a serious
adverse effect on the stalling characteristics of an airplane
and may aLso greatly reduce the ma-ximum lift coefficient.

GROWXDLOOMXG

Ground looping and stalling characteristics are closeIy
related. Ground looping clif%culties have generally been
caused by large yawing and rollii tendencies caused by an
unsymmetrical stall on the wing of an airphme while it is in
the three-point attitude. The ground angIe of an airplane
with a conventional landing gear should be appro.timately 2°
less than the stalling angle in order to avoid this dficulty.
The use of a tricycle landing gem usually elimiiat es this
trouble.

CONTROL-FREE STABILITY OR SHORT-PERIOD
OSCILLATIONS

EEQC_lREMENTSFOB LOXGITUDISAL MOTION

If an airplane which has static longitudinal stability is
disturbed from a trimmed condition and then allowed to fly
for a long period with the controls either fiwd in the trim
position or free, it fl normally perform a motion consisting
of two types of oscfiations. ~ short oscillation, which
generally damps out within 1 or 2 seconds, occurs imme-
diately after the disturbance. ~ longperiod oscillation then
occurs which consists of a gradual increase and decrease of
speed about the trim speed with a corresponding variation
in the altitude of the airplane. This long-period oscillation,
ca~ed the phugoid osciUat.ion, has a period given approxi-
mately by the formula: period in seconds equals onequarter
times the velocity in miles per hour. The period is, ther~
fore, of the order of a minute for higbpeed airplanes in
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cruising flight. Because theperiod iasolong, the pilot has
no difficulty in controlling the oscillation and causing it to
damp out. Teds have shown that the damping of the
phugoid oscillation has no correlation with the pilot’s opinion
of the handling qualiti~ and, therefore, no requirements me
specified for its damping. In many actual airp~anes this
oscillation is unstable.

If the controls are held fhed following a disturbance, the
short-period oscihtion ahvays damps out so rapidIy that it
is difficult to detect. With the contds free the short-period
osci.lIation generally damps out very rapidly, but in some
cases the pitching motion of the airplane may be coupled
with the oscillations of the elevator to cause a violent unstable
oscillation. The period of this oscillation varies inversely
as the speed and is generally about. 1 second in high-speed
flight. lf the oscillation does not damp out, it may cause
large accelerations approaching the structural strength of
the airplane after 1 or 2 cycles. Such an osciHatiou cannot
be tolerated and the requirement is therefore made that this
oscillation should damp out so that the motion of the elevator
and the airplane has completely disappeared in 1ssssthan
1 cycle.

lNFLUENCEOFDESIGNFACTORS ON SHORT-PERIOD LONGITUDINAL
OSCILLATIONS

Reference 33 shows that theoretically an airplane with

a positive value of ~ha of the elevator is likely te experience

unstable, aho~t-period longitudinal oscilla~io~. An airp-

lane having a positive value of Chd vci]l be statically un-

stable wi~h stick free unks the vahe of (?b=is sticiently

positive. If a positive value of C*. is used in combination

with a positivo vahIe of ~hd to provide stick-free static

stabiIity, unstable short-period oscillations are ~ikely to
result. For this reason a fairly accurate rule to fo~ow in
connection with the design of aerodynamic baIance for the
elevator is that Chrshould always be negative. The tendency

for short-period longitudinal oscillations to become unstable
is greater at high altitude and with a bobweight in the cmtrol
system. Theoret.icaI analysis and flight tests have shown that
a continuous short-period oscillation may exist under these
conditions unkss the value of Cha is sufficiently negative.

REQUIREMENTS FOR LATERAL MOTION

When an airplane is disturbed lateralIy from a trimmed
condition and the controIs are left free for a long period or
held tied in their trimmed. positions, the airplane w-ill gen-
eralIy perform a short-period oscillt-i~ion and fl eventually

go into a spiral dive. The Givwgcncc into the spiral divr,
known as spiral instability, is very slow and, like the phugoid
oscillation, has no correlation with the pilot% opinion of the
handhg chy-acteristics. For this rcasou Wrc nre no
requirements for spiral stability. Almost UH actual air-
planes are spirally unstable. Two types of lateral oscillation
-which are difficwlt to distinguish from each other mfiy occur.
These are. known as Dutd rolI and snaking. The require-
ment is made that these oscillations shoukl damp to one-htill’
amplitude in less thaIl 2 cycles.

INFLUENCE OF DESIGN FACTORS ON LATERAL OSCILLATIONS

DutFh roll oscillations may occur with tho controls either
fixed or free. The period of this typo of oscillation on cwlI-
ventional airplanes varim inversely as the spwl and gcncmlly
varies from approximate ely 6 sccouds near tlw st falling speed
to about 2 seconds near the maximum speed. ‘1’liis oscilla-
tion is a combined yawing and rolling osc’ill~tion IlmL is

generaIly well clamped for nornml val ucs of dircctionu]
stability und dihedral. With normal vtdues of dircctiomd
stability au effective dihedral of tqqmmimahJy 15° would hu
required to cause instability of the Dutch roll oscilla[iom,
On airphmm with a large amount. of w(’ight in thv fusclngrj
the inclination of the fuselage to the fligh~ path lms au
importmt effect on tlm stability of the oscillatims. A
positive aI@c of attack of the fusclngc hus u st tibilizing
eflect. (See reference 34.) The tcudcncy for this oscilla-
tion is increased on airphmes with high wing loading ilying
at high altitude and the requircmrnt for damping of t lIV
oscillation may set an upper limit on the alhwublc difmhwl
angle for heavily loaded airplanes iutendcd to fly a~ wry
high altitude.

The type. of oscillation calhxl snaking is a conslattt-
arnplitde motion that can omur only with ~he rudder free.
It is caused by the use of a rudder tlmt. tends to floa~ against.
the relative wind in conjunction w[th friction in the WI h

control system. If the airplane is disturbed from a trimrncd
condition, the rudder will tend to float in w dircclion lo
oppose any sideslip tlmt is introduced. The friction in the
rudder control system will then hold the ruddrr as the air-
plane _wvings back through the trimmed position. ‘JIIc
rudder, therefore, tends to feed energy into the oscillation
and a eonstn.nt-amplitude oscillation is built up. This
sequence of events is illustrated in figure 43. The period of
the oacilIation varies inversely as the speed, and the timpli-
tude is proportional to the friction in the rudder syslcm. A
theoretical analysis of this typo of oscillation is givcIl in

FI(tURE48.-Dlustrationo! ruddezandafrphmemotiondudng8snak[ngoscUlntIom
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reference 35. Because the motion of the airplane in this
type of oscillation is very similar to that in a Dutch rolI, it
is dficult to distinguish the two types of motion. In some
cases the pilot may hold the rudder pedals fixed but the
flexibility in the rudder control system vcill aIIow the rudder
to move slightly and maintain an oscillation of constant
amplitude. h’early alI cases of smalI-amplitude yawing
oscillations rvbich ha-ie been reported on numerous airplanes
huve been cases of snaking rather than Dutch rolI. i+ good
rtie to use in connection with the design or rudder balance
is that the value of Ph. shodd always be negative so as to

avoid the poasibilit y of smding oscilIationa. Theoretically,
a smrdI positive -raIue of C’h=may be used without causing

oscillations provided C’hahas a sufficiently large negati~e -due.

BELATTOXBET~EBfi-RUDDER, AILEROS, AND BLEVATOR SHOET-PEBIOD
OSCILLATIONS

The rudder snaJiing osciIIat ion discussed previously is the
most frequent type of short-period oscillation caused by
motion of a control surface. Short-period longitudinal
oscillations with the elevator free are kas likely to occur, and
the range of ~~e-moment. parameters that can be used is
less restricted by the requirements for stability of the
oscillations. Short-period aiIeron osciUationa can also occur
but these oscillations are more difFicult- to obtain than those
of the elevator. It has been shown theoretically that un-
stable oscillations of the ailerons can occur onIy when ~ht

and C’ha ha-re appreciable positive values. Short-period

oscilIat ion? of the ailerons ha~e been observed in cases for
which the controls were overbahmced for sma~ deflections
bcwause of nodinear hinge-moment characteristics. Over-
balance of either the elevator or rudder contrda at srndl
deflect ions wo@d be even more likely to ca~~e short-period
oscillations of these cent rola in addition to probably causing
stat ic instability y with controls free. The short-period oscil-
lations discussed herein are quite distinct from flutter in that
they do not involve much deformation of the airpkme struc-
ture. ~TsuaUy the oscillations caused by flutter have much
shorter periods than the oscillation discussed in this section.

WIND-TU~IWZ TESTS AND CALCULATION
PROCEDURES FOE DETERNIZNATION OF

FL1’I~G QUALITIES

INTRODUCTION

For many years mind-t unnel tests were ordinarily made of
modeIs without propellers. Sometimes empiricaI methods
were used to WOW for the effects of power on stability; for
example, a criterion that required that the slope of the curve
of pitching moment against lift. coefficient should lie within
certain specified bits. Such a procedure was shown to be
~nSatkfactoW when quantitative ili@t-test data became
avaiIable. Tests of powered modeIs are now ordinarily
made and it has been shown that the stability of an airplane
may be correctly predicted from these tests. The procedures
for making such tests are discussed in reference 36.

SIMULATION OF POWER CONDITIONS

CRITERIONS OF SEWLLITUDE

Siice the effects of power result from the action of the
propelIer forces and slipstream effects of the ahqJane, these
factors must be simulated as cIoseIy as possible in the model
tests. If the slipstream velocities are correctly reproduced
in relation to the free-stream velocities, the forces of the
propeller vriU also be reproduced, since they are equal to the
changes in momentum of the air in the slipstream. The
slipstream consists of a mass of air to which is imparted an
increase of a_-tial-ielocit y, a rotational velocity, and a vertictd
or lateral velocit.y. Propeller theory indicates that. the asial
-reIocity is a function of the thrust coefficient, the rotational
velocit.y is a function of the torque coefficient., and the verti-
cal velocity is n function of the normal-force coefficient.
Because the relation between the thrust coefficient. and the
torque coefficient is a function of the propeller efficiency, a
propeIler on the model viould have to have the same efficiency
as that on the airplane in order to simtiate correctly all the
propeller effects. Generally, the efficiency of the model
prope~er is somewhat km thrm that of the airplane prope~er
because of its smaller scaIe. Therefore, exact simulation
of both the thrust and torque coefficients may not be possible
in longitudinakdability tests. However, the thrust coeffi-
cient is the most important parameter and should be e~actly
reproduced. The verticrd-force coefficient may generally
be reproduced with suilicient accuracy by using a propeller
geometrically similar to the full-scale propeller.

VASIATION OF THRUST IN FLtGHT

The detition of propeIIer eficiency is given by the foJlo-w-
ing equation:

n’
q=550P

Hence, the thrust is gi~en as a function of speed by the
equa t ion

*=550Pq
1’

(47)

Ordinarily -with constant-speed propelIem, the horsepower
remains approtimately constant, and the propeIIer efficiency
doea not vary greatly throughout the speed range- The
thrust., therefore, varies appro.sirrmt ely inversely as the
speed.

In order to test a powered model, the ~ariation of thrust
coefficient with lift coeflhient must be known. The thrust
coefficient based on vcing area is usually employed in order
that it shoulcl be directly comparahle with the drag coeffi-
cient. From the preceding formula, the thrust coefficient _
based on wing area may be obtained as follows:

T:=$

_5507.P

1?~as
2

(4s)
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The speed may be expressed in terms of the lift coefficient
by the formula

r

.. .-

2%~7=
z

(49)

Hence, the equation for the thrust coefficient becomes

“=3W ‘“
(50)

This formula shows that the thrust coemcient increases
approximately as the .Wee-lmlves power of the lift coefficient.
The effects of power on stability are usually greatest w~ere
the thrust coefficient and hence the axial velocity of the
slipstream are greatest. Formula (5o) indicates that these
effects will be most marked at high lift coefficients or low
speeds. Tho effects w-ill also be greater at sea level than at
high altitudes.

CALCULATION OF THE VARIATION OF THRUST COEFFICIENT WITH LIFT
COEFFICIENT FOR A SPEClmC AtRPLANE

For most investigations of spcc.ific models in a wind tunnel,
the manufacturer will furnish a chart showing the variation
of Lhrust coefliciont with lift coefficient for several constant-
power conditions. When such information is not supplied,
however, this variation may be calculated by the fo~owing
method. The use of a constant-speed propeller is assum~d.
Constant engine power is assumed because, in maculating
tho stability of an airpkme, it is desired to determine the
forces and momenta that result when the trim speed or mgle
of attack is changed and the throttle setting is maintained
constant.

The following factors are known: engine brake horsepower,
propeller speed, propeller diameter, airplane weight, and
wing area. The procedure may be outlined as follows:

(1) For severrd vahms of lift co@icient compute the
speed from the relation

J23cose
v= ~ (51)

For the first approximation, the angle of climb 8 may
be Msumed to be zero. —.

“v
()(2) Compute tho advance ratio for level flight ~ ~=

for each value of lift coefficient.

(3) Calculate the power coefficient, Cp=$~.

(4) From propelkr charts applicable to the propeller
under consideration, determine Cr, B, and ~ for each of

/T7\
the values of ~$]p and C,. These charts are fre-

quently presen~d “in the form shown in figure 44.
Examples of these charts may be found in reference 37.
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FIOUBE44.-Typiml charts showing propellrr cluunctcrbtki

(5) Compute the thrust cocflkicnt based on wing mcn

(6) The angle of cIimb may now be computed from
the equilibrium rckttion which tipplics in a stmdy climb .
or dive. This formula may l.w ckwivcd by considming
the forces acting on the airplane as shown in figure 45.
Equating the forces in the direct.ion of flight gives the

formula
T–D= W sh~ 8

T–D=L tun o
hence

tall 0=2-:

(53)

The drag coefficient for use in calculation may bc esti-
mated or measured on the model with the prop(dlm
removed.
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(7) To correct the data for the angle of climb,
recompute

1“ T
() m~= ,FD. ~~

and obtain new vduee of CT, j9, and q for the corrected
r

values of ~“

(8) The thrust coefficient may be corrected more
simply by use of the equation

m/

(9) The torque coefficient may be obtained from the
formula.

G+’ (%)w
SELECTION OF MODEL PEOPEL15E BLADE AIXGLE

In the fti-scale airpkme the propelIer blade angle changes
tith tligbt velocity for constant+peed operation. It is
desirable to select a blade angle for the model propekr
which will simuht e as closely as possible the efEciency and
normal-force characteristics of the actual airphme propeller.
The model propeller may be calibrated by making measure-
ments at. various propehr speeds -with the model held at 0°
angle of attack. The drag of the model with propeIIer
removed at the stime angle of attack CDE is aIso obtained.
The thrust coefficients may be computed from the formula

T:= CD– CDE

and the torque coefficient may be obtained from the measure-
ments of the power input to the model motor. From plots
of torque coefficient against thrust coefllcientt for each of
the blade angles tested, the blade angle which most ch.ely
simulates the full* ale propeller may be selected.

PREPARATIOX OF OPEEATISG CHARTS

The procedure of the previous section has resulted in two
charts: the variation of thrust coefficient tith lift coefficient
for the airplane and the mriation of thrust, coefficient tith
rot at ional speed for the model propeller at the selected blade
angle. These charts may be combined to give the variation
of propeIIer rot at ionaI speed with lift coefficient. In order
to determine the variation of prope~er rotational speed with
angle of attack, the variation of lift coefhient with angle

of attack musti be determined with the correct variation of
thrust coefficient and aLso with the correct st abihzer setting
-ranat ion to keep the model in trim. A sutliciently accurate
curve may be obtained from the tests with two stabfier
settings. The results of these tests maybe applied as shown
in @e 46. At- given propeller rotat ionrd speeds the angIe
of attack is selected to give the correct Iift. coefficient for a
given power condition for the two stabilizer settings used.
A chart showing the variation of propeIIer rotational speed

)

w
FIorm 45.-Forces actfug on m airpIsua In a stendy cUrah.
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Fmm 46.->Iethod 0[ detemfning ammxfrnale _m.r of ~ ~~nt for ~
conrfftions with angle of attack for preparation of prop?ller operatfng clrerts.

with tmgle of attack must be prepared for each power condi-
tion and flap condition to be tested. The curve of lift
coefllcient against. angle of attack for trimmed conditions
must be used in preparing this chart.

SIML%ATION OF PEOP~EE-lDLJSG CONDITfOS

~ -mimln@ing propeller on a wind-tunnel model vrill usually
give a fairly accurate representation of an idling propeller
on the actuaI airplane protided there is no undue amount of
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friction in the model propeller drive. ln order to obtain the
nmximum accuracy in sirmdating a propeller with engine
idhng, test data for the variation of engine torque with speed
on the actual airpkme must be used.

WIND-TUNNEL TESTS FOR LANDING AND TAKE-OFF
CHARACTERISTICS

WIND-TUNNKL TEST3 EMPLOYING A GROUND BOARD

Tests to determine elevator control near the ground me
usually made by installing a ground board @ the tunnel
with just sufficient clearance between it and the model
landing gear to permit a reasonable variation in angle of
attack, The tests are made with the model in the landing
configuration-that is, flaps down, landing gear down, pro-
peller windmilling, and stabilizer set to the value used on the
airplane for this condition. The model is run through the
angle-of-attack range with a series of elevator settings. The
pitching moment is plotted against angle of attack for each
elevator setting. A cross plot is then made of elevator de-
flection for trim against angle of attack. Because of scale
effect, the model angle of stall and maximum lift coefficient
will be lower than those of the airplane. Conaequently, the
model usually stalls before it reaches the angle of attack
corresponding to the three-point attitude. The curve of
elevator angle against angle of attack must, therefore, be
extrapolated t.o this point in order to determine the elevator
deflection required.

SIMULATION OF POWER FOR TAKE-OFF CONDITION

The variation of thrust with speed and thrust coefficient
with speed have been diecyssed previously. On the ground,
as in the air, the thrust coef%cient is determined by the
veIocit y. b the air there is a definite relation between veloc-
ity and the lift coefficient and therefore between the thrust
coefficient and the lift coefficient. On the ground there is no
relation between the thrust coefficient and the lift cdficient.
The airpIane maybe moving with a ~ven veIocity at ahnost
any lift coefficient. In wind-tunnel tests the model propeller
operating conditions may be determined by procedures sim-
ilar to those given for the normal flight range. The calibra-
tions must extend to very lmge values of thrust coefficient
since these values are encountered at the airplane velocitlie9
below take-off speed. It wil~probably be necessary to reduce
the tumel speed considerably in order ta obtain the required
values of the thrust coefllcient.

WIND-TIINNELTJ?5TPROCEDUREFOR TAKE-OFF CONDITION

The take-off condition requires large control moments from
the elevator because of tie ground-reaction moments. The
requirement amounts to specifying that the elevatir give
sufficient aerodynamic moment to counteract the ground-
reaction moments, It is desirable to refer a.~ the moments
to the center of gravity, since the airplane in talied is ac-
celerating. A summation of moments about any other point
would require that the inertia effects be considered.

The model is tested in the presence of a ground boaxd at
0° anglo of attack with the thrust coefflcieut varied through
a suitable range. For a tricycle landing gear the maximum

C03@?TEE FOR AERONAUTICS

up-elevator deflection and tho most forward cenbwof-gmvil.y
location are used, and for conventional landing gmr tho mruc-
imurn down-elevator deflection and most rearward ccmtcr-of-
gravity location are used. curves of aerodynamic piLehillg
moment available and momenL required Lo kdanre ground-
reaction effect can then be plotted against the thrust coef-
ficient or veloaty. At 0,8 take+ff speed, tho summrilion of
the two shouId be positive for tlw tficyclc-lal~dil~g~car cam;
and at 0.5 take-off speed, it should bc negative for the
conventional-landing-gear case.

COMPUTATIONOFGROU~D-IIEACTIONMO.ME?JTS

Tricycle landing gear.— Iu figure 47(a), tho forces acting
on an airplane with a tricycIe landing gmr during the talw-ofl
run are shown. The ground-reaction moment is given by tho
formula

.ll,= –F&–Rd

or since R= W-L and F,= (lf’–L)f

MO=- (U”-L)fh– (lJ”–L)d

= -llyL+Lfl– l$”d+Ld

= – llj%+CLqSjh– 11’d+ C@d
(55)

The corresponding moment coeflcicnt is given by the formuln

-4=–Y h C.qSjh Wd C.qSd
(lC --–@i#y&-+qlTc

‘%-’(%+3+”%’+:)
‘(+($+:) (50)

(a)

.

b)
R

d+lL

(n) Trkycle land[ng getu.
(b) Conrcntlonal lanciIng genr.

FIOCBEH.-Calculation of ground r@Wtkn moments.
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From the wind-tunnel measurements, the speed at which the
aerodynamic moment is sticient to balance the ground
reaction may be determined.

Conventional landing gear.—In figure 47(b) the forces
acting on an airplane with a conventional landing gear during
the take-off run are shown. The equation for the ground-
react ion moment coefficient may be derived in the same
manner rIs before to give

13”- ‘fh d
r.,=(c’.-q~) (7 –;

)
(57)

DETERMINATION OF NEUTRAL POINTS

STICK-FIXED NEUTRAL POL?T

l%e stick-fixed neutral point maybe determined from the
measured variation of pitching-moment coefficient with lift
coefficient. determined with two or more stabilizer (or ele-
vator) settings. One w-ay to determine the neutral point
would be to recompute the pitching moments about several
center-of-gravity positions from the wind-tunnel baIance
readings. With sufficiently extensive calculations, the neu-
tral points coukl be found as the center-of-gmtity locations

for which Cm=O and ‘$=0.

.4 simpler procedure, given in reference 38, will now be
described. &sume that the tid-tunnel reeds are pre-
sented as lift and pit thing moment about some particular
point (1) cm the model. & shown by figure 48, the moment
about another point (n) is given by

Converting to coefficient form:

C.mqfk= I&qsx=+Cm,qsc (59)

(?.== c.:+ C., (60]

also

(61)

(fC’
If point (n) is the neutral point, C.X=O and #=0.

-L
Hence, from equation (60]

(62)

L

+1-
Fmum 4fL-DfrigrunlUustreJIngcakxrfstkmof moments -abcmtpofnt (n) when forms and

mcments about point (1) are green

and from equation (61)

(63)

k order to 6nd the stick-tied neutral point, a point on the
CSg, dCm,

curves of ~ml aa@nst CL where —= —
CL d~=

must be found.

The distance between the neutral point and point (1), the
pitching-moment reference point, is then equal to either
c dCm,

—:1 or ——.
C= dC=

A graphical method based on the abo-re relationship that
may be used to determine the stick-fied neutral point is
shown in @u.re 49. & a Iift coefficient of 1.0, the following
reIation exists:

dC._Cm
m-c

x=.——
c

=–0.05

Hence, the neutral point is at 0.25+0.05=0.30 or 30 percent
mean aerodynamic chord. At a Iiit coefficient of 0.6, the
following relation exists:

=–0.10

Hence, the neutral point is at 0.25+0.10=0.35 or 35 percent
mean aerodynamic chord at CL= 0.6.

At other lift coefficients, the results obtained from the
tests at two stabilizer settings must be interpolated or extra-
polated. For example, at a hft coefficient of 0.3, the -dues of
dCm C=
z. ‘d c

obt eined from the measured results of figure 49

may be plotted as shown in figure 50@).
The neutral point is found from the relation

.1

[

SfabiIizer setting, ir, deg

/- -i~
.“,,

.

-./-

1 I I t I I I

o .2 .4 .8 Lo 1.2
c:

FIQcnE 49.–Vifnd-tuuneI test data fw dekrmk@ion of the stick-fixed neutral point.
Neutral pdnts determined directIy at ~L-1~ and 0.0. Data fcf Centerof gmvity
at25Weent 36A.C.
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Hence, the neutral point is at 0.25+0.204=0.454 or
45.4 percent mean aerodynamic chord,

Another graphical construction, known as the method of
tangents, is illustrated in figure 50(b) for th~ same data
that wae p~otted in figure 49. At a lift coefficient of 0.3,
the neutral point is given by the slope of the line from the
origin to the intersection of tangents to the pitching-moment
curves at CL=0,3. This dope is

$=–~=–O.204

Hence, the neutraI point is at 0.25+0.204=0,454, which
agrees with the value obtained by the previous method.

The pitching-moment curves presented in these examples
are idealized. In practice, experimental scatter of the data
will make difKcult exact det.crmination of the slopes of the
curves. In order LOreduce errors in determining Lhe neutral
points, it is desirrddc to obtain data for three stabilizer
settings with rather large increments of deflect.ion.

STICK-FREE NEUTRAL pOINT

The stick-free neutral points may bo determined from
wind-tunnel tests in which the pitching moments and elevator
hinge moments are measured -with at least two stabilizer
settings and two elevator settings, and the pitching moments
me also measured with tail off. A graphical procedure
simflar to that for the sticli-fied neutral points may be used.
This procedure is described in referegco 39. Alternatively,
the model may be tested with a free, mass-balanced elevator
and the same procedure as vim used for calculating the stick-
fixed neutral point may be employed.

Along this fthe,

/

C& - dc.—.—
~ dCL

o /

d .JUQ
%1%->,

-.2 -

(a) I I ! I I I I I I I I I
-,2 -J

Cjcl
./ .2 .3 .4

J r Stuh;flzer Settiflg i~, o’eg

-1o...
...

L0.., ‘,
o

<

-J -

](b), I I I I I I I t r I 1 f I 1’
-.4 -.2 0 ,2 ,.4 .6 .8 Lo
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CONCLUDING REMARKS CONCERNING SELECTION OF
AIRPLANE CONFIGURATION TO SATISFY TIIE

FLYING-QUALITIES REQUIREMENTS

The various design factors which may l)c employed to
obtain satisfactory lnmdling qualities huvc bum discussed in
comection with the various requirements. Jlany of thcso
design ctm?itions are of a conflicting nature so flint com-
promises in the design wiU generally lmvc (o bo miulc in
order to meet all the rcquiremcuts as closely as possible. A
few typical emrnples of h conflicting rcquhwmcnts ml
given as illustrations. Tho use of a slightly swept I)a(”kwing

to improve the Jihedral effect in low-sprcd climbing flight
may cause unsatisfactory st.ailing characteristics. The usc
of a closeIy balanced ekwator to provide dcsirnhle siick-forca
gradients in steady maneuvers over a largo center-of-gruvit.y
range may result in undesirably lighL control forces in rapid
maneuvers. The use of a positivo value of Ch=on the rudder
to improve the directional stabilhy with ruddrr free will
probably result in unmt isftictory snaking osciIlat ions. Off-
setting the fin to provide sufllcicmt dircctio~~nl conlrol for
trim at low speeds with power on may cause un(lmimldy
kwge variations in rudder force with spwd in lligll-spord
dives. Imreasing the chcmd of any control surfarc to prn-
vide additional control power will nmlw the prohlcrn of bnlanc-
ing the control surfaco to obf.nin sufficiently light stick forces
more dif3icult. llany other similar cxampks mny be found
by studying the handling-qualities rcquircrnmts in dchd.

h spite of the conflicting nature of mnny of thr drsign
requirements, seYeral a irp]nnes hare been built. whir]] mccL

almost aII the handling-qualitica rcquircmcnts wilhouL
apprecifibly sacrificing performtinre clmrart l~ristits. llcsir-
able handling qualities in these cases havo bum at tai~md l)y
considering the stability und control chtira(!tcriatics in the
early stages of the design and arranging such basic drsign
factors as the horizontal ancl vmt ical tail arms nn(l hwnt ions,
wing plan form, and center-of-gravity Ioeation in such a way
that the ham-llingqualitics requirements may bc more rosily
satisfied.

The ability of an airphmc to meet ninny of the hnn(lling-
qualitiw requirements may be estimat(~(I quite accm-ntel,v
simp~y from the dimensions of tlw nirplanc. Jlctlmds of
making these estimations have not been diSeXISSCd in dctn i]

in the present report but they may bc fotlnd in the various
NTA~A pfipers given M rcfercnccs. Some factws which
cannot be accurately estimated from thc~airplanr dimensions
at the present. time a.ro the eti’ect.s of power on k-mgihdimd
and directional stability. J1’ind-tunnel Wsls of u comph’io
model aro desirable in estimating thwc effect.s. Tlw muthods
of calculating the flying qunlit ies of all uirplanc from wind-
tunneI tests me described more fu]]y in rcfcrrnecs 40 md41.
In order to make a complete evaluation of tllo IInldling
qualiti~ of a proposed airplane, thu c[i’ec[s of comprcasibilit,y
should be determined by means of test.s of a eompleie modd
in a high-speed tunnel, and [he hinge momrnts of tlw cent ml
surfaces should be merwured hy mctms of tests of. large-scrdc
or full-size models.

LANGLEY ~lEMORIAL AERONAUTICAL LABORATORY,

NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS,

LANGLE-i l?IEr,D, JTA., April 19, 19.#8.



APPENDIX

SYMBOLS

radial accekration, ft)secz
span of wing, unless subscript. is used to indicate

otherwise
distance from longitudimd a.sia to a point on

aileron
drag coefficient (~/@)
drag coefficient of airplane with propelIer removed
elevator binge-moment coefficient (H/@,ccs)
elevator hinge-moment coefficient when a~=O”

and 6=tIa
variation of contrckurface hinge-moment coefficient

with angle of attack (’~J-

vanat ion of contrd+urfacehing~oment coef%eient
M’,()with deflection .x

lift coefficient (Lfqs)
roJling-moment coefEcient (lJ@)

damping-moment coefficient in roll dC,

( ))
~
d(m
. .

variation of rcdling-moment coefEcient Nit-h uileron

)deflect ion ( ‘$$

pitching-moment coefficient (J1/qflc)
pitching-moment- coefficient at zero lift (MJ@c)

Normal force
normal-force coefficient ( *S

)
yawing-moment coefficient (hT/qbS)
propefler power coefficient (P/pn’LP]
propeIler thrust coefficient (7’/Pn’D’)
side-force coefficient ( 17qS)

wing mean aerodpamic chord, -with subscripts
inclicat es root-mean-square chord of indicated
surface

drag, or propeller diameter
horizontal distance between center of gratity and

v-heel hub
stick force
friction force
coefficient of friction
acceleration due to gratit y (32.2 ft/sec9
hinge moment
vertical dist ante bet-ween center of gravity and

ground when airplane is on the ground
incidence of stabilizer

rat io between elevator~stick force and elevator
h@e moment

Iift, or roJlirg moment
damping moment in roll
tail length measured from the center of gravityto

quarter-chord point of taiI
pit thing moment
pitching moment at zero lift
mass of airplane
ya~i%~ moment
prope~er speed, rps; or normal acceleration in g
shaft horsepower
ro~~ velocity
propeller torque disk-loading coefficient

(Propeller-torque
pT~D )

()
dynamic pressure ~PP

ground reaction, or ra&s of curvature of flight
path

V@ area
propeIler thrust
propelIer thrust disk-loading coefficient (T#/pTq.P)

propeller thrust coefficient based on wing arm

true airspeed
w~~ht of airpIane
verticaI -reIocity of flow at tail
stick movement
distuce from center of gratity to neutraI point
distance from center of gravity to aerodynamic

cent er of wing-fuselage combination
disttince from aerodynamic center of wing-fuselage

combination to neutral point
side force
a@e of attack

propeIIer blade angIe,or angle of aideslip
cha~~e in a quantity
control surface deflection

ele-iator deflection required for trim when CL=O

downwash angle

prope~er efficiency

angle of climb

airplane relative-density coefficient (m/pSl)
le3
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P air density
30.

‘=a%controI-surface effectiveness factor
--
h

u sidewash angle

4 rmgle of bank, or trailing-edge rmgle of airfoil
subscripts:
a aileron
b balance

elevator

; flap

9 due to presence of ground
LF
n

t

T
w

1.

2.

3.

4.

5.

6.

7.

8.

9,

10.

11.

12.

leveI flight
point n
tab
tail
wing
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TABLE I

AIRPLANE CHARACTERISTICS ASSUMED IN CALCULATING
STICK FORCES REQUTRED IN MANEUVERS

GIVEN IN FIGURE IS

Characteristics assumed to be the same for alI
example airpIanes:

srfs ____________________________________ 0.2
acjT
~; per den___________________________ 0.03

6
lfc______________________________________ 3

c.r-)?hY ~’ per den------------------------ 0.07

d~.ld~,, ratim/ft ----------------------- 0.6

Characteristics assumed for individual airplanes:
Light airplane:

~/S, lb/sqft ___________________________
b., ft-------------------------------------
c., ft-----------------------------------

Fighter airplane:
~/& Ib/sq ft___________________________
b., ft___________________________________
c., fL ________________________ ----------

Bomber:
W/S, lb/sq ft--; ------------------------
6,, ft-----------------------------------
c., ft-----------------------------------

6
7

1.5

45
13

1.5

45
35

3
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TABLE II

SUMMARY OF CHARACTERISTICS OF VARIOUS TYPEEf OF CONTROL-SURFACE BALANCE

Stwctumf ooneideratfons LUt ChBmddSti03Type Hfn e momentsbeyondtbe
Ml (%endeneyto “link wmr”) Remarks

Dfifbndt to mass balanm, easy to seal
(.mafimpmvee edTW4wnc@.

Lttt incmaaea Ibrearly w[th deflection

i+%%%.33%%!t?%
demaybe mgerddesaetand-
errf’ to be apmmached by otba
tYp3s of balances.

Eieletimly 1s e tendency to
Tfled vilth rc at[ve wind.

ValuesM C~tmd (1. toolnrge!0 gfw
rtcccLehlc control fcmea on romt

U?m cm ahplarres
Rbin flap

Ea&s&~oo~ln mass belanca dhll- Large emomts ofomrhermingbalanm
may reenlt. in sqremtfon of the flow
over the balance at reletivdy W
dcflectione mmsfog rwlumd mazf-
munr lifL M3xirnum Uft hrare-
ment due tu tlap deflection ueudlv
greater without r-ml. ,..

reJ strongtermncyto fiwtTw th the wind when eurtnce
is stalled, Mpdrdiy if ManLv
nm projects bcyoud the
mntour of the tied aurfaea

Ckracteristlrs dmsrrdOUM&sbnW.
kFllunt-rrmebabineehm grmtci’c IA

on blnp? momonts than slurp-nose
belenec at errrofldcttcetlone but tie
o fmrttc m6y lm trua at 1- dcftm
/’t orm Cbamtcrlat[m gmrmally aro

ltncar over smalicr range Ifrm pfdn
tla , Drag incrwwemay ho cou-
.sb&ablowithslurp nwc.

Overhqrgrng a- ins-e+
hinge Munce

ix---+
Easy to messbdrrrmebut be.knee

wefght not evenly distributed
along leWUngedge. Easy W S2al

Large air lc+xis on
*rcgmY(la tore.kmlcda fn sur-
face.

Samees plah step.....-- ....... .. 3m&ly ameltcr than pl.sln ~ hom ba]wc6 is UeCdto @VCSl_Mfl
values of Ch,,Cl=Wlutmlw[tlTo.
TfrieeharnetwI*tlcon m cl!walor
~Y d~e~ trfrnc]wmsduOtO
ilmNnnd powef. Ons rwktcr POW
tfvo CiC may mum sucking.

Horn bakrnce

D
Shielded portion ~fmllar to overfreng-

hg balemm rest afmRer to plafm~p.
Wrno whom belenm.. . . . . . . . . . . . Ymiler toovcrbengtngbaleum EflLwt on CA. mud) kza then um.hiddwi

horn bsiuuee.Shielded hcwrr babnce

Varfation of Ilft With derlectlon and,
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