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SUMMARY

The present investigation 1s a continuation of a recent report by
K. B. Zmer on the aerodynamic dampang of a rotor with centrally arranged
flapping hinges in a steady patching or rolling motion. It considers
the effect of variation in the induced velocity due to the changes in
the distraibution of the thrust around the rotor disc. The results are

compared with the flight measurements given in fmer's report and the
agreement i1s good.

The rotor damping primarily depends on two quantities:-

(a) the ratio of collective pitch to the thrust coefficient +
solidity ratio (already found by smer), and

(b) tip speed ratic x rotor angle of gttack
collective pitch

With regard to the latter, the dempaing 1s increased if this expression
15 positive and decreased if 1t 1s negative. This means an 1ncrease
in damping in autorotation and a loss in damping for helicopter flight,
especiLally at hagher tip speed ratios or in climbing flight.
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1 Introduction

The present report is mainly concerned wath the damping in roll, i.e.
with the lateral 111t of the thrust vector in a rolling motion.  For
simplicaty, the damping calculation of a rotor i1s generally based on the
assumption that the thrust-vector-tilt a1s equal to the t1lt of the tip
path plane. Scme recent investigations have shown, however, that thas
agsumption 1s not quite correct and that in some cases results may be
obtaaned which are highly misleading, see Ref.l and 2. Ref.1l contains
theoretical values for the hovering condition only; more recently, Amer
hag derived in Ref.2 a more general expression winch includes the forward
flaght. The latter report alsc gives a comparison of the theoretical
values wath flight measurements. On the whole, the agroemont between theory
and experiment is satisfactory. However thore stall remains a discrepancy
whach cannot be oxplained. As the thooretical investigations of Ref.l and
2 arc based on the assumption of a wniform induced vclocity, 1t has been
supposed that the discrepancy is primarily due to changes in induced
velocity because of changes in the distribution of the thrust around the
rotor digec. Due tc the complexity of the problem these changes have
hitherto been neglected. In the present report an attempt has beoen made
to consider the effect of induced velocaty wvariation by a relatively
simple approach.

2 Some gonerol remarks on the induced velocity of robtary wing aireraft
and on the method used to evaluate the changes in the induced vclocity

Ag the exact theoretical calculation of the ainduced velocity field of
a rotor wath changes in the distribution of the thrust arcund the roter

dise would involve excessive labour, some simplified assumpticns must be
made.

In the present report the necessary eguations are obtained from the
momentum theory where the known relation between uniform induced velocity
and disc loading is - 1n a somewhat modified version - also applied to the
periodic components of the thrust.

The momentun theory states

AV 2v = T (1)
In thhs equation T/A = disc loading, v = induced velocity in the rotor
disc, and V' = V % v, the resultant velocity near the rotor, see Fig.l.
Hence
o2 U2 cos% + (V sina - v)2
= \/Vz + v2 - 2Vv sina (2)

Equetion (1) can also be written as

v fVQ + V2 = 2Vy sana = Eéé (3)
+ 2P
which 15 a 4th order.equation in v. It ean easlily be seen that for the
two bowmdary condataions V = O and V>> v the followang simple expres=—
sions are obtained:=-



With V = O equation (3) becomes

(4)

]
]
ﬁ
O e

and wvith V> v

T/A (5)

2

v =

<[
-

Comparison of the results obtained from equation (3) and equation (5)

shows that for the dasc loading of present day rotary wang sarcraft the
simplified equation (5) practrcally holds good for all flight conditions
with approx. V> 40 mph. Therefore, the above result can be summar:sed

as follows. In hovering or near hovering cordztion the induced velocity
18 proportional to the square root of the disc loading and for allwlocitics
above 40 mph directly proportional to the disc loading.

Let us consider now the case that the thrust increascs from T to (T 4+ AT)
and results in e corresponding incrcase in the induced veloeity from v to
(v + bv).  For the ratio (Av/v) the following equations ere obtained.

(a.) -Hovering Condition From equation (4) 1t follows

valv _ [T .oT (6)
v YT
or, (1 + av/v)% = 14 aT/T (7)

As 1n the hovering {or near hovering) condition (av/v)%<<l, equataon (7)
can be simplafied %o

28v/v = AT/T (8)

(b) Forword Maght wath V>40 mph From equation (5) 1t follows

v+Avr 5 T 4 AT
v T
which means
Av/v = AT/T (10)

Equations (8) and (10) can be combined to

k(av/v) = AT/T (11)

]

where for the hovering condation k = 2 and for velocities above LO mph
k = 1. Sumlarly, intermediate condations could be:considered by using

eppropricte values for k.

""-i--



If for any reason the 1lift L of a rotor blade varies vath the azimuth
angle { , corresponding changes in the induced velocity v occur. Let us
cgsume a 1ift distribution of the form

L = L, + Ly cosV + L2 siny 4+ ... (12)

with the congeguent induced velocaty
v = VO+V1 cos ‘llf+V2 S‘.‘LI‘!\]I+ e (13)

Ls already stated, an exact celculation of the induced velocity is out of
the question., It 1s therefore assumed that equation (11} con also be

applied to the pericdac components of the thrust vhich meoans, for instence,
that

T (L)

It 1s agreed that this assumption represents & severe simplification of
the problem but 1t appears justified by the fact that the discrepancy
left 1n Ref.2 can be explained.

3 The damping an roll (orApltch) 1i1th econgideration of induecd
velocity wveraotion

For simplicaity, a steady rolling motion wiath the angular velocity p
about the rotor centre is investigated.® The rotor rotates anti-clockwise
vhen viewed from above and the effect of the coning angle on the 1aft
dastrabutien has been neglected. The nondimensional expressions for the
velocities at the bladc element are:-

bp = X+ psiny (15)
up = M+ x‘g. stny - x g - up cosvV (16)
where
B = =-oq cos¥=-bq sany .. (17)
and B = 29 Osiny - by cos¥ {18)

Az the dampang in roll depends on the lateral talt of the thrust vector
i.c. on the term by and thus on the cosy component in the moment of the
aar forces about the flapping hinge, the inflow rotic moy be expressed
in the form

¥ It can be shown that the result can cqually be applied to the damping

in pitch.



A o= 7\0 + M cosV (19)
Insertang equations (17), (18) and (19) 1n equataon (16)L leads to

up = Ao ¥ 0.5 pag + (x % - xal) siny
+ (M + xb;) cosy
+ (0.5 pby) sin 2y

+ (0.5 p.al) cos 2 (20)
If the induced velocity is written as
Vo= VotV cosy (21)

1t follows from the equation of defination and from equation (19) that

RO (%, + 7 cos¥) = V sna= (v5 + vy cosy) (22)
and that for small angles o
wo_ M (23)
Vo Ay = Ha

According to equation (11..), the rotio vl/vo is assumed to be proportional
to Ly/L, where L, and Ly arc components of the 1ift L of the rotor blade
during its trevel around the rotor disc, soe equation (12). The well
known equation for the 1ift ais

B
|
L = RBchaf-/‘uz/e +2 dx (24)
24T\ up
o
. 2 x2 9 2 f 1 2 ]
where Uy = + zH + 2xp san¥y - FU° cos 2V (25)
and = xM o+ zuxp/ + ( by3® + 3b.17) !
uTuP_.xo+2uxp + (Mx + by +zb1p. cosl

+

* olt + x2 % - a_—[_xz + %aluz) siny

+

(xey = Frxp/0) cos 2¢

+

(lzu?\-l + prl) s1n 2y

( - %l—?bl) cos 3

+

( + %uza.l) sin 3i (26)

+
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Equation (2,) results in the following expressions for L, and Ly:=

%33 T - %B-Qup/ﬂ (27)

LO = R-Y)Qz c&-g-

L = Rjﬂz ca %

N+ -%"-ijl + %Buzbl] (28)

It can easily be seen that the underlined terms in these equations are of
minor importance, they can therefore be noglected.

Inserting equations (23), (27) end (28) in equation (14) leads to

K 1B°% + %
—t - bt o~ (29)
o Ha l-B'-j 8+ %B n
3 la]
or, solving for Kl:-
1 -
Moo= P 3 Oy - (30)
Lo 4 87 (k - 1) + 182
3 0
From the known equation for the thrust coefficient (terms With}iz are
again neglected)
Cp = a0 (370 + 330 ) (31)
1t follows
(o)
Ay = i U (32)
2
B“a
Inserting equation (32) in equation (30) finally leads to
- ua
Moo= Bby -0 - 2 (33)
2(k = 1) + 2f(1+le;.%l~£'£)
where
;oo Doyl (354)
6 c&/c



Equation (33) represents an equation for the two unknowns M. and b .
Another relation can readily be obtained from the equation of motidn of
the flapping of the blades. It can be shown (the deduction of this
equation 1s not given here, that wath consideration of the M -term in the

inflow retio), sece equataon (19), the corresponding equation of the
flapping motion 1s given by

BT 02,2y , 1n3
~2B - X El (3% + §p%u2) +3BMJ (35)

where 1n the first approxamation the underlined term Wlthflz can again
be neglected. Without consideration of“hl the sbove equation becomes
the well known relation

i6 P
by, = -—F & (36)
lo YBl" Q

with b10 as given in eguation (36), equation (55) can also be writben as

I \
bl - blO 4 -;B_ = o (37)
or
3 -
A= 4B(blo by) (38)

Equating equations (30) and (38) leads to the following ratio for the
lateral tilt of the tip path plane with and vithout consideration of
changes in the induced velocity

2(k = 1) + 20(1 + L:2H8)

b
b__l &= 7 R ) (39)
10 2(k - 5) + f(§- * 255

The above expression can be interpreted as a corrective factor for the
term

Ab' = - SR IS &

calculated by Amer in Ref.2.

With consideration of this factor that takces into occount changes in the
induced velocity, the retio (rotor-force-vector tilt)/(tilt of the rotor
dxsc as given by equation (36)) finally becomes

(%1?) 2(k = 1) + 20(1 + Lé_%kﬂ%)
eIV =

1 ! 2 O

% (1.5 = éb (31)

-8 -



It moy be of intercst to show that for the hovering condition Amer's term
Ab/bby, see equation (40), is adenticel with the coofficient

2
n o= 1-28 (42)
Bk

This coefficient was derived 1n earlier work at RAE and i1s plotted in
F1g.21 of Ref.1l. TFor the hovering condition

Gy
A =—/“‘2“' (43)

and, GO = a(33% 4 %359) (44)

from equations (43) end (44) it follows

1Pl = 4R (45)

™

o/ &/2Cp

Inserting equation (45) 1n equation (40) leads to the expression

2
%EL = 1 -2eB (46)
1 S/ZGT
which (since kp = ZCT) is azdentical with cquation (42).

L Compe.ri son virth flight measurcments

The result givon by equation (41) 1s shown ain Figs.2,3,h for k = 2,
1.5 and 1 respcetively. As found in chapter 2, k = 2 refers to a hover-
ing or near hovering condztion and k = 1 to flaght velocities > L0 mph.
The velue ¥ = 1.5 1s uscd to cover tho range between thesc boundary

conditions. In each of the curves }:‘55 = +0.8; O and ~0.}4 hnve been

calculated. This renge corresponds approximately to the normel flight
conditions of present day rotary wing eircraft, the positive volues
covering autorotetion and the ncgative values covering helicopter
operating conditions.

Moreover, in Fags.3 and 4 Amer's quantity 1}%—" and the flight measure-

1
ments given in Ref.2 are shown. In accordence with theory, the helicopter

flights lie below and the autorotation flishts above the curve*% = 0.
Even the fact that the measurcments C

lavel flaightpy 0.25

climb L 0.15

lie farther below the curve montioned above than the measurcments B (level
flight = 0.17)can be fully cxpleined. The tests C have cithor a



higher tip speed ratio or (in clambing flight) a greater forward tilt of
the thrust vector i.e. a larger negative rotor angle of attack and by that
a larger negotive value %ﬁ.

Both theory and flight mecasurcements indicate thot the rotor damping
decreases in helacoptor flight, cspecially for lerge values-§§76 and/or

lerge negative valucs BE., The lotter means ecither high taip speed ratios
or clambaag flight.
5 Conaolusions

5.1 4 method has boen deraved for cvalucting helicopter rotor damping in
pitch or roll including the cffect of induced velocity voriation.

5.2 The lamited flight tcst datc availoble appeers to substantiate the
theory.

" LIST OF SYMBOLS

R rotor radius, ft

A rotor disc aren, ftz, A = nRz

c blade chord, ft '

o rotor solidity

0 rotor angular velocity, rad/s ‘

3] Collectave pitch, rad. .

v velocity of flaight, ft/s

v ’ . 1nduced velocrty in the plane of the rotor disc, £t/s
V = Vg + V] cosy

w resultont velocity in the rotor disc, 4/

a rotor anglec of attack, angle between flight poth and planc

perpendicular to exas of no fectherang, positive whon axas
18 pointing rearward, rad.

i tip specd retio,p = (V cosa)/RQ

Y inertia number of blede

a 11ft ecurve slope

u blede azimuth engle measured from downwind position in direction

of rotation, rad.

B tip loss factor, B = 0.97

- 10 -



up

Cpy g

flapping angle, rad.

B = - ag cosy - bl snd

inflow ratio

- oL v sing - v
A= A+ M cosy s S

radius of blade element davided by R

nondimensional expression for the velocity Up perpendicular
to blade-spen cxas and to axas of no feathering,

un = UI/RQ

nondamensional cxprassion for the velocity U perperdacular
both to blede-span oxas cnd Uy, P

Uy = Up/R 0
densaty of ocar, 1b s,2ﬁ:_iF
angular veloeity in roll, positive for right roll, red/s
rotor thrust, 1b
1ift of the rotor blade, 1b

L = L+ 1y cos + Ly siny + ..
thrust coefficients,
aph(0R) %0
kb (OR)2p/2

T

i

JeGe 2GI| = kT

T

!

nondimengionel quantity, £ = %B3a aﬁ%;

factor depondaing on veloeity of flight
nondimemsional acrodyncmic demping cocfficient of Ref.l
?uantlty takcn from Ref.2, ratio (rotor-force-vector tilt)/

calculatcd tap-path-planc t11t) during steady rolling motion

the same as above but with consaderction of changes an the
anduced veloclty because of chonges in the 1ift distribution

- 1] -
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FIG.l. NOTATION OF VELOCITIES PARALLEL
AND PERPENDICULAR TO AXIS OF NO-
FEATHERING.



FIG.2.
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FIG.2. RATIO OF ROTOR-FORCE -VECTOR TILT
TO DISC TILT DURING STEADY ROLLING VELOCITY.

Gﬂ=2, I.e. HOVERING OR NEAR HOVERING COND!TION.)
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FIG.3. RATIO OF ROTOR-FORCE-VECTOR TILT TO
DISC TILT DURING STEADY ROLLING VELOCITY.
£ =15 Le. APPROX. O < V< 40 mph)
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FIG.4. RATIO OF ROTOR-FORCE-VECTOR TILT TO
DISC TILT DURING STEADY ROLLING VELOCITY.
#®~-1,ie. APPROX. V > 40 mph)
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