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

By=NNZTH B. AMBE and ALFRED f%f!aow

SUMMARY

Th40retica-?lyderived charts and eguaiioiw are prewnied by
which tdrotor design studies of dir.wi%nul trim and conirol
rmponae at lowforward sped can be conveniently made. The
churtscan &o be wed to obtain the main-rotor stu.bi?iiyderiou-
i$iveaof thrud viz% respect to coUectivepiieh and angle of attack
at lowforward speed.

The use of tlw cluwt.sand eguatti for tail-rotor design
studies is iUwsi!m2G?.Compariwm between theoreticui?and
experimzntulTemdi% are prewnled.

Th.5 charh indicate, andj?igh iim% conjirm, i!hd Lb Tegion of

vorkx roughnas which h fami%w for the main rotor ti also
encounteredby the tail rotor and thu$prolonged operation at the
corr~pondi~$igld ditti w& be dijicu.lt.

INTRODUCTION

The tail rotor of n conventionally powered single-rotir
Micopter has two purpose9-tO counteract the rotor torque
and fuselage yawing moments and to maneuver the heli-
copter directionally. Preliminary flyingqudity studieshave
indicated a minimum desirable response of 3° yaw in the
first second following rLl-inch step displacement of the pedds
while hovering in zero wind. In addition ta indicating a
minimum deaimble response value, these studies have also:
indicated the existence of a maximum desirable response
value. When large pedal friction ‘and out-of-trim forces
am present, the mrmimum desirable response value is indi-’
cnted to be approximately 10° of yaw in the fit second
following a l-inch step displacement of the pedals while
hovering in zero wind. When pedal friction and out-of-b
forces we relatively small, a maximum desirable value of 2
to 4 times as lwge as the 10° value is indicated.

Some of these flyingquality indications are incorporated
in the flying-quality requirements of reference 1. In
addition, reference 1 calls for the ability of average-sized
hdicoptcrs 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
tho 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 helieoptws, for example, are of
minimum size inasmuch as their primary purpose is to pro-

!Stmreaks NAOA TN 31&3,1054.

DIRECTIONAL

tide control and, unless specifically designed to satisfy the
previously disctised reqt&xnents~ miglL not fuE1.1ti of
thwe criteria.

@-au aid in desig+ng helicopters to me& the”directional
requirements of reference 11 it would, of C6un%,-be desirable
to have published information available wli&&y problems
of directional trim and control can be conveniently studied
for h&copters of various types and configurations. The
single-rotor helicopter was chosen for study in th,is 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 coniparison is made between theoretical and experi-
mental rew.dts. In the course of this comparison, a region .
of possible directional-control cMculty is indicated.

The, charts presented herein can also be used to obtain
the ,rnain-rotor stabiljty d:~vatives relating the change in

... . . .
h C,]uthrust-coefficien%olidity Jatio with pitch angle- ~

.?; ~;> * . ●

hCTlu at low forward speedsand with angle of ..’attack —
. aa

(at tip-spwd ratios less ‘k’ Q.1O). The signiiknce of
these derivatives is discussed 3’ reference 2, which also
presents charts for obtaining thw for tip+peed ratios equal
to:or greater thqn-0,,15.
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1.

‘%Yr+o”Ls. . ‘.;’-’-~,

slope of curve of section lift ooticient against section
angle of attack in radians (assumed herein to be
5.73)

number of blades per rotor
tip-loss factor (assumed hereti to be 0.97); blade

elements outboard of radius BB are assumec-to
have prc&le drag but no lift

blade section chord, ft

s
‘.”cx%

equivalent blade chord (on thrust basis), 0~..

J
}ft

~dx
0

thrust eo&ci&t,
,;..,p. ., .;- “

TR9P($lR)z )

rotor+”haft torque coefficient, Q
. .. .

ITBZP(QR)2RJ ‘ ‘- . ‘;

mass moment of inertia, referenced to Z-A (vertical
axis through center of gravity), slug-ft2
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horizontal distance horn tail-rotor hub to main-rotor
hub, ft

yawing moment, lb-ft
rotor-shaft torque, lb-ft

‘q adiMls/secrate of yaw with respect to earth axes, ~> r

blade radius, ft
Laplace transform parameter
rotor-shaft power, hp
rotor thrust, lb
time, sec
induced ‘inflow velocity at rotor (always positive),

ft/sec -
true airspeed of helicopter along flight path, ft/sec
ratio of blad~ement radius to rotor-blade radius
rotor angle of attack (angle between flight path agd

plane perpendicular to ti of no feathering,
positive when axis is inclined rearward), radians

blade-element angle of attack at radial position; IH7

(measured frcm line of zero lift), deg
sidedip angle (angle between plane of.symmetry and

ilight path, positive for sidedip to right); for tail-
rotor thrust to right, I%= —at, radims

‘{rudder” pedal deflection, positive for right pedal
forward, in.

angle of yaw with respect to earth axis, radians
blad~section pitch angle (angle between line of zero
lift of ‘blade section and plane perpendicular to axis

of no feathering), radians unless otherwise stated
blade pitch angle at hub, radians
difference between hub and tip pitch angles, positive

when tip angIe is Iarger, radians
inflow ratio, (V sin a–v)/QR
tip+peed ratio, V cm @R
mass density of air, elugs/cu ft
rotor solidity, bc.lrl?
rotor anmdar velocity with ‘respect to helicopter,

positiv; in counter~ockwise &ection as vi;wd
horn above, ra&ms/sec

Subscripts:
fiav hovering
i induced
972 main rotcr
BR at radial position BB
t tail roter; this subscript is used only where there

might be some confusion as to which rotor is
bag &c*~

ANALYSIS

Problems of directional trim and contiol rwponse of the
singlerotor helicopter involve a knowledge of the relation
between tail-rotor collective pitch and v.tious operating and
dwi=- 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.

. .

COMMJTI’EE

Tail-rotor

FOR M3RONAUTICS”

STATICROTORCHARACTERISTICS

collectiv~pitch relations can be most con-
veniently studied by means of charts that are presented
herein. ‘“The theory-on which the charts are basal- is devel-
oped in appendix A, and the application of the charts is
illustrated 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, side&p angle, thrust coofficimt,
soli@ity, and the yawing velocity of the helicopter. TIIo
derivations are based on the rotor theory of refomnccs 3
and 4. The assumptions involved are discussed in appendk
A. Comparison of the equations with more accurate but
less general calculations presented in references 6 and o is
made in appendix A and shows good agreement, Tho
charts based on the equations of appendix A are considcwed
applicable to tip-speed ratios equal to or less than 0.10.

An expression is also derived in appendix A for cleterming
typical blade-section angles of attack in the hovering or
vertical-flight condition. This exprw.sion provides a baais
for determining the limits of validity of the equations for
tail-rotor collective pitch wqsed by tail-rotor stall. Anotlmr
condition of operation wherein the theory becomes invalid
is the vortex regtion. This region of operation is trmted by
means of a semiempirical theory and @ also discussed in
appendix A.

(In figure 1, I% .-tail-rotor ,colleotive pitch angh at
:BE,. ,,

~ BR~ is shown as a fkction of the axial advanco ratio

(73— for CCIIStJUltVdU09 Of (~), for (J&j~),-
t

0.03, 0.06, 0.09, and 0.12. In the construction of fi~ro” 1,
equations (A5) and (A6) were used for the region where
the momentum theory was applicable. For the vortm
reggon, figure 2 and equation (Al) were used as discussed
in appendix A. The vortex region, the limits of which aro
given by equations (A12) and (A13), is shown daahecl in
figures 1 and 2.

Equation (A9) indicatea that rLline of COnshd (?*/@

~DE. Thus, tho linescorresponds to a constant value of a9
.

()for the larg& values of ~ , are also labeled in figures 1

and 2 with the values of af~~ in order to allow their use

for studks of blade stall. *
Of the three quantitiw of which 01 is a function in

; En

figure 1, only the parameter
L&J

is not known at

the start. Determination of & q~kti$ is facilitated by
plotting it in @e 3 against the tail-rotor sideslip angle Ot
for constant values of the tail-rotor forward-speed parameter

(2%=),The regions where the momentum theory is
..—.

applicable were obtained by iterative solution of equations
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(AM)and (A16). For the vortex region, which is shown
dashed, equation (A17) and @ure 2 were used as discwsed
in appendix A. The limits of the vortex region in @re 3
me given by equations (A18) and (A19) which are plotted
in figure 4.

RESPONSE TO PEDAL DRPLECTION

A complete tail-rotor study involves, in addition to charta
of static rotor characteristics, an analysis that predicts the
response of a helicopter to pedal deflection. Such an analysis,
which derivea 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 CRSeSare considered. In the fit
cnse, the rotor speed is assumed to remain constant during
the yawing maneuver, whereas in the second case the rotor
speed is nssumed to vary enough that constant speed with
respect to earth axes is maintained; that is, Af$=r.

3(

ILLUSTRATIVE CALCULATIONS

The use of the charts of figures 1 and 3 for tail-rotor design
studies, as well RSthe pedal-response analysis, is illustrated
by the sample calculations given below. The examples were
chosen to be illustrative of the @e required to invmtigate
the ability of a helicopter to meet current flying-quality
requirements. Duringthe calculation of response to pedal
deflection, the procedure for obtaining the rotor derivative
acT/u ~q afT .

ae
IS illustrated.

The following characteristics are assumed:
Main rota:

$2,mtim/seo ---------------------------------------- 20
Phom hp--------------------------------------------- 350
Pih=0.8Pk0,
VAO,,ftiaw ------------------------------------------- 30

Direction of rotation (counteroloclm&e as viewed from
above)

12, slug-ft*------------------------------------------ 2,000

)

‘d

2.6

2.4 T, -

Ufwcud inflcw limit
2,2

20 — ~ — — — — — — — — -“ — — — — — —

1.8

1,6

1.4- Vortex region

.-

1,2

1,0 / . .

.8

,6

Downwmt inflow Iimit
.4 — — — — — — —- ~ ~

,2
- ..

990 -80 -70 -60 -50 -40 -30 -20 -10 0
Tail-rotor sideslip ongle, P,, deg .-

FIQURE4.—Chart showing es-tent of vortex region in terms of tail-rotor forward-speed parameter
(I%L)tand

tail-rotor tddeslip angle pt.
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Tnil rotor: - .,

u--------------------------------------------------- 0.12
r~,f~---- ---------------------------------------- 39.6
k, ft-----------------------_:----------------------- 30
QR, ftlseo ------------------------------------------ 665
Rtihmge, dw---------------------------------- –5to15
01, dq-------------------------- -------------------- —8
[uprR(QR)'q,-------------------------------------- 108,000
Pddtivd,3,(ri@tptidrdu=tifl-mtirpitih),ti--- 8

Generak
12 ~mdutig~oftiUmtir), slug-fV ---------------- 5,000
Aerodynamic yawing moment (except where noted)------ O
P----------:-------------------------------------- 0.00238

TAIL-ROTOFtPITCH REQUIRED TO HOVER :

Inasmuchasfuselage yawi.ngmoments areassumedequal
to zero,

~=350x550=321
t 20x30

CT,=O.OO238X::6X(56~ 9=0.0107

(cT/u),=0.089
Inasmuch asK= O,

(&m):’”
Thus, from the chart of figure l(d) for

(%&JU--)t=00’2
atvtsinA_o

(Q@,
and(Cr/u)~=O.089, Q =12.6°.

; BE

TAILROTOR PITCHREQUIEED TO TURN OVER ASPOTINA30-ENOT
(SCL6fl&ec)WIND

Tail-rotor pitch required for trim at difl?erent sideslip
angles.—The fit step in detwminhg the tail-rotor pitch
required to tumslowly overa spot ina30-lmot (50.6ft/see)
windis to find the tail-rotorthrust, which-m turn depends
on-tlm.gyjn-rotor torque. The main-rotor torque maybe
found-as follows:

By using this value of V/v,m iigure 8 of reference 7 yields
v&=Pi/Pihm= 0.64. Thus, the inducad power required at
30 knots is P,= O.64X0.8X350=179. By wuming no
ohange in the hovering value of profledrag power, the total
power required at 30 lmots is then P= O.2X350+179=249.

By repeating the previous procedure,

‘F 20x30
‘gx550—228 lb

0T~0.0W2:(566)* =0.0076

c.
()

— =-=0.0635at.

c,()m ,=o”oow

()~R ~=0.09

(.&)t
=1.4

From iigure 3, valuea of
(I&V)’

can be obtained for

various values of f?. (Inaamuch as r= O, then f?= 13~and
V= V,.) Then, by interpolation between the charts of
6gure 1, 9, ean be obtained. The computations are pro-

+
sented in table I. Similar computations were also made for
20-knot and 10-lmot winds. The presentation of these
results in graphioal 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.—TA.ILROTOR PITCH REQUIRED FOR TRIM AT
DIFFERENT SIDESLIP ANGLES IN A 30-KNOT WIND

[(-a-”Jq*),-’.@),”,”o,Ml.Ml J

o

%

i%
Ea
m

E
–E
–!20
–w

–m

–m
–s0
–w

(J&ml
o
.016
.ccl
.M
.W
.cw
.o’n
.036
.ma

–:1%
–.091
-.Ma
-.cm
–.Ova
-.078
–.m6
–.am
–.ml

7.8

1%:
11.4
124
n 3
14,0
14.7
lh1
I&1
0.9
7.2
7.6
&o
&1
&4
S.4
0.0
9.4

Fk3”@er tidedip ongle,@,deg

FIG- 5.—Etfeot of forward epeed and sidedip angle on troll-rotor
pitch required for sample helicopter to hover over a spot. Vortex
region for eaoh ourve is to the left of the flag.
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Tail-rotor pitoh 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
yawing velocity of 0.2 radian/see, both to the left and to
the right, during a turn in the 20-lmot (33.7 ft/see) wind will
be computed subsequently. (The damping in yaw of the
main rotor and fuselage will be neglected.)

For each sideslip angle f?, t?,and V, me compu~d by U@
equations (BS) and 039). Then, repeating the procedure
for finding the tail-rotor thrust coefficient m was done for
the 30-knot-wind case in the preceding section,

(7.()—=0.072
u’

and

‘hoqumtit’(dm)tisthen obtained tiom Qure 3.

By using equation (B1O),

Then, by interpolation between the charts of iig-ure 1, the
dntn in table II for V=20 lmots, T=O.2 radian per second,
wore 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 horn figure 5.

RESPONSE ‘POPEDAL 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 ne,eded-for equa-
tions (B2) and (B3) will be determined from the charts of
figures 1 and 3 for the two extreme assumptions that AQ=O
and Afl=r. By awuming small displacements from trim,
the derivatives will be computed at the trim condition,

15

&
*

m’
.g”—

g
m

;5

~

f
i=

O-sO -60-40 -a o 60s0
~f?kO@KSid4!3hpCUKJ;~@,@m

FIQUEEf3.-EfTect of helicopter rate of yaw on tail-rotor pitoh required
for trim at ditFemnt sideslip angles (T7=2fl knots). ~TOrt&Yregion
for each ourve is to the left of the flag.

which is

(&),-””J~““’u)’=o-”yRHt=omd
et =12.6°.

ZBR
4

The control derivative 2UVJM,is calculated by m>k of
equation (B6) as follows:

Z)N AN ()ACTJU———= —l,p(TR~,(QR),%, —
M, AO, AO ~

‘or(I&id, .=0.12, taking increqmnts from the
.. ;---

Vt Sb P,=o(CJu) ,=0.06 line to the (C,/U) ,=0.10 line at ~Q@,

aivAN
—––30X0.09+W(565) ’X0.12give ~ AO~ “

RKH!)

=-1,080~

TABLE 11.—TALL-ROTOR PITCH REQUIRED TO TURN TO RIGHT OVER k SPOT lN A 20-KNOT WIND
iT 0.2RADIAN PER SECOND
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The tail-rotor damping derivative is computed by means
of equation @l 1). The fit part of the expression is ob-
tained by taking i?mrementsfrom (C~/u),=0.08 to (C=/U)t=
0.10 along the 19t =12.6° line in iigure l(d). The second

;BII

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

[

–30 0.08-0.10
=–108,000 —

565 0.022–(–0.023)
+0]

=–2,550
lb-ft

radian/see

aiv
Inasmuch as V=O, then ~=– a~O.

I?or the assumption that AQ=O, there is a dampi@ con-
tribution of the main rotor that is computed from equation
(B12) as

av’) =_2 :_ 2x360 x550__ 960 _lb-ft
F. 20X20 radi~~

By substituting into equation (B5) and taking L7=7,000
elug-fi?, the value of c is found to be

–2550–960=_o so
c=

7000 “

Then, from equation @4),

T
-–35(e-O”m’+0.50t-1) “-=A&

For t= 1 second,

~(t=l)_ 3.7 d~deg——
AOt

~.’- .,
,,-,.

-.

,.

Thus, for the assumption that AQ=O, the displa~ent H
yaw per inch of pedal tivel at t=l second is

where the —8 inches is the total rudder pedal deflection
corresponding to the total pitch range of 200.

For the swmrnption that AQ=r, IX is now equal to 5,000
slug-ft’, AN/AO,is unchanged, and @N/br)m=O. Inasmuch
as, at trim, (V sin 19)~=O, the additional damping in yaw of
the tail rotor because of its variation in speed is (as pointed
out in appendix B) equal to (bN/b) n computed under the
assumption that AQ=O. Thus,

Then, by substituting into equation (B5),

~–2650–960= _. To
5000 “

and, from equation @4),

w0–25(e-0.70~+0.7W–1)
At$

For t= 1 second,
~(t=l)— 4.9 d~/deg—_—

A8,
or

v(t=l)— q.gx+lz.a Wine—_—
A&

For (V sin L?),= O, the only cliflerencein the exponen~ial

equation for v/AO~resultingfrom the use of the two diflment
rotor-speed assumptions arises from the use of a smaller
moment+f-inertia value in the Afl = r case. If the momcmt
of inertia of the main rotor is relatively large compamd with
that of the fuselage, the more conservative assumption
should be used for design purposes. In the present illustra-
tive example, inasmuch as the values of yaw displacement
computed for the two diflerent rotor-speed assumptions do
not diifer 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 pedsl travel at t= 1 second is

d~=l)~9.3+12:3y~o 8 deg/in.pedd—_
A& 2 “

In figure 7 are shown, for the sample helicopter, time
histories. of response $0. a l-inch step displacement of the
rudder pedak while hovering in zero wind. The curves
were obtained from the computed equations for q/AO~which
-werede~ved on the alternate assumptions of constant rotor
spe%d~d AL?= r. At t = 1 second, the average valuo of ~
is 10.8°, as determined previously.

R~PONSE TO PEDAL DEFLECTION WHILE HOVEIUNG IN M-KNOT WIND

There will now be computed the tail-rotor pitch required
to satis~ the requirement of reference 1 that the helicoptw,
while trimmed at the most critical yaw angle during hovering
in a 30-lmot wind, achieve 3° of yaw in the fit second fol-
lowing full~edal deflection in the critical direction.

50

“40~
c-
: 30
-x
0

= 20
a
w
c
g 10

0 .5 Lo 1.5 2.0
Time. sec

FIGURE 7.—Responw of sample helicopter fn hovering ta a l-inoh step
displacement of pedals.



I’or the sample helicopter, table I indicates that the
critical yam angle during hovering in a 30-lmot wind is 90°
left yaw (right sidwlip) at which time 15.1° of tail-rotor pitchie
required. In order to illustrate a less simplified case, it will
be assumed, however, that because of fuselage yawing
momonts the critical angle is 60° right sidwlip and there is
an aerodynamic yawing moment to the right of 1,500 pound-
feet acting on the fuselage. Thus, before proceedhg with
the responee-to-pedaldeflection calculations, it is fit 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 pitoh.—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
~ccount, the following equations are given:

@t=600

T,= 228-*=278 lb

0.,=0.0093

(cT/u),=0.0775

(Lh/2~,=0.00494,’

,, (v/m),= o.090

“ (%%,)7”28
From figure 3,,

(&J:O”’3’
Thus,

(=):0”112

Interpolating between the charts of figure 1for
(a),

‘oo’mdo12f0r(%9t=000785md@’’’”=00077575
gives et3 = 16.5°. Thus, the new trim value of tail-rotor

~BE

pitch is 15,6° instead of 15.1°, which was calculated for the
case of zero assumed fuselage yawing moment.

Computation of tail-rotor pitoh required to maneuver.—
The calculation of the additional amount of td-rotor pitch
required to achieve 3° of yaw in the &t second following full
pedal deflection will be carried out, as in the previously
dcacribed 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 yam veloci~. “.

By assuming constant rotor speed, the stabiliw derivatives
needed for equations (B2) and 033) are deternhed in a
manner similar to that carried out for the zero-wind case as
follows:

.,.”..
,1 .,”.. . .

From equation (B6), ‘

ay=hl 090 lb-it
ae$ ‘ deg

From equation (B12),

ar’) lb-ft
‘b; .=–690 radiaqlsec

From equation (B1l),

r“)a
%-, [

=–108,000 ~ -+

l/57:3(--91=-3)gm~–:g80.&@

Although the aerodynamic fuselage moment is asaumed to
remain unchanged during the pedaldeflection maneuver,
there is a change in the staticdirectional stabtity of the
tail rotor. This derivative is found by substituting into
equation @14) 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,

aJN=_-o.040
~ 108, OOOXO.O9OCOS 60°–

i3p .

- 0.12X108,000X0. OO4X57.3 -
.

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

For turns over a spot,

aiv aiv
–-–-=-3,830 lb-ft/radian~ ap

Substituting the calculated derivatives into equation @3)
gives

~_~3900–690 ‘ –3830
5000+2000 ‘–5000+2000–0

By solving for the complex roots a+bij

a= —O.33
and

b=o.66

Substituting into equation (B2) gives
,.

T-=-16.3 [e
AO/

-“”=’(–0.60 sin o:66t–cos o.66t)+l]

For t=l second,
q(t=l)
—=–3.4 deg]degM

Thus, under the assumption of constit rotor speed,
3 deg

3.4 deg/deg
=0.88° of additional tail-rotor pitch would be

required to achieve 3° of yaw h the ii.rst second following
the pedal displacement. “
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Under the assumption that Afl=r, the calculation would
proceed sa follows:

1s=5,000

AN.
~ IS unchanged

a
(3br .=O

(+

a

b)
is unchanged

The additional damping in yaw due to variations in tail-
rotor speed is obtained from equation 0320). The derivative

Substituting into equation (133)gives

@– –3900–1110 ~ –3830 o
5000 ‘—=5000

a=–O.50
and

b=O.72

Thus, by substituting into equation @2),

~16.3 [e
AO~

-“”w (–0.70 sin o.72t-cos 0.7%)+1]

For t= 1 second,
. ..

~ (t= Q=_4.2 deg/deg
M -,.. .

The additional pitch required would then be

3 deg
–0.71°.

4.2 deg/deg_

Tail-rotor pitch needed to satisfy requi.rem”entof refer-
ence 1.—Taking an average of the answers for the two differ-
ent assumptions give9 ““ ,-‘.:..) f

~t=0.88+0.71&Q,P,
2.

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 0, needed to satisfy the requirement of
referenm 1 is, therefore,

eg=15.6°+o.8”=16 .30.
.

DISCUSSIONOF ILLUSTR~-. CAL~ATIONS. .. . . . .
Some signihmt charac~rietics of .-low*peed tail-rotor

directional stability and contiol can be deduced from the
sample calculations made herein.

DIREC~ONAL STABILITYAND DAMPING IN YAW

The curves of figure5 indicate that,iffuselagedirectional

stabilitycharacteriaticaare neglected and tail-rotorthrust is

assumed to act toward the right, the typical single-rotor

helicopter at speeds below 10 knots is directionallystablo

from approximately SO” Ieftside.dipto about 90° right sidc-
slip. For speeds higher than about 10 lmots, the stability
chsracteriatics during sidealip in the direction of tail-rotor
thrust we simikw, the directional skbility increasing with
speed. For sidedip in the direction opposite to tail-rotor
thrust, however, a directional instability appwws, as a mault
of the tail rotor entering the vortex region. The curves in
figure 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 lmots indicate large erratic variations
in damping in yaw, from unstable M stable, in the vortox
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 sxial component of velocity through tlm
tail rotor depends upon the sine of the sideslip angle, the
curves of figures 5 and 6 can be used for the entire azimuth
range of ~ 180°. l?or example, at p= 160°, the tail-rotor
pitch is the same as at fl=200.

RESPONSE TO STEP PEDAL DEPLETION

The time history of fi@re 7 istypicalof iirst-ordersinglc-

degree+f-freedom systems inasmuch as
aN
~=0. Initially,

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-angIe range in 1 second,
requirements such M those of reference 1 insure against
insufficient or excc9sive control moment in relation to the
inertia and damping in yaw. Preliminary study of yaw con-
‘trol in near-hovering flight indicates that the pilot probably
exp’e@ the yaw diqdacement to be within certain limits n
shor( fiiriieafter a reasonable pedal motion.

For the sample helicopter in hovering, the yaw response ot
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
~ device would help. II, 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 chango
per inch of pedal could be reduced. Another advantage of
such a mixing linkage is that it would reduce the coordination
necwsary between pitch lever and pedals during hovering at
different wind speeds. Reducing the sensitivity of tlm
sample helicopter by increasing pedal travel is not feasiblo,
inasmuch as the travel is already a typical value of 8 inches,

From the c.dculation of response to pedal deflection in a
30-lmot wind, it was found that 16.3° of tail-rotor pitch
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would be required for the sample helicopter to meet one of

the requirements of reference 1. This requirement calls for
tho ability, while trimmed at the most critical yaw position
in n 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
pitch at which tho tail rotor would start to stall in the range
from O to 30 knota was found to be about 18j#. Thus, it
appears that the tail rotor of the sample helicopter could be
rigged to give the required pitch without danger of stalling.

COMPARISONOF THEORYWITH EXPERIMENTALRESULTS

In order to study the adequacy of the charts presented
herein, a comparison of the theory was made with qeri-
mental results. In figure 8 are presented plots of pedal
position against sideslip amgleduring fairly rapid turns over
a spot in a wind of approximately 13 lmots for the single-rotor
helicopter shown in figure 9. This helicopbr 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. b iigure
8 are also presented theoretical curves of pedrd 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 iirst half of the turn is computed
becaum the experimental sidealip angles during the second
half of the turn me inaccurate because of the accumulation
of integration errors.) The assumption that Afl=r was used
in calculating the theoretical curves, but, for simplici@, 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
Irugo and rapid pedal displacements are indicated. The
resultant velocity and sidealipangle 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 baaed 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 tho vortex region is increased, probably because, as indi-
cated previously, the flow conditions there are unsteady and
tho damping in yaw is low or unstable.

Tho 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
tho vortex region in the theoretical curves herein. As
indicated in appendix A, thislimit w-asbased on the indication
of reference 8 that the vortex region begins when the asial
component of velocity is approximately 40 percent of the
inflow velocity.

This region of difficult tail-rotor control that results when
the tail rotor entem the vortex region is similar to that which
is ~erienced when the main rotor enters the vortex region
during partial-power descent at zero or low forward speeh.
Knowledge of the existence of this region of diftlcult tail-rotor
control should be of value to pilots, in that they wotdd not
expect to achieve steady conditions in this region rmdhence
would try to avoid prolonged operation therein when feasible.
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FXQURE8.—Measured pedal pasition against sidealip angle during
f~irly rapid turns over a spot in a wind of 1.3knots for helicopter of
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For a particularhelicopter,the regions of forward speed

and sideslipangle in which tail-rotorcontrol Micul@ may

be experienced can be computed from figure 4. Limited

unpublished flightdata indicate the vortex region to be less

potent, or perhaps even non~tent, at the higher forwmd

speeds covered in iigureA. The large component of velocity

perpendicular to the rotor shaft at the higher forward speeds

may reduca 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 difiim.d~.

At 0° angle of sideslip, the theoretical curves of figure 8
indicate about 15 percent more right pedal, or about 3°1-
pitch, than the experimental curves. Some of this differ-
ence is thought to be due to the experimental pitch being
10WWthan that indicated by pedal position because of play
and distortion in the td-rotor contiol system. At high val-
UMof tail-rotor pitch, a large left pedal force is required along
with the left pedal deikction, indicating a large pitch-
reducing tendency in the tail rotor. Also, the efktiveness
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 M the root fitting. In addition, calculations indi-
cate the taper of the taiI-rotor bhudes,which was negkcted
in the theoretical derivatives herein, causes the theofi to
underestimate somewhat the tail-rotor collective pitch. AU
these conditions cause the theory to underestimate the r+
quired tail-rotor pitch Thus, for design purposes, these
factors must be accounted for, eitherrationally 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 sloptw. The diilerence in slope indi-
cates that the fuselage is unstable directionally.

For the turn to the right, the theoretical curve doos nob
match the experimental curve a-swell. 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 indicatea
the charts and procedures herein to be useful for computing
either the .tiange in tail-rotor pitch needed for a given
dynamic maneuver or the motion of the helicoptm 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 l= than 0.10) can be conveniently made, Them

charts can also be used to determine the main-rotor stability

derivatives of the ratio of thrust coefhient 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 diiliculty of tail-rotor control nt
various combinations of forward speed and sideslip angle
similar to that which has been experienced on main rotors
during partial-power descent at zaro or low forward speed.
It appears desirable to avoid prolonged operation in this
region

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

LANGLEY AERONAmCAL LABOmTORY,
NATIONAL ADVISORY COMMITTEE FOR AERONAmCS,

LANGLEY From, VA., October27, 196%
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APPENDIX A

THEORETICAL DEWOPMENT-STATIC ROTOR CHARACTERISTICS

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

ASSUMPTIONS

uniform intlow.-The inflow through the rotor is assumed
to be uniform. The effect of a radial variation in inflow is
discussed later. Referenw 3 indicates no appreciable effect
of longitudinal inflow asymmetry on thrust at iixed values
of pitch and average Mow.

Isolation of tail rotor,—At some forward speed the tail
rotor enters the dowmvash field of the main rotor. The
effects of operating in the main-rotor downwash field are
neglected, inasmuch M 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
dso neglected.

Negleot of PZwith respeot to unity.-The assumption is
now made than v is less than 0.10 and, therefore, JL2is much
less than 0.01. Thus, neglect of P’ with respect to unity
causes a maximum error in emih term of about 1 percent.
The tarn (p/A)2, however, is not negligible with respect to
unity.

Assumptions of references 3 and 4.—Inasmuch as tie
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 0, =eO+o.75Bel, and F* is assumed to be; BR

much less than 1 (p2~), equation (6) of referan~ 4 can
bo rewritten as follows:

(Al)

IIquation (7) of reference4 can be rewritten as follows:

(A2)

Since the last term represents rotor induced velocity,

absolute bars have been added to x in order to make the

expression always positive. Also, Zp has been added in the

denominator of the lastterm in order to provide consistency

with forward flightanalyses,wherein it is assumed that the

rotor iseffectiveonly in producing thrust out to BR.

l?or the normal working state of a rotor wherein

negative, equation (A2) can be solved for A as follows:

Substitution of equation (A3) into equation (Al)
solving for e%,. gives, for negative h,

4 Or Vsilla—— —
DC QR 2 1

Inorder to put equation (A4) into a more convenient

k is

(A3)

and

(A4)

form
for tail rotors, e ~ be expressed in degrees, md instead*

of the angle of attack a, the sidedip angle P will be used.
For the case of counterclockwise main-rotor rotation, the
tail-rotor thrust is to the right for the conventionally powered
helicopter. Thus, a for the tail rotor is equal to –S ,where @
is positive for sideslip to tie right. (In the jet-powered
helicopter, the tail-rotor thrust required to overcome the
friction torque will act to the left for countercloclmise main-
rotor rotation, in which case a= f?. The sign convention
correspodng 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.

Thus, the expression ~ sin a becomes –V, sin 13t/(QR),

where V~ and Pt are, respectively,the velocity and sideslip

angle at the tailrotor including the effectofyawing veloci~.

Thus, equation (A4) becomes, for negative A,

ii%++wwl.- (A6)

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

i%w-ial
201

(A6)
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VALIDITYOF UNIFORM INFLOW ASSUMPTION

Comparison of equation (A4) with equation (A17) of
~, for a linearly twisted rotorreference 5 indicates that 0

blade in vertical climb whe~ P=O and sin a= –1 is equal
to O@ for an ideally twisted rotor in vertical climb (at equal

values of CT, u, and V/QR). From a study of figure 1 of
reference 6, it can be seen that, at least for the special case

%B for a linedy twisted rotorof hovering, a solution for 0
4

including radial inflow variations shows that the pitch angle

at ~ BR is very close to O%Efor the ideally twisted rotor.

(In fig. 1 of ref. 6, B=l.~.) Thus, the assumption made
herein of uniform inflow is indicated to give reasonably
correct answem for 03

~BE.

BLADE-STALLLIMITS

The theory becomes inaccurate when blade sectionsstart

to stall. In order to give some idea of the section anglea of

attack,the sectionangle of attack in the hovering or vertical-

flight condition at ~ BR is computed. This radius was

chosen because it is reasonably representative, and because

it is easily computed. The computation is as follows:

From equation (27) of reference 4,

Substituting for k from equation (Al) gives

% ‘AQ-(:B-:B)”~BE d?3 U

I’ora and I%in degrees,settinga=5.73 and

~~E=65.7 ;–0.0891
3

Vol?mxREGION

Ln reference 8 it was reported that, for

(As)

B=o.97,

(A9)

the test helicopter
of the reference, unsteady conditions were experienced at
vertical rates of descent above about 500 ft/min. The
inflow veloci~ (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 referen- 3 and 4 is good until
the tial 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 6ertain value, the air flow near
the blade tips takes on. the shape of a vortex ring instead of
existing in the form of a simpleslipstream; 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 aa the vortex region. In
reference 9, page 131, the momentum theory used in the

rotor theo~ 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.

Iiasrnuch 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 outlinecl
as follows: Dividing the-three terms in equation (A2) by

I 6’.

and using the angle pt instead of the angle a gives, for nogn-
tive k,

(li%a=-k%)+t
(J+),

and, for positive k,

(G%J=-(*)t-
(4+),

(A1o)

(All)

lj’or vertical climb or descent @=O; sin 19,=+1), equations

(A1O) and (All) correspond to the computed portions of
figure 8 of reference 9 (chapter 6) where the momentum
theory is applicable. For forward flight @>O; sin p,=& 1),
the same curves apply if the axial component of velocity is
used and both coordinate parameters are modified with the
~ term. Therefore, it fl be assumed that the

I empiri~ portion of the curve of figure 8 of reference o
(ch~ptw 6~ would also be applicable ~ forward flight if the

~ *is ~~uded iU the coor~a~ p~etem and
the axial component of velocity is used. Howeverj the more

extensive data of reference 10, modified somewhat in wcord-

mwe with flight experience such aa that reported in referenco

8, are used instead.

In figure 2 is plotted the relation between

The regions where the momentum concept is applicable
were obtained from equations (A1O) and (Al 1), Tho
vortex region which, as discussed previously, is betwem

rti:’*R)t=-04‘d —2, is shown dashed, and is

based on figure 12 of reference 10, modified somewhat in
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accordance with flight experience, such as that reported in
reference 8. By using equation (Al) and the empirical
region of figure 2, valuea of 03 can be computed for the

~BE

vortex region for given value9 of (V sin F/L?&)~, (CJU) ~,

‘nd(4&d’
With the aid of equation (A3), the limits of the vortex

region can be expressed in terms of these parametem, for
clowmvard inilow, as

(wt=-”%mt(,,-r+a(AW

rind, for upward inflow, M

(%)t=-104’(#),(,6,)t(Ala,

DETERMINAmONOF ~-

The pitch angle o has thus far been determined as a
:BE

Vsinfl, ~d

function of threo parameters, Or/u, ~
&

All of these quantities- normally be easilyobta~ed ~hpt

~l+@/A)’. The procedure for obtaining ~m is now
discu~ed.

The quantity P/h can be obtained by rewriting equation
(A2) cwfollows:

:=tan a- 1
(v/aR),’

(A14)
~ ,2B2 COS2a]A/p]{W
T

For negativo values of ~, using the relation P,= – %
equation (A14) can be solved to give the following equation:

(AM)

For positive values of A, solution of equation
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(Al’) @Ve9

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

given.
l?or the vortex region where the momentum

inapplicable, the following empirical procedure is
theory is
used:

V sin a/QR
I’07

Then, inasmuch as f?g=— a,

[

V sin @/QR -
CT

2B24-

“)’=(S .

h
tan p

c.

(A17

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

_ ~ the VO* r%ion by it~tion when fied V~UCS

‘f(J%%),-and Ptare given.

The limits of the vortex region for these parameters can be
computed to be, for downward i.nilow,

(4%%):(70“34) ‘A18)l+(o.403/tan py sin B /

and, for upwati inflow, \

(4%%)+/2 ) ‘A1’)1+(2/tan 19)2sin 19 ~



APPENDIX B

TREORETTCAL DEVELOPI@lJT-RESPONSE TO PEDAL DEFLECTION

The equation for the yaw of the helicopterfollowinga step

displacement of the pedals, together with formulas for the

stabilityderivntivearequired by the solution,are derived in

thisappendix

EQUATION OF MOTION

By assuming a onedegree-of-freedom system, the equation
of motion of n helicopter in yaw is

@l)

The equation of motion is solved by means of the
Lapkme transformation for a step deflection of Ad, and

~ (0)= Aq(O)=O. Using the procedure and tables of

reference 11 and converting q to degrees gives

[( )1~; Sill bt–cxm bt +1 ~: A0,X57.3

m= (as+b~Iz
@2)

where a+ bi are the roots of the characteristic equation

aiv
For the special mse of ~0, equation @2) becomes

where
~=Wpr

r

(M

1~

STABILITYDESIVA~

During a yawing maneuver, the rotor speed would vary

some as a resultof the change in rotar torque. In order to

simplify the situation to a onedegree-of-freedom system,
two extreme cases are studied. k the fit case, the rotor
speed is assumed to remaia constant; whereas, in the second
case, the rotor speed is assumed to vary enough that it
remains constant with respect to earth axea-that is, AQ=r.
In the tit case, the main rotor contribuk 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 biV/b6, derivative is

(B6)

Changes in tail-rotar thrust due to yawing velocity are, in
204

general, due to the resultant changea in
(V%)tm’ h

(J+%J:
Thus, the equation for the (t)N/ZM),derivw

tive is

[

a v sin p–lr
a

(9
a(c=p)t ( nR )~ ~= p[UlTR@R)qZ

a V sin B–lr

( )

ar ‘+

QR ,

The forward velocity V and the sideslip angle B at tlm
tail rotor are tierent from the corresponding values at the
helicopter center of gravity if a yawing velocityr is present,

From a study of figure 10, P, can be exproased in terms

of B and r; and V~ can be expressed in terms of V, /3,and 13(
as follows:

(f?,=tm-’ tan P–*)

V,=v COB/!3
Cos/9t

(B8)

(I39)

IW&m 10.-Sketoh showing geometry for oonvertiig from V, & cd
rl* .V 8in L3-dt=hn ~__

rtotitand Pit. tan p~= v ~o~~
, vt_v COBB;

v Cos~ Cosp#
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Also, the axial component of veloci~ can be expressed in
terms of v, p, and r as

v,sinf?,=vsin @–ltr @lo)

By using equations (138), (B9), and (B1O), and camying
out the indicated differentiations, equation (B7) becomes

?)v) [
a(c=ju)t

-&t =—p[Ul(QR)gTRq’ —. — —— —

%%)t( ‘R)’

If constant torque coefficient is assumed, the @~/hr)m
derivative becomes

a(9 aQ aQ -=—= —=-2c@R=pf2R3
F. ti ao

2Q.——
Q (B12)

‘Ilm tail rotor contributes to the directional-stability

derivative tW/hp while the helicopterishovering in a wind.

The contribution can be computed aa follows @, is assumed

equal to 6 inasmuch as the effectof a yawing veloci@ is

accounted forin the derivative@V/&) J:

Using equation (B1O) and cmrying out the indicated differ-

entiation give5

‘=&%F=q’+
“a(dm)t

%%u apt

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

solidi~ ratio as follows:
aiv a (cT/u),utpITR~, (m)tz,
-517=–

a(%w ‘=q- ‘

a(cT/u),

a(i$m)t
(uyp(ldv)t (QR)t%, ab+m)’

wt

(B14)

Assumption of AQ=r.-The additional damping inyaw of

the tailrotor due to a variation in tip speed is computed

but, inasmuch as ‘fl=r, then

ao, an, n,—=—= .
b af2 a

Also,

A @cT/u)/ = a(cT/dt ar%a
b a(%-? a“

Carrying out the differentiation,

‘(%)’=a?%(-i=b’%

(Em)

(1316)

(3317)

(B18)

(3319)

Substituting equations (1317) and (1319) into equation
@16) giVeS

Q320)

At trim in unyawed flight, (V sin 13),=0, and equation (B20)
becomes

av’)‘Zt =–1, ; T,=+’ (3321)

which is identical to equation (B12). Thus, it is seen that,
when (V sin p)~=0, the damping-in-yaw contribution of the
main rotor computad with the assumption of constant rotor
speed is equal to the additional dampi@n-yaw contribution
of the tail rotor compuhd with the assumption that Afl= r.
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