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ADVANCE RuSTRICTED RZPORT

ZFFECT CF HTINGE-MCMENT PARAMETERS ON EIEVATOR
STICK FORCES IN RAPID MANZUVERS

By Robert T. Jones and Harry Greenberg
SUMMARY

The importance of the stick force per unit normal
acceleration as a criterion of longitudinal stability and
the critical devendsence of this gradient on eleveator
hinge-moment parsmeters have been shown 1in previous
reports, The present report continues the investigation
with snecial reference to transient effects for meneuvers
cf short duration.

The analysis made showed that different corbinations
of slevator parameters which give the same stick force
rer unit acceleration in turns give widely different
forze variations during the entries into and recoveries
from steady turns and during maneuvers of ghort duration
gucih as abrupt pull-ups. A comhirnation of relatively
larze negative values of the restoring tendency Gh5 and

the floating tendency Chy,» @pproaching those of an
t

vnoalsncad elesvator, results in a stick force that is
nizgn curing the initial stage of a pull-up and then
aecreases, and may even reverse, as the acceleration is
reduced at the end of the mansuver. The stick force per
unit acceleration is greater for abrupt than for gradual
controcl movements.

3

If the negative value of Ch6 is reduced so that
the corresponding value of G, bhecomes slightly posi-
! N,
: ¥
tive, the reversal of force may be eliminated and the
forcs may be brought nearly in phase with the acceleration.
There 1is a limit to the permissible redvction of the value
cf Cp., however, because as Ch@ approaches zero the
15 .

stick Tforce per unit acceleration may become lower for
abrupt than for gradual meneuvers and may thus lead to
undesirably low stick forces at the beginning of the
maneuver, '
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INTRODUCTTON

The stick force per unit normal acceleration as
measured in steady turns or pull-outs, which was proposed
as a criterion of longitudinal handling in reference 1,
is now generally accepted as a basic measure of longi-
tudinal stebility. The critical dependence of this stick-
force gradient on elevator hinge-moment parameters and on
mass unbalance of the control system was shown in
reference 2, It was found that a given stick-force
gradient can be cobtained by any cof a serics of combina-
tions of these parameters satisfying certain prescribed
relations.

Further consideration of the problem and some recent
flight experience, however, have shown the need for inves-
tigating the transient effects that occur during the
change from steady unaccelerated flight to steady accel-
erated flight., These transient effects cause a difference
between the stick-force gradients in a steady turn and in
a maneuver of sghort duration such as a pull-up.

The purpose of the present report is to investigate
the variation of elevator stick force and normal accel-
eration during the transition interval preceding the
steady turn and also during turns or pull-ups of short
duration. The effect of combinations of hinge-moment
parameters 1s considered; each combination is chosen to
glve the seme stick-force gradient in a steady mansuver.
Timo histories of the stick force and normal acceleration
are found for nredetermincd variations of elevator deflec-
tion. An attempt is made to explain and to suggest a
remedy for the large variations of stick force with time
observed during pull-ups of short duration on different
airplanes in flight. A previous analysis, somewhat
similar to the present one, was made in England (refer-
ence %) but included a smaller range of hinge-moment
parameters.

SYMBOLS

A aspect ratio of wing

‘b wing span
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. . s H
Gy, elevator hinge-moment coefficient. [-——
ia . qse Ce
. : s s Lift
Cr, airplane 1ift coefficient
gS
Cy pitching-moment coefficient about airplane center
. Pitching moment
of gravity -
qoc
c wing chord
Ce elevator chord
D differential operator (d/ds)
Fq stick force, pounds
Fl, oae F5 cases representing particular combinations
‘ of hinge-moment parameters
. . ' dFS
F stick-force gradient in maneuvers —_—
n - \dn
g acceleration of gravity
H hings moment; positive when tends to lower elevator
Hy mass moment of elevator control system about
elevator hinge; positive when terds to lower
elevator '
b
h = -— [
Ooeltgt
ko radius of gyration of airplane about Y-axis
y tail length, half-chords
m mass of airplane
n normal acceleration per g - -of airplane due to
curvature of flight path; accelerometer reading
minus component of gravity force
o} dynamic pressure

s wing area
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Se elevator area

s distance traveled, half-chords (2Vt/c)

T period of elevator motionA

t t :"Lr.;qe

u independent variable used in Duhamel!'s integrall

\ velocity

g oo distance between center of gravity and aerodynamic

center; positive when stable

as/dx deflection of elesvator per unit movement of Sth&,
radians per foot

a angle of attack, radians

ay angle of attack at taill, radisans

&  Qdeflection of elevator; positive downward
e angle of nltch of airplane

A root'of stability equation

oo airplane-density.parémeter (m/pSb)

o) mass density of air

max maximum
' 2 : o s
Subseripts a, Da, D70, ag, DB, &, and D& indicate
éCm )
der LV&thO.; for example, C“DS Y A dot over a

LI 3

symbol incdicates differentiation with respect to time.

METHOD OF ANALYSIS

The following assumptions are made in the present

analysis:



NACA ARR No. LljJ12 | 5

(1) Variation in forward speed is negligible

(2) Stability derivatives are constant; that is,
any possibkle nonlinearity of coefficients is
negligible

(3) Effects of power are negligible

(l) Effects of control-system moment of inertia are
negligible L L

(5) Control-system mass unbalance is all located at
airplane center of gravity

The eguations of motion of an airplane subjected to
a prescribed elevator motion can be cbtained from refer-
ence 2. If forward speed is assumed constant, there are
three eguations of motion. The first two egquations
determine the motion of the airplanc if the control
motion is specified. The third equation determines the
hinge-moment coefficient, which depends on the motion of
the control surface and the airplane, These equations
are

6 o
1,
<~—§~+ ZAILD>G. - 24y DO =0 (1)
(Cma + f‘,mDaD + CngaD )a S+ (CmDe - 24Apk- D) D8 = -Cm66 (2)

[Cha * CopgD - R)P + ChDeaDg‘ @+ (Chpg *1).09 * (Cng * ChpgP)0 =Cn (3

“quations (1) and (2) are used.td-solve for a in -
terms of 6. The solution can be expressed in determinant
form &as A

-2A-p, Cm ‘
g = 9 (L)
C
! T + 2A§},D . . ~c Ay
| 52 -
!Cma + CmDaD + ,(’mDZCLD CmDe - 2Ay,'AY2D
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If & 1is given as a function of time, the soluticn for a
is found by the method of operational calculus as follows:
. Pirst a 1is found for a unit changc in 6. This solution
is obtained from

/

-2AuC, . A
= -——E-(—:-n—l-g = -24pRC Py > + 1 (5)
(D) me | L NFY(N)  F(O) '

whare T(D) 1is the determinant given in equation (l)
and M represcents the roots of F(D) = 0. The solution
for o (equation (5)) may be denoted by a(s). The
value of a for a given variation of & 1s then given
by Duhamel's integral, which is '

, rs
a =afs) 6(0) +‘j afs - uj &'(u) du
O .

Ey a similar procedure DO can be found for a pre-
scribed variation of 6. The angle of attack at the tail
can then be found from ‘

day

a a + 1y, DO

t 60 h

The normal aece]eratwon,lhlch'ﬂs considered positive ,
upward, is proportional to the change in angle of attack a
and is given by

1

The value of the stick force can-be obtained by
substi tuting the derived valués of. a and DS “and the
given value of & in the hinge-moment equation
(equation (3)). he relation between tho Sth{ force
and G, 1s simply ‘ :
- =12 48

pV S Cech ax

Fs

The assumed variation of elevator deflection with time
is illustrated in figure 1 and can be represented analyti-

cally by
_ 1 1 21
5. = 5max<2 - 7 cos T19
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The calculations were made for a pursuit airplane
for five different combinations of the hinge-moment
parameters Cp , Ch5’ and h; for three different dura-

(e BN
v

tions of the maneuver T; and for three different center-
of-gravity locations., These five different combinations
of the hinge-moment parameters were selected to give, for
one center-of-gravity location, the same stick-force
gradient in a steady turn, as determined by the formula
for stick-force gradient in a gradual pull-up or steady
turn given in reference 2, which is

/iA C liapc, ¢ G, C
ro= PSeCsCE dﬁiL Hhg . o HEn gt s Tpg +h
{ — t—— Vh — -
n Ll» dX"\ CLa Dé CLaCmﬁ cm6

The locus of points in the Cha Ché. plane corre-
t B
sponding to a value of the stick-force gradient of 5pounds.
s : 1 .
per g and a center-of-gravity location 7§ percent chord
ahead of the asrodynamic center is shown in figure 2 for
a mass-balanced and also for a mass-unbalanced elevator.
The amount of wunbalance corresponding to the line marked

h =5 would require a pull of 15 pounds on the control
stick for balance. The five points marked Fi, ¢« « F5

represent the combinations cf the hinge-moment parameters
used in the calculations.

NUMERICAL VALUES USED IN ANALVSIS

The following parameters were used in the analysis:

° . . . . . . ° . . . ° . . . . ° . . ° . ° ° . o 12'

ONUT W

‘VL

A L] » . L] o . . L . * 1 » . ° . . L] . . A o L] . L] ° o
Cmg » + + « o « « « « « « « . =0.348, -0.195, or -0.046L
Xgup, * * * « « « « « « « .« « . 0,075¢c, 0.042¢, or 0.Clc

o

. . . ° . . . . s s B . . . . . . . . . . . 23-2

S
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ky, helf-chords o + « ¢« « o« v v« o v v o o v . . 1.5
Cn-:6 . ° . . ) . . . . » ° . 3 L] . . . 3 . . ] ° . "loBLl—
Iy, Ball=chords .« v v v ¢ 4 v o v v e e . .. 6.6
d&/d:, radian of elavator motion per foot of stick
Fravel . . 4 e v e et 4 e e e e e . o« . 0.5

C . ° » . . . - . ¢ . ° . . ° o e ° L] L] . . O. l C

hy 2 u“hat
Ch—Da 3 ] . . » . ° . '] . . . . . e 3 . . . . ° j 2201,, t'
C ° . » . . . . ] ° . . ) . . . ° o . . ° '10. (_IU
hD'a £ hat
(‘hl‘é ° . 3 L] . . . . ° . . » . . . . 0 . . . . » . . -1
The feolloging dimensions arnd density were assumed

C, fcet [ . . [ » . * * L] * L] . - L ] . . . ° ] . . . L] 7
Cg, T665 . v v o 0 o s e e e s e e e e e e e e e . 2
Se’ square feeht . L . . 0 4 i e e e e e e s e+« . . 30
'p, slug/cu ft; at altitude of 10,000 fest . . . ~0.00176

The foregoing alirplane derivatives are for an air-
plane having a wing loading of 30 pounds per squere foot,
Five ceombinetions of hinge-moment parameters selected to
give a stick-force gradient of 5 pounds per g in,a steady
pull-up when the center-of-gravity location is 75 vercent

"chord shead of the aerodyncmlc center (see fig, 2) are as
followss

— -
Cacse na Ch5 h
t - PRI

Fq -0.1 -0.2%0 0

To 0 -.065 0

Fz 39 0 0

Ty, -.1 -. 075 5

Py ! C 0 1.65

hese value

All s were used in calculating the variation
in stick force during a maneuver for x, ., = 0.075c.

For qualitetive comparison, case F, may be taken to

reprezent a normal elevator with a fairly high trailin
i}
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tendency and a moderate amount of blunt-nose inset-hinge
balance. The characteristics of Fp or F5 could be

achizvad by the use of a sharp-nose inset-hinge balance,
a horn balance, or a beveled trailing edge; Fh combines

a large emount of inset-hinge balance with a bobweight at
the control sticik; -F5 is the case in which the stick

force is due entirely to the bobweight. Two more-rearward
center-of-gravity locations (xg ., = 0.042c and 0.0lc)
were alsc assumed, and the stick force in maneuvers was
worked out for cases ¥y, F;, and F5.

RESULTS

Curves of stick force and normel acceleration for a
varying elevator deflection are shown in figures 3, L,
and 5 for T =1, 2, and 1 seconds, respectively,
for V = ;00 miles per hour, and for Xg . o. = 0.075c.

In these curves, the stick force for Wi reaches a
maximum value before the pealk acceleration and reverses
direction in the liatter part of the cycle. This effect
becomes mere proavunced as the duraticn of the msneuver
becomes shorter. The curves for Fp, Iz, Fl, and Fg
shiow a progrecsively smaller phase difference between the
stick force and the acceleration. The stick-force curve
for Fh is most nearly in phase with the acceleration

curve.

The effect of center-of-gravity location on the
stick-iorce gradient in steady turns or pull-ups can be
shown in diagrams of the type of figure 2. Figure 0,
for example, shows that the "maneuver point" (c.g. loca-

tion for zero stick force per g) for case ¥,

is .2 percent chord shead of the aerodynamic center

{point where Cp = 0). For center-of-gravity locations
“a

behind the maneuver point, the stick-force gradient for

case Fq 1is negative. The sticx forces for Fz and F5,

however, arec unaffected by center-of-gravity location.

The time histories of the stick forces in a 2-second
maneuver for the cases shown in figure 6 for x, ., =0.0L2¢c

and 0.0l¢ are plotted in figures 7 and 8. 1In figure 7,
the stick force corresponding to F; (c.g. at maneuver point)
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vogitive at first and then reverses and becomes nega
2, ne mezimum vaiuves of the positive and negative
ces ere approximately equal., As the ceunter of “avity
ved behind the mansuver point for Py (fig. C), the
ive maximim force is greater than theé positive; this

reas vould be exzpected since a negative force is
reguired to hold the girplane in a steady turn. The

forces for F5 and F5 remain pecsitive, he -

e]ﬁva or deflection required to produce a given accel-
eration, howsver, denreases &s the conter of gravity
meves rearward.

Lirplane speed hes no effect on the shepe of the
gstick-force aﬂd acceleration curves, if compressibility
effects are neglected and if the product of speed and
duvation of maneuver is held oonqtant for example, the
shape of the curves of figures 7 to § is unchanged if
the speed is halved and "Me duration is doublad. The
effect of increasing cpsed therefOPQ';s the same as the
effect of inecreasing duration in the same ratio.

Before the various clevator cases and degrees of
stability for which the computations were radﬂ ere dis-
cusazed, it appeers desirable to explain the effects of
the separate parameters that combhine to give the resultant

elevator forces in 'pu]l—np These effects, as already
stated, are the variation of hinge-moment coefficient
with elsvetor defl ectwo“, as indicated by Cn the varia-

tion of hinge-moment cosfficient with angle of attack at
the taill, as indicated b G, ; the variation of hinge
“a

moment with angular velocity of the elevator about its
hinge; the massz unbalancc (DObWElGnT effect); and the
ef¢60t1ve moment of inertia of tne elevator system.

Because preliminary computations indicated that the
inertla of the elevator system had sa negligible efiect on
the stick force for the shortest maneuver assumed, 1t was
nuﬂlectca in the analysis. For alfplanus larger chan the
oné considere¢d in this report and for other special cases,
inertia cf the elevator system may be an important factor.

The influence of the important parameters 1s shown
In figure 9, which gives a breakdown of the factors

s
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to the stick-force curve for case Fu in

ontributin
r FA wag chosen because it was the only

=
(=)
s 5 Cas

0
igu e
condition in which all the parameters weére combined.

Figure § shows that the effect of Ch6 is to

produce a component of stick force in phase with elevator
deflection. The magnitude of this compcnent of the stick
force depends solely on the elevator deflection at a
given speed and is independent of the duration of the
maneuver, '

The normal acceleration produced by the elevetor
decreases as the duration of the maneuver is made shorter.
The stick force per unit acceleration due to the Ch6 term

therefore increases as the maneuver becomes more rapid.

The effect of the mass unbalance of a bobweight is
to contribute a component oi force that is in phase with
and solely dependent on the normal acceleration of the
airplane, The stick-force gradient due to the bhobweight
is therefore independent of duraticn of maneuver, Although
figure 9 deals with a mass unbalance that tends to depress
the trailing edge of the elevator, in the general case the
unbalance mey be of the opposite sign so that push instead
of pull forces result,.

The effect of Chat is similar to that of the
bobweight since the component of force caused by Ch,,

is nesarly in phase with the szcceleration. The slight
difference in phase between the values of « and n is
the eflect of the rate of change of airplane angle of
attack., For maneuvers of short duration, this slight
phase shifl causes a noticeable difference between the
action of Gy and of a bobweight.

at

The component of force due to the angular velocity
of the elevator may be very important for maneuvers of
short duration. It has the effect of reducing the stick-
force gradients in cases in which the maximum force
occurs after the elevator has reached maximum deflection.

The cases for which the results are presented in
figures 3 to 5 were chosen to show the effects of dif-
ferent combinations of the hinge-moment parameters
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sub ject to the designer's control. The parameter ChDG

ig the seme fcr all cases. In case Fqi, the desired
stick force for a steady turn is achieved by a balance
of relatively large negative values of Ché and Cha .
9t
The stick forces Gue to these two parameters are in
opprosite directions so that the net value in a steady
turn i1s due to the difference in their effects. In a
maneuver of the type chown in figure 1, the elevator-
deflection curve leads the normal-acceleration curve;
hence (,, has the predomirating effect in the initial
0
stages of the maneuver and the negative Cp_» in the
a

later stages. This fact accounts for the high stick
forces in the first half of the mancuver and the reversal
of force in the second half for cese Fq. The difference
is more noticeable in the shorter maneuvers. As the
duration of the mansuver dccruases, the lag between air-
plane motion and elevator deflection becomes greater and
the meximum value of the accelersation for the given
elevator deflection becomes smaller. Poth of these
factors tend to reduce the importance of the Cha com-
_ t
ronent in the early part of the maneuver -and to increase
the maximum force required for a given maximum accelera-
tion. This variation of maximum fo cé per unit maximum
acceleration shown in figure 10 is quite large.

For case FZ: the desired stick force for steady
turns is achieved through the action of Ch@ alone. All

curves for Fp would have the same magnitude for any

duration of maneuver and would be in phase with the
elevator-deflection curve but for the contribution

of Ghna' The effect of nHDé increases with the rapldity

of the elevator movement and causes a phase shift in the
force curve relative to the elevator defluction, which
results in a slight increase in the maximum value for the
shortest meneuver. A slight push force nesr the end of
the maneuver is produced by ChD@‘ Figure 10 shows that

in case Fp the maximum force per unit meximum accclera-
tion increases as the maneuver is shortened although not
so much as in case T,

ol

The balance is achieved in case F; through action
of Chat alone., In this case, the maximum stick force
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attributed to Cn is nearly in phase with the accel-
a

eration and, consequently, the maximum value occurs after
maximum elevator deflection when the elevator is being
moved back to its crigiral position. The forces at the
beginning of the maneuver are .consequently smaller than
in cases F, and F, and may be too small for satis-
fectory handling qualities. The effect of ChD@ is to

decrease the maximum force by an increasing amount as
the maneuver becomes shorter., The discontinuity in
the FB curve (and also in the Fu and F5 curves) for

the l-second maneuver results from the disappearance of
the Cy, comnonent at tiie completion of the elevator
gals)

motion. Filgure 10 shows that the maximum force per unit
maximum acceleration for case T, decresases as the

~:

maneuver is shortened; this effect is primarily a result

f the action of .
o ction o QJDB

For case F@’ the stick force for steady turns- is

achieved mainly by a balance of negative Cn and
o}

bobweight effects. As a result of the large mass
unbalance required, the maximum force in the l-second
maneuver occurs at the end of the elevator motion.

, The stick force is achieved solely through the action
of mass unbalance, or a bobweight, in case FS. Compu-

tations have been made for only the l-second maneuver.
The action of the bobwelght, as previously mentioned, is
similar to that of Gy, but for a siight phase shift.

ag
The phase shift for a maneuver of short duration is suffi-
cient to recduce the adverse influence of ChDG' This

case would cshow a slightly greater decrease of maximum \
force per unit meximum acceleration than case F% with

-

decreased duration of the maneuver.

Trhe change of stick force with center-of-gravity
location for case Fq, shown in figures 7 and 8, is
caused by the greater angular response of the airplane
to a given elevator deflection that occurs with reduced
stability. The greater response changes the balance

between the Cp, ~and Ong components. If the stick
Yy,
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orce ig independent of- Ché, as in cases F5 and F5,

the foim of the stick-force curves is unchanged by varia-
tion of the center-of-gravity location. Figure 11 shows
thet the variation of meximum force per unit maximum
accaleration in a rapid mancuver with center-cof-gravity
locaticon becomes less as the value of Ch@ is reduced,

The adiustment of the elevator parameters so that
the stick forces for steady turns are directly vnropor-
tional to the normal acceleration produced and independent
of center-of-gravity location is generally ccnceded to be
cecgirable. It appears vcssible from the analysis to
accomplish thesc cenditicens by making the stick forcés
depend primsrily on Chat or on & bobweight, provided the
entrance and recovery are made slowly. It is not defi-
nitely known whelher this condition of strict propor-
tionality is desired in mwaneuvers cof short duration. In
these cases, however, when the entry and recovery are of
necessity repid, strict proportionality between stick
force and acceleration appears ilmpossible because of the
action of ChDﬁ' According to Iigure 10, a stick-force

gradient thet 1s independent of duration of maneuver but
varies somewrat with center~of-gravity location can be
obtained for a case intermediate betwsen F, and FB'
This case would correspond to a certain amount of nega-
tive Ché and positive Cp and would also result in
h ay
higher stick forces at the start of the maneuver., A
bobweight that increases the stick forces can be substi-
tuted for the positive Cy . :
at

CONCLUDING REMARKS

A small stick-force gradient in steady turns can be
obtained with fairly large negative values of the
restoring tendency 0 and the floating tendency Cha ’

t

approachking those of an unbalanced elevstor. Although
sultable for slow maneuvers, this combination of parameters
leads to a high initial value follcocwed by a reversal of

the stick force in abrupt mansuvers, This difficulty can
be avoided and the stick force can be made to follow
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closely in phase with the airplane normal acceleration
during both abrupt and slow maneuvers by decreasing the
value of Ché and by making Chat slightly positive.

If Ch5 is made zero, the stick-force gradient
depends entirely on a positive value of Cp,, ~&nd 1is

unaffected by the location of the airplane center of
gravity. 1In this conditicn, however, the stick force
requiwod to initiate a maneuver may be undesirably light.
In order to prevent undesirably l;ght stick forces at

the bzginning of a maneuver, a small negative Ché must

be retained.

The use of a bobweight in the elevator control
system has an effect similar to that of increasing G,
Lat
although, in rapid maneuvvers, there are slight phase
differences in the stick-force variations.

Laengley Memorial Aeronautical Laboratory
N¥ational Advisory Committee for Aercnautics
Langley Field, Va.
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