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CHARTS FOR ESTIMATING TAIL-ROTOR CONTRIBUTION TO HELICOPTER DIRECTIONAL
STABILITY AND CONTROL IN LOW-SPEED FLIGHT '

By Kennera B. AMer and ALFRED GESSOW

SUMMARY

Theoretically derived charts and equations are presented by
which tail-rotor design studies of directional trim and control
response at low forward speed can be conveniently made. The
charts can also be used to obtain the main-rotor stability deriva-
tives of thrust with respect to collective pitch and angle of attack
at low forward speeds.

The use of the charts and equations for tail-rotor design
studies is illustrated. Comparisons between theoretical and
experimental results are presented.

The charts indicate, and flight tests confirm, that the region of
vortex roughness which is familiar for the main rotor is also
encountered by the tail rotor and that prolonged operation at the
corresponding flight conditions would be difficult.

INTRODUCTION

The tail rotor of a conventionally powered single-rotor
helicopter has two purposes—to counteract the rotor torque
and fuselage yawing moments and to maneuver the heli-
copter directionally. Preliminary flying-quality studies have
indicated a minimum desirable response of 3° yaw in the
first second following a 1-inch step displacement of the pedals
while hovering in zero wind. In addition to indicating a
minimum desirable response value, these studies have also
indicated the existence of a maximum desirable response
value. When large pedal friction and out-of-trim forces
are present, the maximum desirable response value is indi-
cated to be approximately 10° of yaw in the first second
following a 1l-inch step displacement of the pedals while
hovering in zero wind. When pedal friction and out-of-trim
forces are relatively small, a maximum desirable value of 2
to 4 times as large as the 10° value is indicated.

Some of these flying-quality indications are incorporated
in the flying-quality requirements of reference 1. In
addition, reference 1 calls for the ability of average-sized
helicopters to make a complete turn over a spot while hov-
ering in a 30-knot wind and, while trimmed at the most
critical yaw angle, to be able to achieve at least 3° of yaw in
the first second following full deflection of the pedals in
the critical direction. Other flying-quality and stability
studies have indicated that careful design is frequently
required to satisfy these criteria without unnecessary
sacrifice in weight, rotor clearances, or other factors. Tail
rotors for jet-powered helicopters, for example, are of
minimum size inasmuch as their primary purpose is to pro-

1 Supersedes NACA TN 3156, 1954,

vide control and, unless specifically designed to satisfy the
previously discussed requirements, might not fulfill all of
these criteria.

As an aid in designing helicopters to meet the directional
requirements of reference 1, it would, of course, be desirable
to have published information available whereby problems
of directional trim and control can be conveniently studied
for helicopters of various types and configurations. The
single-rotor helicopter was chosen for study in this report
because of its wide usage and because the necessary back-
ground theory is readily available. The results of the study
are presented in the form of charts and related equations,
and a comparison is made between theoretical and experi-
mental results. In the course of this comparison, a region
of possible directional-control difficulty is indicated.

The charts presented herein can also be used to obtain
the main-rotor stability derivatives relating the change in

thrust-coefficient—solidity ratio with pitch angle Qgg/‘f
and with angle of attack agz/a at low forward speeds

(at tip-speed ratios less than 0.10). The significance of
these derivatives is discussed in reference 2, which also
presents charts for obtaining them for tip-speed ratios equal
to or greater than 0.15.

SYMBOLS
a slope of curve of section lift coefficient against section
angle of attack in radians (assumed herein to be
5.73)
b number of blades per rotor
B tip-loss factor (assumed herein to be 0.97); blade

elements outboard of radius BR are assumed to
have profile drag but no lift

¢ blade section chord, ft
1.0
cr*dx
Ce equivalent blade chord (on thrust basis), “a5— ft
f ? dx
0
Cr thrust coefficient, B, @B
: Q
Cq rotor-shaft torque coefficient, R p@RYR
I mass moment of inertia, referenced to Z-axis (vertical

axis through center of gravity), slug-ft*
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& horizontal distance from tail-rotor hub to main-rotor
hub, ft

N yvawing moment, 1b-ft

@ rotor-shaft torque, 1b-ft

. dn .

r rate of yaw with respect to earth axes, dat’ radians/sec

R blade radius, ft

s Laplace transform parameter

P rotor-shaft power, hp

T rotor thrust, 1b

t time, sec

v induced inflow velocity at rotor (always positive),
ft/sec

1% true airspeed of helicopter along flight path, ft/sec

T ratio of blade-clement radius to rotor-blade radius

a rotor angle of attack (angle between flight path and
plane perpendicular to axis of no feathering,
positive when axis is inclined rearward), radians

g blade-element angle of attack at radial posilion% BR

') (measured from line of zero lift), deg

B sideslip angle (angle between plane of symmetry and
flight path, positive for sideslip to right); for tail-
rotor thrust to right, 8,= — «,, radians

o, “rudder” pedal deflection, positive for right pedal
forward, m.

7 angle of yaw with respect to earth axes, radians

f blade-section pitch angle (angle between line of zero
lift of blade section and plane perpendicular to axis
of no feathering), radians unless otherwise stated

b0 blade pitch angle at hub, radians

0, difference between hub and tip pitch angles, positive
when tip angle is larger, radians

A inflow ratio, (V sin a—»)/QR

u tip-speed ratio, V' cos «/QR

p mass density of air, slugs/cu ft

o rotor solidity, be,/mR

Q rotor angular velocity with respect to helicopter,
positive in counterclockwise direction as viewed
from above, radians/sec

Subscripts:

hov hovering

i induced

m main rotor

BR at radial position BR

t tail rotor; this subscript is used only where there

might be some confusion as to which rotor is
being discussed

ANALYSIS

Problems of directional trim and control response of the
single-rotor helicopter involve a knowledge of the relation
between tail-rotor collective pitch and various operating and
design variables as well as an understanding of the dynamic
response of the helicopter to control deflection. Both types
of information are discussed in this section.

STATIC ROTOR CHARACTERISTICS

Tail-rotor collective-pitch relations can be most con-
veniently studied by means of charts that are presented
herein.  The theory on which the charts are based is devel-
oped in appendix A, and the application of the charts is
tlustrated in the section entitled “Illustrative Calculations.”

In appendix A, equations for the collective pitch of a tail
rotor at low forward speeds are derived in terms of its
forward speed, tip speed, sideslip angle, thrust coefficient,
solidity, and the yawing velocity of the helicopter. The
derivations are based on the rotor theory of references 3
and 4. The assumptions involved are discussed in appendix
A. Comparison of the equations with more accurate but
less general calculations presented in references 5 and 6 is
made in appendix A and shows good agreement. The
charts based on the equations of appendix A are considered
applicable to tip-speed ratios equal to or less than 0.10.

An expression is also derived in appendix A for determing
typical blade-section angles of attack in the hovering or
vertical-flight condition. This expression provides a basis
for determining the limits of validity of the equations for
tail-rotor collective pitch caused by tail-rotor stall.  Another
condition of operation wherein the theory becomes invalid
is the vortex region. This region of operation is treated by
means of a semiempirical theory and is also discussed in
appendix A.

In figure 1, 6,

‘ (tnil—rotor collective pitch angle at

°BR

4
3 - . 5 . : . .
i BR ) is shown as a function of the axial advance ratio

C Sl @> for constant values of (—(LT> for ( Gk, ) —
QR ; 0T it v1+W/N?/,

0.03, 0.06, 0.09, and 0.12. In the construction of figure 1,
equations (A5) and (A6) were used for the region where
the momentum theory was applicable. For the vortex
region, figure 2 and equation (A1) were used as discussed
in appendix A. The vortex region, the limits of which are
given by equations (A12) and (A13), is shown dashed in
figures 1 and 2.

Equation (A9) indicates that a line of constant (/¢
corresponds to a constant value of as . Thus, the lines

. Cr o
for the larger values of <— are also labeled in figures 1
(T4 )

and 2 with the values of @, in order to allow their use

for studies of blade stall.

Of the three quantities of which 0,
=B8R
4

1s a function in

1 =
V14 (u/N?
the start. Determination of this quantity is facilitated by
plotting it in figure 3 against the tail-rotor sideslip angle g,
for constant values of the tail-rotor forward-speed parameter

VIQR
VO 2B
applicable were obtained by iterative solution of equations

figure 1, only the parameter ( ) 1s not known at
t

) . The regions where the momentum theory is
t
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(A15) and (A16). For the vortex region, which is shown
dashed, equation (A17) and figure 2 were used as discussed
in appendix A. The limits of the vortex region in figure 3
are given by equations (A18) and (A19) which are plotted
in figure 4.
RESPONSE TO PEDAL DEFLECTION

A complete tail-rotor study involves, in addition to charts
of static rotor characteristics, an analysis that predicts the
response of a helicopter to pedal deflection. Such an analysis,
which derives the equation for the yaw of the helicopter
following a step displacement of the pedals, is presented in
appendix B. Associated main- and tail-rotor stability
derivatives are also derived in appendix B. To simplify the
analysis, two extreme cases are considered. In the first
case, the rotor speed is assumed to remain constant during
the yawing maneuver, whereas in the second case the rotor
speed is assumed to vary enough that constant speed with
respect to earth axes is maintained; that is, AQ=r.

30

28

ILLUSTRATIVE CALCULATIONS

The use of the charts of figures 1 and 3 for tail-rotor design
studies, as well as the pedal-response analysis, is illustrated
by the sample calculations given below. The examples were
chosen to be illustrative of the type required to investigate
the ability of a helicopter to meet current flying-quality
requirements. During the calculation of response to pedal
deflection, the procedure for obtaining the rotor derivatives
agg/ 7 and O_C’a_rig is illustrated.

The following characteristics are assumed:

Main rotor:

Q, radians/sec___ _ s IO o - 20

Phosy BpE_L=f- . 350

P,y =0.8P}0,

Unovs LU/SEC SR Im W T oo e ‘ S 30

Direction of rotation (counterclockwise as viewed from
above)

Iz, slug-ft>_ _ __ e e = e R 2,000

26

|HDARN

24

)

Upword inflow limit ‘ /
i
= | /

V/IQR
/28

(

— =

| |

14 Vortex region

Tail-rotor forward-speed parameter

/
L —] Downward inflow limit

p90 -80 =170 -60 -50

-40 -30 -20 -10 0]

Tail-rotor sideslip angle, B3;, deg

Fraure 4.—Chart showing extent of vortex region in terms of tail-rotor forward-speed parameter (

—,”—QR—> and tail-rotor sideslip angle 3.
vC1/2B*/,
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Tail rotor:

g N S T Sy S ey, SEELE OS2
=R ft2 . _ SV 5 39. 6
1 L S e o e e 30
QRS e CTN S S O S 565
Piteh range, deg ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, _ —5to1b
ey O T e e e e e e e e e e —8
lepmR2(QR)2), - ~___ 108, 000
Pedal travel, é, (right pedal reduces tail-rotor piteh), in__ _ 8
General:
Iz (including mass of tail rotor), slug-ft2_ __________ ~ 5,000
Aerodynamic yawing moment (except where noted) . ___ 0
e e e 0. 00238

TAIL-ROTOR PITCH REQUIRED TO HOVER

Inasmuch as fuselage yawing moments are assumed equal
to zero,
350550

U= 20%30 >

' 321

O =0.0023839.6 X (5657 0107

(Crla) =0.089

1
(\/1’+(;1/’x)2>,:"°

Inasmuch as p=0,

ag
Thus, from the chart of figure 1(d) f ( — .>=().]2,
ws, from the chart of figure 1(d) for Vit
V. Slll 61_ Y - — o
at @R), 0 and (("z/0),=0.089, BrgBR—lz.ﬁ 1

TAIL-ROTOR PITCH REQUIRED TO TURN OVER A SPOT IN A 30-KNOT
(50.6 ft/sec) WIND
Tail-rotor pitch required for trim at different sideslip
angles.—The first step in determining the tail-rotor pitch
required to turn slowly over a spot in a 30-knot (50.6 ft/sec)
wind is to find the tail-rotor thrust, which in turn depends
on the main-rotor torque. The main-rotor torque may be
found as follows:
vV 50.6

e =5
Phov 30 69

By using this value of V/u,,, figure 8 of reference 7 yields
0/0no="P3/P;,, =0.64. Thus, the induced power required at
30 knots is P;=0.64 0.8 X350=179. By assuming no
change in the hovering value of profile-drag power, the total

power required at 30 knots is then P=0.2<350-+179=249.
By repeating the previous procedure,

. 249X 550
I==r o 25lb
228

7 0.094 X (565)2

(*T> 0.0076 _
(‘U =575 —0-0635

Cr =0.0076

Or\
(\QT),Q>I—0.()()404

( %}91:0.09

( VIQR >:
VCr[2B?/,

From figure 3, values of <

72> can be obtained for
V1 (u/N)’

various values of B. (Inasmuch as r=0, then B=g, and
V=V,) Then, by interpolation between the charts of

figure 1, 8,  can be obtained. The computations are pre-
—HR

sented 1n t‘able 1. Similar computations were also made for
20-knot and 10-knot winds. The presentation of these
results in graphical form is made in figure 5, in which is
plotted the tail-rotor pitch required by the sample helicopter
to hover at various sideslip angles in various winds. The
vortex region for each curve is to the left of the flag.

TABLE I.—TAIL-ROTOR PITCH REQUIRED FOR TRIM AT
DIFFERENT SIDESLIP ANGLES IN A 30-KNOT WIND

[( ) ; f’—f:) u;(g) =(l.0635:m=l).l2]
QR 1/CT/QB2 ¢ el

el ‘ ( V) sing O¢ i
O e = 2 S 2L ¢ |, e
| Bt TG || R | e 0S8
0 0. 050 0 7.8
10 L062 016 9.0
20 -074 1031 10.2
30 L 086 045 1 21 s
40 - 696 -058 i
50 | -105 -069 13.3
60 | 112 ‘ L078 14.0
70 117 - 085 14.7
80 1120 -089 15.1
90 L1120 - 090 15.1
—10 L037 —. 016 6.9
—20 L043 31 7.2
—30 -052 —. 045 7.5
—40 L 062 —. 088 8.0
—50 - 075 —. 069 8.1
—60 - 090 —. 078 8.4
—70 S104 —.085 8.4
—80 L1116 —. 089 ‘ 9.0
—90 L120 —.090 9.4

BR

oy

\rﬁ

D

%)

2

©

o

&

|t

- ‘

@ ‘ I ~

S e S e

: s

a | || [

5 : in

) - 1

5 1 |

o —t {

= B
oL | 1

-80 -60 -40 -20 (0] 20 40 60 80
Helicopter sideslip angle, B, deg
Frcure 5.—Effect of forward speed and sideslip angle on tail-rotor
pitch required for sample helicopter to hover over a spot. Vortex
region for each curve is to the left of the flag.



CHARTS FOR ESTIMATING TAIL-ROTOR CONTRIBUTION TO HELICOPTER DIRECTIONAL STABILITY 1

Tail-rotor pitch required to turn at a steady rate.—In
order to obtain information on the damping in yaw of the
tail rotor, the tail-rotor pitch required to maintain a steady
vawing velocity of 0.2 radian/sec, both to the left and to
the right, during a turn in the 20-knot (33.7 ft/sec) wind will
be computed subsequently. (The damping in yaw of the
main rotor and fuselage will be neglected.)

For each sideslip angle 8, 8, and V', are computed by using
equations (B8) and (B9). Then, repeating the procedure
for finding the tail-rotor thrust coefficient as was done for
the 30-knot-wind case in the preceding section,

() =0

7
(ZBE ) —oss
v COr/2B%/,

and

: il ; . 5
The quantity ( _,;k) is then obtained from figure 3.
t

VI (/N
By using equation (B10),
Vsin g\ _ V sin —lwr
QR /sy (QR),

=0.06 sin —0.01

Then, by interpolation between the charts of figure 1, the
data in table IT for V=20 knots, »=0.2 radian per second,
were obtained. Similar computations, made for r=—0.2
radian per second, are presented in graphical form (fig. 6)
together with the results for the »=0 case from figure 5.

RESPONSE TO PEDAL DEFLECTION WHILE HOVERING IN ZERO WIND

The yaw response per inch of rudder pedal deflection for
the sample helicopter while hovering in zero wind will now
be calculated. The stability derivatives needed for equa-
tions (B2) and (B3) will be determined from the charts of
figures 1 and 3 for the two extreme assumptions that AQ=0
and AQ=r. By assuming small displacements from trim,
the derivatives will be computed at the trim condition,
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Fraure 6.—Effect of helicopter rate of yaw on tail-rotor pitch required
for trim at different sideslip angles (V=20 knots). Vortex region
for each curve is to the left of the flag.

which is

T V sin B
S —— =(.12, C =0.89, ( ——— ) =0, and
(o). RS YT
6, =12.6°.
;BR

The control derivative ON/08, is calculated by means of
equation (B6) as follows:
ON_aN_
b, Ab,

ACy /o

“‘[rP(Wll)z)t(Q[\))12¢Tr< 30

For << e é> =(.12, taking increments from the
\1+(#,’/>\) t

(Cp/a) —=0.06 line to the (('z/o),=0.10 line at Lé(f}?)—ﬁé
SAV) e

: ON AN 1 X 0.10—0.06
r1Ve e — 565) 2 2 e R
gives 06, Ad, 30<0.094 X (565)*< 0.1 13.6-9.6

Wy
deg

TABLE II.—TAIL-ROTOR PITCH REQUIRED TO TURN TO RIGHT OVER A SPOT IN A 20-KNOT WIND
AT 0.2 RADIAN PER SECOND

VES -
[(ﬁ)."”“"”

+/Crj2B?

V/QR Cr o 9. Tl =
—>‘=0_g5; (T)f‘““zv 01=0.12; ?=<).m]

WV | . _VieR o N Ve, )
, de; Al tan | B, deg Vi = ——— (—) sin (——) sin ‘s pg, deg
e ~ 0s B \ £ ‘ s ‘ |  JCr2B VI (/N2 aRJ, o | \ar/, B \ 3 BRy deg
0 0178 | 0 —10.1 34.3 0.89 0.077 0 —0.011 9.0
10 ETRTN 18 —.3 32.2 587 . 081 .010 —. 001 9.5
20 .190 36 | 9.9 31.8 .83 . 087 .020 . 009 10.2
30 .205 58 20.5 3.2 | .82 . 094 .030 .019 10.9
40 .233 84 31.2 30.2 .78 .102 . 038 . 027 11.4
50 .277 1.19 42.3 29.3 .76 .108 . 046 .035 11.9
60 . 356 1.73 53.9 28.6 .74 113 . 052 . 041 12.6
70 . 520 2.75 65.9 28.2 .73 .116 056 045 13.0
80 1025 | 5.67 77.9 27.8 7 .119 059 . 048 13.1
et e e e i 90 27.8 .72 .120 060 049 13.1
—10 .181 —.18 —19.6 35.3 .92 . 068 —.010 —.021 8.5
—20 .190 —. 36 —29.0 36.3 .94 . 076 —.020 —. 031 8.8
—30 .205 —.58 —38.0 37.2 .97 . 080 —. 030 —. 041 9.1
—40 .233 —. 84 —47.1 37.9 .99 . 088 —. 038 —. 049 9.3
—50 o —1.19 —55.7 38.5 1.00 . 098 —. 046 —. 057 9.4
—60 356 —1.73 —64.4 39.0 1.02 .107 —.052 —.063 9.6
—70 520 —2.75 —73.0 39.2 1.02 114 —. 056 —. 060 9.9
—80 1.025 —5.67 —81.5 39.7 1.03 118 —. 059 —.070 10.0
| SO0 e Tl o e —-90 39.7 1.03 .120 —. 060 —. 071 10.0
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The tail-rotor damping derivative is computed by means
of equation (B11). The first part of the expression is ob-
tained by taking increments from (Cr/o),=0.08 to (Cr/a),=
0.10 along the 01, =12.6° line in figure 1(d). The second

“BR

4
part of the expression is zero for the present hovering-in-
zero-wind case.  Thus,

( ON )II(A‘V> :—[olp(illf)zvrh”], a(CT/F)I <\_S [ )l~

or AR / Visin g g
a( QR ),
(i)
(// cos B\ O(Cr/o), VI£@/N/,

: ), o ;
e G-

=30 0.08—0.10
L [ 565 0.022—(— 0.02:;)+0]

S i
radian/sec
. ON ON
as ' S — \ —— — )_
Inasmuch as V=0, then on Y (

For the assumption that AQ=0, there is a damping con-
tribution of the main rotor that is computed from equation
(B12) as

( OJ\') _ o8 2X350X550__ . Ib-ft
“9

= A — 060 ool S8
or Ja 20X20 20! radian/sec

By substituting into equation (B5) and taking 7,=7,000
slug-ft?, the value of ¢ is found to be

—2550—960

Then, from equation (B4),

M __ _ qr(,—0.50t 50t—
A6, 35(e —+0.50t—1)

For t—=1 second,

nt=1)__

—3.7 deg/deg
Af, AR

Thus, for the assumption that AQ=0, the displacement in
vaw per inch of pedal travel at t=1 second is

17(12])2_3.7 d(\gX 20 (.lqu‘ . (}(‘g
A, deg”"—8 in. in.

where the —8 inches is the total rudder pedal deflection
corresponding to the total pitch range of 20°.

For the assumption that AQ=r, I, is now equal to 5,000
slug-ft?, AN/A6, is unchanged, and (ON/0r),,=0. Inasmuch
as, at trim, (V sin 8),=0, the additional damping in yaw of
the tail rotor because of its variation in speed is (as pointed
out in appendix B) equal to (ON/dr),, computed under the
assumption that A2=0. Thus,

\ gg):_g(, Ib-ft
t

or, radian/sec

Then, by substituting into equation (B5),

—2550—960
c= - =

——0.70
5000 L

and, from equation (B4),

T — _25(e=0-7004-0.70t—1
A6, (¢ +0.7 )

For t=1 second,

=il ’
n(AB ): —4.9 deg/deg
t

or

n(t=1)

=—4.9% 29 =12.3 deg/in.
A, —8 =

For (V' sin 8), = 0, the only difference in the exponential
equation for »/Af, resulting from the use of the two different
rotor-speed assumptions arises from the use of a smaller
moment-of-inertia value in the AQ = 7 case. 1If the moment
of inertia of the main rotor is relatively large compared with
that of the fuselage, the more conservative assumption
should be used for design purposes. 1In the present illustra-
tive example, inasmuch as the values of yaw displacement
computed for the two different rotor-speed assumptions do
not differ very much, the average value is used. Thus, for
the sample helicopter in hovering at zero wind, the displace-
ment in yaw per inch of pedal travel at £ = 1 second is

nt=1)_9.3+12.3

0 5 —10.8 deg/in. pedal

In figure 7 are shown, for the sample helicopter, time
histories of response to a 1-inch step displacement of the
rudder pedals while hovering in zero wind. The curves
were obtained from the computed equations for /A6, which
were derived on the alternate assumptions of constant rotor
speed and AQ = . At t = 1 second, the average value of 7
is 10.8° as determined previously.

RESPONSE TO PEDAL DEFLECTION WHILE HOVERING IN 30-KNOT WIND

There will now be computed the tail-rotor pitch required
to satisfy the requirement of reference 1 that the helicopter,
while trimmed at the most critical yaw angle during hovering
in a 30-knot wind, achieve 3° of yaw in the first second fol-
lowing full pedal deflection in the critical direction.

50— , -
LTI ITTl LT ]
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Time, sec

Ficure 7.—Response of sample helicopter in hovering to a 1-inch step
displacement of pedals,
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For the sample helicopter, table I indicates that the
critical yaw angle during hovering in a 30-knot wind is 90°
left yaw (right sideslip) at which time 15.1° of tail-rotor pitch is
required. In order to illustrate a less simplified case, it will
be assumed, however, that because of fuselage yawing
moments the critical angle is 60° right sideslip and there is
an aerodynamic yawing moment to the right of 1,500 pound-
feet acting on the fuselage. Thus, before proceeding with
the response-to-pedal-deflection calculations, it is first neces-
sary to calculate the pitch angle required to trim at the new
critical yaw angle of 60°.

Determination of new trim value of tail-rotor pitch.—By
repeating the procedure used in a previous section for com-
puting the pitch required for trim while hovering in a 30-
knot wind, but taking the fuselage yawing moment into
account, the following equations are given:

B,=60°

1300

e — ..~8+ -=278 1b

C'r,—0.0093
(Crfo) =0.0775
(Cr/2B%),=0.00494
(V/QR),=0.090

( (’f/zzljf > =
<\ 1’41(7/');)‘2):0.935

O R\ 2
(\ 1+<m>2), O

a
Interpolating between the charts of figure 1 for( —— .,)
1 — [.l,/ )\)“

From figure 3,

Thus,

—0.09 and 0.12, for (1 Sin B) —0.0785 and (Cy/c),—0.0775,

olves 6,0 =15:5°. Thus, the new trim value of tail-rotor
;BR

pitch is 15.5° instead of 15.1°, which was calculated for the

case of zero assumed fuselage yawing moment.

Computation of tail-rotor pitch required to maneuver.—
The calculation of the additional amount of tail-rotor pitch
required to achieve 3° of yaw in the first second following full
pedal deflection will be carried out, as in the previously
described calculations of a step-pedal maneuver in zero wind,
under the alternate assumptions of constant rotor speed and
a variation of rotor speed equal to the yawing velocity.

By assuming constant rotor speed, the stability derivatives
needed for equations (B2) and (B3) are determined in a
manner similar to that carried out for the zero-wind case as
follows:

From equation (B6),

ON Ib-ft
90
60, geaonn deg

From equation (B12),

ON x Ib-ft
< or >,,,,_—()90 radian/sec

From equation (B11),

Y T )
(M>=—1m ()00[ S0 E 00 .
! 565

0% 0.031
—0.008 0004 300.5 :I_ o et
) radian/sec

0.03 1/5/ 50.6

Although the aerodynamic fuselage moment is assumed to
remain unchanged during the pedal-deflection maneuver,
there is a change in the static-directional stability of the
tail rotor. This derivative is found by substituting into
equation (B14) values for known constants and slopes
obtained by interpolation between the 0.09 and 0.12 charts
of figure 1 and from figure 3. Thus,

ON_ —0.040
0B 0.060

—0.006
0.03

=3,240-+590=3,830 lb-ft/radian

108,000<0.090 cos 60°—

0.12<108,000<0.004<57.3

For turns over a spot,

ON_ dN

S oF =—3,830 lb-ft/radian

Substituting the calculated derivatives into equation (B3)
gives

,_ —3900—690  —3830 _
50002000 500042000

By solving for the complex roots a+ b1,
a=—0.33
and

b=0.66

Substituting into equation (B2) gives

M 16.3 [e~"%(—0.50 sin 0.66t—cos 0.66f)+1]
Ab,
For t=1 second,
=l
3 T ):——3.4 deg/deg

Thus, under the assumption of constant rotor speed,
3 deg
3.4 deg/deg
required to achieve 3° of yaw in the first second following

the pedal displacement.

—(.88° of additional tail-rotor pitch would be
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Under the assumption that AQ=r, the calculation would
proceed as follows:

1,=5,000

AN is unchanged

A9, ge
ON
=

(ON) is unchanged
on ) E changec

The additional damping in yaw due to variations in tail-
rotor speed is obtained from equation (B20). The derivative

d(C'zo). . i
W has already been obtained for ON/0B. Thus,
o(“ar"),

y aN> - 0.040 —or 3600  2X278\
A(BF =—30 (0.060 gliEat et S
Substituting into equation (B3) gives
o —B3900—1110  —3830_
( 5000 S 5000
a——0.50
and
b=0.72

Thus, by substituting into equation (B2),

_\’(’9 =16.3 [¢=%% (—0.70 sin 0.72t—cos 0.726)+1]
- t

For t=1 second,

n,(é,,ZI)—_ 9 \Or ed
29, 4.2 deg/deg

The additional piteh required would then be

31d e N T
4.2 deg/deé—o" .

Tail-rotor pitch needed to satisfy requirement of refer-
ence 1.—Taking an average of the answers for the two differ-
ent assumptions gives

_0.88+0.71_

Agx_“ e

el
9 0.8

Thus, in order to achieve the required 3° of yaw in the first
second, 0.8° of additional tail-rotor pitch would be required.
The total value of 6, needed to satisfy the requirement of
reference 1 is, therefore,

9,=15.5°+0.8°=16.3°
DISCUSSION OF ILLUSTRATIVE CALCULATIONS

Some significant characteristics of low-speed tail-rotor
directional stability and control can be deduced from the
sample calculations made herein.

DIRECTIONAL STABILITY AND DAMPING IN YAW

The curves of figure 5 indicate that, if fuselage directional
stability characteristics are neglected and tail-rotor thrust is
assumed to act toward the right, the typical single-rotor
helicopter at speeds below 10 knots is directionally stable
from approximately 50° left sideslip to about 90° right side-
slip. For speeds higher than about 10 knots, the stability
characteristics during sideslip in the direction of tail-rotor
thrust are similar, the directional stability increasing with
speed. For sideslip in the direction opposite to tail-rotor
thrust, however, a directional instability appears, as a result
of the tail rotor entering the vortex region. The curves in
ficure 6 indicate that, although the damping in yaw at 20
knots is normally stable, in the vortex region the damping
in yaw is approximately zero, or even slightly unstable.
Similar curves for 30 knots indicate large erratic variations
in damping in yaw, from unstable to stable, in the vortex
region. Also, although it is not shown by the curves of
figures 5 and 6, reference 8 gives evidence that the vortex
region corresponds to an unsteady-flow condition.

Inasmuch as the axial component of velocity through the
tail rotor depends upon the sine of the sideslip angle, the
curves of ficures 5 and 6 can be used for the entire azimuth
range of 4180°. For example, at 3=160°, the tail-rotor
pitch is the same as at =20°.

RESPONSE TO STEP PEDAL DEFLECTION

The time history of figure 7 is typical of first-order single-
oN_,
on
the rate of displacement depends primarily on the inertia,
whereas later it depends primarily on the damping. At all
times, the displacement depends upon the control moment.
Thus, by calling for a specific yaw-angle range in 1 second,
requirements such as those of reference 1 insure against
insufficient or excessive control moment in relation to the
inertia and damping in yaw. Preliminary study of yaw con-
trol in near-hovering flicht indicates that the pilot probably
expects the yaw displacement to be within certain limits a
short time after a reasonable pedal motion.

For the sample helicopter in hovering, the yaw response at
the end of the first second was calculated to be 10.8° yaw
per inch of pedal displacement. Preliminary flying-quality
studies indicate that, if the pedals have large friction and
out-of-trim forces, such a response may be too high. Of
course, reduction in pedal friction and incorporation of a
trimming device would help. If, however, the yaw control
were still too sensitive, a possible solution might be the
incorporation of a mixing linkage in the tail-rotor control
such that collective pitch or throttle motion would also
produce a tail-rotor pitch change. Then the pitch change
per inch of pedal could be reduced. Another advantage of
such a mixing linkage is that it would reduce the coordination
necessary between pitch lever and pedals during hovering at
different wind speeds. Reducing the sensitivity of the
sample helicopter by increasing pedal travel is not feasible,
inasmuch as the travel is already a typical value of 8 inches.

From the calculation of response to pedal deflection in a
30-knot wind, it was found that 16.3° of tail-rotor pitch

degree-of-freedom systems inasmuch as Initially,
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would be required for the sample helicopter to meet one of
the requirements of reference 1. This requirement calls for
the ability, while trimmed at the most critical yaw position
in a 30-knot wind, to achieve at least 3° of yaw in the first
second following full displacement of the pedals in the
critical direction. By use of figures 1 and 3, the minimum
pitech at which the tail rotor would start to stall in the range
from 0 to 30 knots was found to be about 18%°. Thus, it
appears that the tail rotor of the sample helicopter could be
rigged to give the required pitch without danger of stalling.

COMPARISON OF THEORY WITH EXPERIMENTAL RESULTS

In order to study the adequacy of the charts presented
herein, a comparison of the theory was made with experi-
mental results. In figure 8 are presented plots of pedal
position against sideslip angle during fairly rapid turns over
a spot in a wind of approximately 13 knots for the single-rotor
helicopter shown in figure 9. This helicopter has character-
istics that are generally similar to the sample helicopter
characteristics used herein.  The sideslip angle was obtained
by integrating measured yawing-velocity records. In figure
8 are also presented theoretical curves of pedal position
against sideslip angle computed from the charts herein for
the helicopter of figure 9 for the first half of the turn in each
direction. (Only the first half of the turn is computed
because the experimental sideslip angles during the second
half of the turn are inaccurate because of the accumulation
of integration errors.) The assumption that AQ=7 was used
in calculating the theoretical curves, but, for simplicity, the
additional damping in yaw of the tail rotor due to changes
in rotational speed was neglected, as were fuselage yawing
moments. The tail-rotor thrust was corrected for measured
yawing acceleration.

During the turn to the left, the measured pedal position
varies rather smoothly throughout the entire maneuver.
However, during the early part of the turn to the right
large and rapid pedal displacements are indicated. The
resultant velocity and sideslip angle at the tail rotor, corrected
for yawing velocity, were computed during the computation
of the theoretical curves. Comparison with figure 4 indicated
that, during the turn to the left, the tail rotor never entered
the vortex region; whereas during the turn to the right, it
did. The range of sideslip angle for which the tail rotor was
within the vortex region based on figure 4 is indicated in
figure 8(b). It can be seen that the large and rapid pedal
motions all occurred while the tail rotor was in the vortex
region. The pilot’s effort when the tail rotor is operating
in the vortex region is increased, probably because, as indi-
cated previously, the flow conditions there are unsteady and
the damping in yaw is low or unstable.

The qualitative correlation of the theoretically and experi-
mentally indicated extent of the vortex region gives some
confidence in the accuracy of the downward inflow limit of
the vortex region in the theoretical curves herein. As
indicated in appendix A, this limit was based on the indication
of reference 8 that the vortex region begins when the axial
component of velocity is approximately 40 percent of the
inflow velocity.

This region of difficult tail-rotor control that results when
the tail rotor enters the vortex region is similar to that which
is experienced when the main rotor enters the vortex region
during partial-power descent at zero or low forward speeds.
Knowledge of the existence of this region of difficult tail-rotor
control should be of value to pilots, in that they would not
expect to achieve steady conditions in this region and hence
would try to avoid prolonged operation therein when feasible.

I l | 1

fgh 040 80 120 160 200 290 280 320360

Helicopter sideslip angle, 3, deg
(a) Turn to left.

Ficure 8.—Measured pedal position against sideslip angle during
fairly rapid turns over a spot in a wind of 13 knots for belicopter of
figure 9 and comparison with theory. Data points are 1% second
apart.
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For a particular helicopter, the regions of forward speed
and sideslip angle in which tail-rotor control difficulty may
be experienced can be computed from figure 4. Limited
unpublished flight data indicate the vortex region to be less
potent, or perhaps even nonexistent, at the higher forward
speeds covered in figure 4. The large component of velocity
perpendicular to the rotor shaft at the higher forward speeds
may reduce or eliminate the formation of this type of flow.
However, until a more thorough experimental investigation
establishes an upper speed limit to the vortex region, the
entire vortex region of figure 4 may well be considered as a
region of potential difficulty.

At 0° angle of sideslip, the theoretical curves of figure 8
indicate about 15 percent more right pedal, or about 3° less
pitch, than the experimental curves. Some of this differ-
ence is thought to be due to the experimental pitch being
lower than that indicated by pedal position because of play
and distortion in the tail-rotor control system. At high val-
ues of tail-rotor pitch, alarge left pedal force is required along
with the left pedal deflection, indicating a large pitch-
reducing tendency in the tail rotor. Also, the effectiveness
of the root portion of the tail-rotor blade is probably reduced
somewhat by the exposed heads of the bolts used to attach
the blade to the root fitting. In addition, calculations indi-
cate the taper of the tail-rotor blades, which was neglected
in the theoretical derivatives herein, causes the theory to
underestimate somewhat the tail-rotor collective piteh. All
these conditions cause the theory to underestimate the re-
quired tail-rotor pitch. Thus, for design purposes, these
factors must be accounted for, either rationally or empirically.

For the turn to the left, the shape of the theoretical curve
compares well with that of the experimental curve, except
for somewhat higher slopes. The difference in slope indi-
cates that the fuselage is unstable directionally.

For the turn to the right, the theoretical curve does not
match the experimental curve as well. This situation is to
be expected because of the unsteady flow conditions in the
vortex region.

This comparison between measured and theoretical tail-
rotor pitch during fairly rapid turns over a spot indicates
the charts and procedures herein to be useful for computing
either the change in tail-rotor pitch needed for a given
dynamic maneuver or the motion of the helicopter due to
pedal deflection.

CONCLUDING REMARKS

Theoretically derived charts and equations have been pre-
sented by which tail-rotor design studies of directional trim
and control response at low forward speeds (i.e., at tip-speed
ratios less than 0.10) can be conveniently made. These
charts can also be used to determine the main-rotor stability
derivatives of the ratio of thrust coefficient to solidity with
respect to pitch angle and rotor angle of attack at low for-
ward speeds.

Studies made with the charts and confirmed by flight
tests indicate a region of difficulty of tail-rotor control at
various combinations of forward speed and sideslip angle
similar to that which has been experienced on main rotors
during partial-power descent at zero or low forward speed.
It appears desirable to avoid prolonged operation in this
region.

The measured variations of tail-rotor pitch during a
moderately rapid turn over a spot in a wind can be fairly
well predicted theoretically.

LANGLEY AERONAUTICAL LLABORATORY,
NarioNnaL Apvisory COMMITTEE FOR AERONAUTICS.
LangrLey Freup, Va., October 27, 1953.



APPENDIX A

THEORETICAL DEVELOPMENT —STATIC ROTOR CHARACTERISTICS

In this appendix, equations for the collective pitch of a
tail rotor at low forward speeds are derived in terms of its
forward speed, tip speed, sideslip angle, thrust coefficient,
solidity, and the yawing velocity of the helicopter. These
equations are used to derive charts from which the tail-rotor
directional-stability, directional-control, and damping-in-
vaw derivatives can be obtained.

ASSUMPTIONS

Uniform inflow.——The inflow through the rotor is assumed
to be uniform. The effect of a radial variation in inflow is
discussed later. Reference 3 indicates no appreciable effect
of longitudinal inflow asymmetry on thrust at fixed values
of pitch and average inflow.

Isolation of tail rotor.—At some forward speed the tail
rotor enters the downwash field of the main rotor. The
effects of operating in the main-rotor downwash field are
neglected, inasmuch as the primary effect is a change in the
direction of flight of the tail rotor. The effect of tail-rotor
supporting structures and the proximity of tail surfaces is
also neglected.

Neglect of u* with respect to unity.—The assumption is
now made than g is less than 0.10 and, therefore, x* is much
less than 0.01. Thus, neglect of w* with respect to unity
causes a maximum error in each term of about 1 percent.
The term (u/\)2, however, is not negligible with respect to
unity.

Assumptions of references 3 and 4.—Inasmuch as the
derivatives in this report are based on the equations of
references 3 and 4, the assumptions of these references are
automatically incorporated herein.

DEVELOPMENT OF EQUATIONS

Inasmuch as 6, BR:60+O.75B01, and p? is assumed to be
i

much less than 1 (u*<1), equation (6) of reference 4 can
be rewritten as follows:
20, B ,B® ‘
== )\—}—? 49E . (A1)

al V4]
Equation (7) of reference 4 can be rewritten as follows:

Vv Cr
S 0 I A2
0 A TN NN v =

Since the last term represents rotor induced velocity,
absolute bars have been added to X in order to make the
expression always positive. Also, B* has been added in the
denominator of the last term in order to provide consistency
with forward flight analyses, wherein it is assumed that the
rotor is effective only in producing thrust out to BR.

For the normal working state of a rotor wherein X\ is
negative, equation (A2) can be solved for A as follows:

slna 270_;7 e 'j‘ :
AT Q[x ) \/<Q]) sin a) +[)>2 = \1—?(7/? (A3)

Substitution of equation (A3) into equation (A1) and
solving for(), (rivos for negative X\,

Y2 [ \/<9/’Sm°‘> +B°7§1+<Mm i

4 Cr V sin «
GBE - RO ] A4

In order to put equation (A4) into a more convenient form

for tail rotors, 0y . will be expressed in degrees, and instead
4

of the angle of attack «, the sideslip angle g will be used.
Tor the case of counterclockwise main-rotor rotation, the
tail-rotor thrust is to the right for the conventionally powered
helicopter. Thus, « for the tail rotor is equal to —pB ,where 8
is positive for sideslip to the right. (In the jet-powered
helicopter, the tail-rotor thrust required to overcome the
friction torque will act to the left for counterclockwise main-
rotor rotation, in which case a=pg. The sign convention
corresponding to the conventionally powered helicopter will
be followed in this report.) Also, a yawing velocity of the
helicopter will cause an additional flow through the tail rotor.

: Vs .
Thus, the expression gR S0 @ becomes —V, sin B,/(QR),

where V, and 8, are, respectively, the velocity and sideslip
angle at the tail rotor including the effect of yawing velocity.
Thus, equation (A4) becomes, for negative X\,

0. =573 \/ V smB C’T o'i
%BR ()B QR BZ o \1+(#//)\)

AN 1AV s B =
aB s 13 ( R >] =2

For those conditions where X\ is positive, repeating the
steps for equations (A3) to (A5) gives

——" 1 [[Vsnpy 2 Cr o
6, =57.3 Pt el AT o B il =
i8R . ‘313[ 2\/< QR >, B ¢ 1+ @u/N? +

4 Cp bl]lﬁ 6
B o T3 ( OR ,, (e
17
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VALIDITY OF UNIFORM INFLOW ASSUMPTION

Comparison of equation (A4) with equation (A17) of
reference 5 indicates that 6, for a linearly twisted rotor
BR

blade in vertical climb where p=0 and sin e=—1 is equal
to 6, for an ideally twisted rotor in vertical climb (at equal
“BR 2
3

values of (7, ¢, and V/QR). From a study of figure 1 of
reference 6, 1t can be seen that, at least for the special case
of hovering, a solution for 6, for a linearly twisted rotor
~BR
4

including radial inflow variations shows that the pitch angle

at éB[:’, is very close to 8, for the ideally twisted rotor.
“BR

4

(In fig. 1 of ref. 6, B=1.0.) Thus, the assumption made
herein of uniform inflow is indicated to give reasonably
correct answers for 6,

iR

BLADE-STALI. LIMITS

The theory becomes inaccurate when blade sections start
to stall. In order to give some idea of the section angles of
attack, the section angle of attack in the hovering or vertical-

flight condition at = BR is computed. This radius was

3
chosen because it is reasonably representative, and because
it 1s casily computed. The computation is as follows:
From equation (27) of reference 4,
A 2 3 A
a,, =, + =4, + = B‘_‘* ]} 0]+ = (JA?)
28R - 2BR = 2 3pR 3 4 2
T S B

Substituting for X from equation (A1) gives

a:me (ZB‘ (4 i 3 > (AB)
For « and 6, in degrees, setting =5.73 and 5=0.97,
=65.7 OT —0.086, (A9)

a'l
ZBR
3

VORTEX REGION

In reference 8 it was reported that, for the test helicopter
of the reference, unsteady conditions were experienced at
vertical rates of descent above about 500 ft/min. The
inflow velocity (i.e., resultant velocity through rotor disk)
at this rate of descent is computed to be approximately 1,200
ft/min. Thus, it is assumed that the momentum theory
used in the rotor theory of references 3 and 4 is good until
the axial component of free-stream velocity upward with
respect to the rotor equals 500/1200, which is approximately
equal to 40 percent of the inflow velocity.

Reference 9, page 127, indicates that, when the upward
free-stream velocity exceeds a certain value, the air flow near
the blade tips takes on the shape of a vortex ring instead of
existing in the form of a simple slipstream ; thus the unsteady
flow conditions mentioned previously are taken into account.
This unsteady flow region, in which the momentum theory
is inapplicable, is referred to as the vortex region. In
reference 9, page 131, the momentum theory used in the

rotor theory of references 3 and 4 is indicated to become good
again when the axial component of flight velocity upward
through the rotor is equal to twice the inflow velocity.

Inasmuch as the momentum theory used in references 3
and 4 (and, hence, in this report) is not valid in the vortex
region, an empirical procedure is used to obtain solutions of
tail-rotor collective pitch in this region. This procedure is
based on the use of empirical curves relating vertical flight
speed to induced velocity in the vortex region and is outlined
as follows: Dividing the three terms in equation (A2) by

\/, O
2B\ 1+ /N

and using the angle 8, instead of the angle « gives, for nega-
tive X\,

V sin B/QR A

L L : L

\/‘_iﬁ‘iy - (v
\ ‘2/3)\14‘(#/)\) 913“\1+(H/?\)
/ —

VB2 1+ @/

= ’ (A10)

and, for positive A,

V sin B/QR

\/ O
2B 1+ (/N

\/ O
V 2B2 14 (u/N?
A ‘

(=

V2B 14 (/N

(A11)

For vertical climb or descent (u=0; sin 8,= -+ 1), equations
(A10) and (A11) correspond to the computed portions of
figure 8 of reference 9 (chapter 6) where the momentum
theory is applicable. For forward flight (u>>0; sin 8,= +1),
the same curves apply if the axial component of velocity is
used and both coordinate parameters are modified with the
V14 (u/N)? term. Therefore, it will be assumed that the
empirical portion of the curve of figure 8 of reference 9
(chapter 6) would also be applicable to forward flight if the
V1-+ (u/N)? term is included in the coordinate parameters and
the axial component of velocity is used. However, the more
extensive data of reference 10, modified somewhat in accord-
ance with flight experience such as that reported in reference
8, are used instead.

In figure 2 is plotted the relation between

A V sin B/QR
, and [— 25 .
o T o,
Vg2 1+ wnY/, V28214 (uN?

The regions where the momentum concept is applicable
were obtained from equations (A10) and (A11). The
vortex region which,
V sin B/Q1
S

based on figure 12 of reference 10, modified somewhat in

as discussed previously, is between

>:—O.4 and —2, is shown dashed, and is
14
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accordance with flight experience, such as that reported in

reference 8. By using equation (A1) and the empirical

region of figure 2, values of 6, can be computed for the
i

vortex region for given values of (V' sin B/QR), (C/o),

smd( ; Z >
\ ]+(M/)‘)2 t

With the aid of equation (A3), the limits of the vortex
region can be expressed in terms of these parameters, for
downward inflow, as

BaoimBas 0 oy ( /(") o )
( T G <1+(M/)‘) (812

and, for upward inflow, as
) (o),

DETERMINATION OF /14 (u/N)?

V sin B

=—1.46
QR ,

The pitch angle ;. has thus far been determined as a
<B
4

function of three parameters, (';/a, L Sm—ﬂ; and —,L
QR V14 (u/N?
All of these quantities can normally be easily obtained except
V14 (/N2 The procedure for obtaining 1+ (u/N)? is now
discussed.
The quantity u/A can be obtained by rewriting equation
(A2) as follows:

%:tan a— (I/ll.) . (A14)
t
/2B cos’ a|>\/#1\1+ (u/N)?
For negative values of X\, using the relation B,=—aq,

equation (A14) can be solved to give the following equation:

(&) 12 L o
N an B__ /tan B ]
7 >\2
[(I /?{1/9;‘3087 =) 1+<ﬂ/)\)2] :

(Al5)

For positive values of \, solution of equation (A14) gives

# — 1 S RS s b O A v
<X>,_ 7”{51176 /tn’n’B & iy Il j (416

VaR)? cos? ’
V ( /(';)/2};(38 RN ,

Equations (A15) and (A16) can be used to solve for

V/QI’

and B are
2B B are

V14 (u/V? by iteration when fixed values of

given.
t=}

For the vortex region where the momentum theory is
inapplicable, the following empirical procedure is used:

V sin «/QR

W
p_VeosafoR_  N2BWIH@N
A A A

——————\tan «

('
\/232\1+<ﬂ/>\)"2
Then, inasmuch as 8,=—a,
E - Vsin g/QR
\ 9IR2 ’f 2
<E>: — ) 7:13 \lj{f(/‘/)‘) — (}Xl?)
N i A 8

- \tan

(j
B \/wm F (/N :

By using figure 2, equation (A17) can be solved for

v1-+(u/M? in the vortex region by iteration when fixed values
VIQR .
of < ——— ) and B, are given.
VO 2B%/,
The limits of the vortex region for these parameters can be
computed to be, for downward inflow,

< QR >:< 034 (A1S)
0128 1+(0.403/tan ) sin 8/, ‘
and, for upward inflow,
< V/QR ):<777 2 ) (A19)
JC2B:),  \if @jtan B sin 8/, ‘




APPENDIX B

THEORETICAL DEVELOPMENT—RESPONSE TO PEDAL DEFLECTION

The equation for the yaw of the helicopter following a step
displacement of the pedals, together with formulas for the
stability derivatives required by the solution, are derived in
this appendix.

EQUATION OF MOTION

By assuming a one-degree-of-freedom system, the equation
of motion of a helicopter in yaw is

O°n _ONdn OoN _oN
LS ool on. . (B1)
The equation of motion is solved by means of the

Laplace transformation for a step deflection of Af, and

?_tn (0)=A7n(0)=0. Using the procedure and tables of

reference 11 and converting 7 to degrees gives

I: at < sin bt—cos bt>+1 AO xX67.3
()
@+, B2
where a-bi are the roots of the characteristic equation
sz—a”[/a” s __a;\}/ L) (B3)
z zZ
‘ . oN . .
For the special case of afnzo, equation (B2) becomes
; o Af, ><57 3
e—ct=1 00, -
U= Py B ]7 (84)
where

STABILITY DERIVATIVES

During a yawing maneuver, the rotor speed would vary
some as a result of the change in rotor torque. In order to
simplify the situation to a one-degree-of-freedom system,
two extreme cases are studied. In the first case, the rotor
speed is assumed to remain constant; whereas, in the second
case, the rotor speed is assumed to vary enough that it
remains constant with respect to earth axes—that is, AQ=7.
In the first case, the main rotor contributes inertia and
damping in yaw. In the second case, the resulting change
in tail-rotor speed varies the damping in yaw of the tail rotor.

Assumption of constant rotor speed.—The equation for
the ON/08, derivative is

Ag\—— —lp(r %),(QR) 2o, <ACT/0>
¢

A6, Af o)

Changes in tail-rotor thrust due to yawing velocity are, in
20

general, due to the resultant changes in

Q[) B) and in

G:
—— ). Thus, the equation for the (DN or), deriva-
(, 1+<ﬂ/x)2) ‘ o

tive is

> V sin g— l1>
4

N\ e (/o). \ oRr
(br),wl)lal’rl'zmm le > V sin g— [I - or i
( Qll >g
M)
3(Cr/o), 1+ @Y. 08, *
o (- 2 ) o8 o i
VI+ /N,

The forward velocity V" and the sideslip angle 8 at the
tail rotor are different from the corresponding values at the
helicopter center of gravity if a yawing velocity » is present.

From a study of figure 10, 8, can be expressed in terms
of B and r; and V, can be expressed in terms of 17, 8, and g,
as follows:

—tan—1 . - ,Llj_f ;
B,=tan (tan B W cos B (BS)
> _VecosB .
G BY)

\

Fraure 10.—Sketch showing geometry for converting from V, g, and
- V sin g—rl, 7le o ViCOSIB!
P ‘ o » =t N i 7
rto V,and B;. tan g,= Vcos B =tan B o608 6:1 = B,

Visin By= Vsin g—1l,.

—
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Also, the axial component of velocity can be expressed in
terms of V7, 8, and » as

V,sin B,=V sin B—Ix (B10)

By using equations (B8), (B9), and (B10), and carrying
out the indicated differentiations, equation (B7) becomes

(bé?;ﬁ?;g (~a)-

QR t

(%): — plol@R)*rR?

O(('ro) ° <T%l? N?

Ay a)e s \ M

( BF > © 0B By
NERFN

If constant torque coefficient is assumed, the (ON/Or),
derivative becomes

([ cos f8

<ﬂ =ba—(g=—28=—2(701rR2pQR3

2Q

The tail rotor contributes to.the directional-stability
derivative ON/0B while the helicopter is hovering in a wind.
The contribution can be computed as follows (8, is assumed
equal to B inasmuch as the effect of a yawing velocity is
accounted for in the derivative (ON/or),):

3 V sin 6—[,7’]
-+

oN_ N @R),
R R

b[ @R), ]

e 7(\/1—1:@/)\) -

(),

Using equation (B10) and carrying out the indicated differ-
entiation gives

ON |:V cos B:I n
B b (V sin 3

o)
O'La ———————
B NN/

().

which may be expressed in terms of the thrust-coefficient—

solidity ratio as follows:
aﬂz_a(QT/a)tazP(TR‘)) (QR)[—’[} I:V cos ] -
0B <V sin ﬁ (QR),

a <fj 1 =
_\VI+w/N/,
0B,

3(Cufo)s
a y— U ——
(\“/1 +(#/)\)2>1

Assumption of A2=r.—The additional damping in yaw of
the tail rotor due to a variation in tip speed is computed

as follows:
N\ dT ’
2 (%)== (3), g
Inasmuch as 7,=Cy p (v R?), (QR) .,

DN a O t 2 ..1' OQ "
A (E)t:—lt [A *’( 07,"/0-) p(TR‘)I(\Q 1 0'1+5 (Bl())

(Ut)ZP(W'RQ)z (QR>12[¢

(B14)

or

but, inasmuch as AQ=r, then

aQ,_aQ,_«S_Z_, o
o 00 Q &y
Also,
7 sin B>
(0Cy/a):_ 0(Cr/0). ( QR a&z,
& or (V qﬂlﬁ 09, (BUS)
Carrying out the differentiation,
OCT/U _ 0(Cr/a), 1 V sin B\ 02,
> Veagy\ @ 9B Jior O
QR ¢

Substituting equations (B17) and (B19) into equation
(B16) gives

ON o = b((],/a), Vﬁl]lﬁ a,p(wRZ)I(QR),z 2y
A( or l'|: Vsin B ( Q +§ ]lil

\ QR /.
(B20)
At trim in unyawed flight, (1 sin 8),=0, and equation (B20)
becomes
ON 2(
A( ) —l 2 T= QJ B21)

which is identical to equation (B12). Thus, it is seen that,
when (V sin 8),=0, the damping-in-yaw contribution of the
main rotor computed with the assumption of constant rotor
speed is equal to the additional damping-in-yaw contribution
of the tail rotor computed with the assumption that AQ= 7.
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