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SULMARY

The blade flapping equation has been solved on an analogue computer
taking into account the reversed flow region but neglecting stall. The fully
articulated blade becomes unstable at about u = 2.3, whilst a see-saw rotor is
stable up to p = 5 at least and the trends suggest that it may be stable for
all values of u. However, the response to a gust, or the equivalent change of no-
feathering axis angle, 1s almost the same far both rotors up %o about p = 0s75.
For a 35 ft/sec gust at a forward speed of 200 ft/sec, and typical rotor/fuselage
clearance, this represents the limiting tip-speed ratio for either rotor. The
better response of the sec-saw rotor, however, makes it possible to increase
the limiting tip-speed ratio by some form of [lapping restraint. This has been
investigated by considering the cffects of springs and dampers, and off'set and

Bs-hinges.
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1 INTRCDUCTICH

Rotorcraft have established themselves as flight vehicles of great
utility but with low top speed., This utility would be improved if the top
speed could be increesed and considerable attention has already been devoted
to basic performance assessments. This work has indicated that significant
improvements are possible but more detailed consideration of rotor character-
istics, such as blade flapoving amplitudes and stability, is essential before

the improvement can be completely determined.

In order to reduce compressibility losses and noise, it will be necessary
to reduce the speed of the rotor as the forward speed increases. This means
that the tip spced ratio, p, will became high and might even exceed unity.
Little is known about blade flapping stebility at these high values of p as
the flapping ccuation has periodic coufficients and is extremely difficult to
solve analytically. Several attempts to cbtain solutions have been made, the
mest recent being thosge of Shutler and Jones1 and Lowisz. In all these attempts
the aerodynamic {lapping mument from the rcgion of reversed flow was not merely
ignored but had to sppear with the wrong sign in order that the flapping moment
should be correct in the more important advancing region¥*. This would not be
important at low values of p but would result in serious error at thc very

values of p for which the investigation was reguired.

With the aid of an analogue computer, the reversed flow region has now
been included in an investigation of blade flapping behaviour and the results
are described in this paper. Both freely flapping and see-saw rotors have
been analysed and the c¢lfeccts of springs, dampers and 63— and of'fset hinges

have been considered.

2 THE FREELY FLATTING ROTOR

Za1 Analysis of the fully articulated rotor

The rotor divides itself into three regicns as shown in Fige1. They are:-

(1) The "advancing" region where tuc airflow over the whole blade is

from lecading cdge to trailing edge, 0 < ¥ € 7.

* While the work described in this Report was in progress another paper by
lowis? appearcd in which thie reversed Ilow region was approximately taken

into account. His results largely confirm some of the findings of this

Report.



(2) The "partial reverse" region where the airflow is from leading to
trailing edge over the ocutboard part of the blade, but from trailing to
leading edge over the inboard part. When p<1 this region extends from §y =% to

¥ = 28. When u > 1 the region is in two parts given by = % € siny < O, \

(3) The "total reversed" region which exists when g > 1 and the flow is
from trailing edge to leading edge over the whole span. In this region
. 1
Sll’l'(—'-.
v M
The aerodynamic moment will be determined in each of these regions subject to

the following assumptions. A

(1) The 1ift slope is constant and has the same value for both advancing
and reversed flow.

(2) The effects of stalling and compressibility are ignored. Compres—
s5ibility would be avoided in practice and so the latter assumption is not
unreasonable. The assumption of no stalling leads to great simplifications
and since many of the cases of interest involve lightly loaded rotors, this

assunption would appear to be Justified.
(3) The effect of spanwise flow is neglected.
(4) Unsteady aerodynamic effccts are ignored.

The system of axes is shown in FigeZ2.
The velocity at a blade section distance r from the root, in a plane

perpendicular to the no-feathering axis has a chordwise component, UT,

given by
UT = (r + V cos @ o Sin ¥
or
UT = (R (x + p sin ¥) (1)
V cos @ r
where J =
OrR

The velocity at a blade section, parallel to the no-feathering axis, is

U
P

i

V sin Qe = Vs~ VB cos @ p cos ¥ — rp

(R (M = uB cos ¥ - xB/0Q) o (2)

§}




If the collective pitch is © , and the airflow is fram leading to trail-
ing edge, then the incidence of the element is

s U
-1 P P
8 + tan (-I—)ce + -
0 UT o] UT

aw, the 1lift on an element of blade length dr is

U

1 2 P

= 2pac UT (60+U>dr.
T.

The elementary 1lif't moment is

a =

(3)
Assuming G, =

aL

(L)

Substituting equations (1) and (2) into (4) and integrating from x
gives for the advancing region,

=0 tox =1
Mp oy (1 2 2. 1. 1 18
W= ) e L s s — : | — — It e -
m?”2{#%*3“6051’1“*2“605”"*”’37‘ 3k Poos v -y
1 i 20 . . - 9_ ]
+ S H A sin § - 5 p B sin y cos § - 3 b g sin Vj (5)
where MAR

denotes the blade flapping mcment in the advancing region.
When the flow is from

railing edge to leading edge the expression for
@ in equation (3) changes sign, i.es

()

In the "partial reverse" region, therefore, we use expression (6) between
x=0and x = -~ 4 sin ¥ and expression (3) from x = — y ein ¥ to x = 1. Thus
if MfR is the flapping moment in the partial reverse region,
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But equation (7) can be rewritten as

~i sin ¥

3] U U
1 2 P 2 P
MER = 2pa‘/'c:UT (60+-5—> rdr - pa / ¢ Uy <60+-ﬁ—) rdr
) T o T
—~u sin
r psiny , U
= Mp —pa ¢ U, @0 5 rdr
T
o)
yo® 3 3 B
= Myp - 35 B sin ¥ <p6o sin ¥ + 2N - 2uPBcos ¥ + o sin llr) {8)

Finally, if MTR is the flapping moment in the "total reverse" region, we have,

since equation (6) applies along the entire blade,

L (9)

The equation of the flapping motion is
B+ B = =5 (10)

where the dashes denote differentiation with respect to ¥ and M stands for
either MAR’ MR’ MTR according to which region the blade is in, as described

above.

BEquation (10) is very difficult to solve analytically because some of the
coefficients aré periodic and because the forms of M depend on the values of the
independent variable V. However, these difficulties are easily overcome in an
analogue computer since the periocdic coefficients can be handled by multiplier
units whilst electronic relays can be arranged to switch in the correct moment

terms at the appropriate values of Y. The program used is given in Appendix A.



2.2 The snalysis of the sce-saw rotar

The flapping motions of the blades of a sce-saw rotor are no longer
independent, since the blades are structurally integral but jointly free to
flap. The flapping equation may be found by the same methods as before but
this time the rotor disc is divided into {our regions as shown in KFige3.
These regions are:-

(1) Where the airflow over the reference blade is from leading to
trailing edge but oxer the other blade it is vartially reversed. In this

region 0 < sin y < Eu

(2) Where the airflow over the reference blade is from leading to
trailing edge but over the otl.er blade it is totally reversed. This cccurs

enly if p > 1 and when %‘< sin .

(3) here the airflow over the reference blade is partially reversed
but over the otiner blade it is from leading to trailing edge. For this case

1 .
-— < sin ¥y < 0O,
M ¥

(4) Where the airflow over the reference blade is totally reversed but
over the other blade it is from leading to trailing edge. Again, this occurs

. . . 1
only if ¢ > 1 and vhen sin § < —'E.

If the built-in coning angle is a s then the flapping of the reflerecce
blade will be a_ + B and of the other blade ag - fs The flapping moments for

the complete see~saw votor ror the four re.lons then becume:-

when C < sin ¥ < 1
"
Mﬁ
1 Y (2 . 1 1 . 1 b . 4
—_— = == sin ¢ - — S U o+ — i
2 {3 M O sin ¥ 3 pa cos ¥+ phsinyd + 10 60 Losin ¥
)
..;pi)\ sin“y - == uta sin” ¥ cos Iir}
8} e}
PRS- ! 1
—-E'B)')‘fl smvcosv—-%p+sm51}rcos¢—}
Yo (14 b b
when



M
A
- S PSRN PR N B -
IQ2 = 3 {4 60 5l 60 sin 7§ + 3 A= 5 b e, sin ¥ cos ¢}
Y Y
—gBucos‘k—-éﬁ'psinw (12)
- 1 4
when - E’< sin y < 0,
M
e B & “sin 2y (6 sin y - 2a_cos ¥ (13)
102 - A1 12 M o} o €8
. 1
when sin §y < =~ ,
i
B, = -U (14)
A4 A2

3 ANALOGUE COMPUTER RESULTS

-

341 The fully articulated rotor

The computed response to a disturbance of the fully articulated rotor is
given in Fige4. It can be seen that the flapping motion is stable for values
of u up to about 2.25, (depending slightly on Lock's inertia number y) and
becomes unstable at higher values of pe This is in contrast to the result
given by simple theory, which neglects the reversed flow region, and which

predicts flapping instability at pu = V2.

The steady blade flapping angies have been computed for a number of
values of X op and for values of u of 0.35, 0.5, 0.7, 1.0. 15 and 2.0. It may
be noted that since the differential equation for flepping is linear and the
right hand side of the equation is linear in LY there must be a linear relation-

ship between B and L e

For the freely flapping rotor, the total flapping amplitude, at various
values of tir-speed ratio, is plotted against % p in Pige5s The coefficients

of the first harmonics of flapping, a, and b1 are shown in Fig. 6.

In Fige5 there are shown three curves which give the flapping resulting
from a 35 ft/sec gust, under diffcrent conditions of flight the collective pitch

being assumed to be zero. In one case the gust ococurs at a speed of 200 ft/sec



which is assumed to be the speed at which rotor retraction might take place.

It can be seen that the flapping exceeds the assumed geometric limit of

9 degrees for u greater than 0.7. For the other two cases it is assumed that
the blade %ip Mach number is constant at either 085 or 0.95. These assumptions
define relationships between L and p which have also been plotted. From these
curves it can be seen that the geometric limit is not exceeded for a gust of

35 ft/sec unless p is greater than about 1, being more or less than 1 accarding
to the tip Mach number. Along each curve there is also a definite variation of
forward speed and it appeors that the geometric limit is reached at 465 ft/sec

when the tip Mach number is 0.85 and 525 f£4/scc woen it is 0.95.

%«2 The see-zaw rotar

The variation of the flapoing angle with shalt angle, % o {for thc see-
saw rotor is shown in Fipge7. Curves are given Tor two values of built-in coning
angle, O degree and 4 dogrees. It con be seen that the curves for the
L. degrees coning angle are not linear with & po This is to bc expected as the
coning angle itself will producc "lapping even when L is zero. The curves of
Fige7 should be comparcd with those of Fige5 for the fully articulated rotor.

Up to a %ip speed ratio of about (.75 the responses of both rotars are very
similar but wheress the frezly flapping robdor becomes unstable at about
o= 243, the sce-saw rotar is stable up top = 5 at lcastse The slope of the

curve of flapping with as a function of u, is shown in Fig.8 where it can

% s
be seen that dB/danf becomes rougnhly lincar above about g = 1. For the
unrcstrained sce-saw rotor this is not of great use since the factar limiting
its use is the response to a 35 £t/sec gust at about p = 0.7 which is similar
to that of the frecly flapning rotors However, the suppression of flapping at
higher values of g encbles values of g to be reached of between 1.5 and 2,
depending on she coning angle, with correspoending forward speeds of at least
600 £t/sec. This latter speed must be accompanied by a very low rotor speed,

of course, in crder that the tin Mach number should remain at 0.85, or at soame
value close to this figure.

It has been assuned in the analysis that the blades are perfectly rigid
and that the coning angle remains fixed. It is rcalised,that in tractice, the
coning angle may differ from the assumed wvalue,due to blade flexibility, by an
amount which depends upon the flapping. t is thought, however, that unless the
flapping is excessively large,the range of coning angles of Fig.7 will cover

most cases of vractical interest.
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4 RESTRAINT OF FILAPPING MOTION BY SERINGS AND DAMPERS

Since the amplitude of flapping motion appears to impose operating limits,
consideration has been given to various means of restricting it. Springs do
not dissipate energy but merely act as stores and consequently will redistribute
the flapping. This may be useful, however, in converiting backward flapping into
sideways flapping since the main obstructions to flapping are in the fore and
aft plane. Dampers, on the other hand, actively dissipate energy and so reduce
the amount of flapping. It is recognised that such devices may well cause
stressing problems but such considerations are beyond the scope of the present

investigation.

4e1 Analysis of spring and damper rcstraint

The spring-damper arrangement considered is showm in Fig.16. As the sce-
saw rotor appears to have the better stability, only this type of rotor has

been considered. However, the method given below is applicable to the freely

flapping rotor.

The flapping equation, with spring and damper restraint, can be written
2 2 N\ \ ) '2 024
2IB + IQ (ao + é) - IQ <ao - B) = M1 - M2 -2 kS R'"" B =2 kd R'B (15)

where k is the spring constant, 1b wt/ft
ky is the damping constant, 1lb wt/ft/sec
and R! is the distance from the root of the point of attachment.

This equation reduces to

- Es
M, - M,

" 4 B = ——et -k P -k, B! (16)
21Q2 s d
where 3 k R'Z
k =
s I02
_ K R
T 1
kd I0 (17
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Equation (16) implies that the two final terms should be added to equations
(11), (12), (13) and (14) to include the effects of spring and damper.

Lhe2 Compubed results

The effects of spring and damper resbraint werc considered separately.
The magnitudes of the spring aund damper coefficients were chosen quite
srbitrarily merely to illustrate their c¢ffocts. Owing to the ability of the
damper to dissipate energy, a greater range of demper cocflicients was con-
sidercd, so that Iﬁ ranged from O to 1.4, while Es ranged between % and O;6.
Collective pitch and bullt-in coning angle were kept constant at O and 27,
respectively, and tip-spsed ratios between O and 2.0 were considercd. In each
case, only a single value of & p WOS taken, sclected to give convenient scaling

0 0
on the analogue computer, so that o o Was 8 for wu < 1t and 5 for g > 1. The

T
results of the computation are shown in Figse 9-12.

The trunds expected in thie discussion of Section 4 are confirmed by the

results. As indicatud sbovc, thc rangus of kﬁ and ks were not taken to extreme
values but it is not expected thati the trends shown would be changed if kﬁ

and kS were furthor increased.

Rough calculations fur a typical case show that there may be very large
concentrated loads at the points of attachment of spring or damper possibly
resulting in unacceptable stresses. However, it is ocutside the scope of this
notc to discuss the full structural implications of attaching springs and dampers
in the manner showm in Fige16 or by any othcr mcans such as semi-rigid rotors
which provide the same restraining moments. The object of the above calculations
is merely to show what moments are necessary to reduce the otherwise free {lapp-

ing to within acceptable limits.

5 RESTRAIIIT OF FLAPFING MOTION BY LEANS CF A 55—HINGE

Hed  The {lapping cquotion

Let IO be the mement of inertia of the blade about the flapping-hinge when

§_ =0 and let I be the moment of incrtia for a given value of 55.

3
‘Then

%]

and the {lapping eguation is

L R (18)
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With a &,~hinge, the incidence of a blade element is

3

U

P
aseo—Btan53+ﬁ-; (19)

and we get for the flapping moment in the advancing region
1 2 . . 1 2 . 2
0 - - < ) - ;
[(o Btan63)<4+3psln¢f+2p sin 1b>

1 1 1
+<—.-’}\—-3-pﬁcostlx+-2-7\p Sinlll—-jé-pzﬁ sin § cos

ol

-

i
o=

3

\
—-2;5’ -%u B! sin Ilr)} (20)

As in Section 2.1, when the flow is from trailing edge to leading edge the

incidence is reversed and

Up
a = --<GO-Btan63 +-I-J—n-‘->

EY

The flapping moment for the partially reversed region becomes

2
I0 o . .
mR & MAR —-——1—21[<60 - Btan03> uhsm#\ir - 2 p.jsx.nj\lr (M ~upBcos V)

+ B! wsmw} (21)

and for the totally reversed region

Vo = p (22)
as befores

The computer program was the same as for the case discussed in 2.1 except

for the additional terms in 63.

5.2 Computed results

The rate of change of flapping with incidence for a range of p and & 3~
hinge angles ig shown in Fig.13. It can be seen that the effect of the 63—h:inge
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is roughly to reduce the flapping linearly by sbout 35-~40% per 10° of hinge

angle over the whole range of p. Thus, for a 500 hinge, the flapping is

reduced to nearly ¥ of the flapping when a 8.,- hinge is absent. Fige1l shows
<

the change in flapping with incidence when 6, = 500 and is to be compared

5
with Figele It can be seen that the operating limit is raised fram about p = 1

tou = 1.5, The rise in 38/da_. is so rapid above g = 1.5 however, that

nf
little improvement of operating limit can be expected by increasing the 53

angle further.

6 PLAFPING RESTRAINT DY LBANS OF A OFFSET TFLAPPING HINGE

641 The flapping equation

The equaticn of motion of the blade with an offset flapping hinge is

Ip" + IP + MR- P = M, (23)

[

where is th2 momenl of inertia about iliec orf'set [lapping hinge
M is the blade mass
eR is the distance of the Llapping hinge fraa the hub
¥R is the distance of the contrs of gravity of the blade {rom the

flapping hinge.

For a unifform blade of mass m per unit length,

I = 4+mRr2 (1-e)°

3
M o= wR (1 - ¢) (24)
;R: '?)'R (1 - e)

and equation (23) reduces to

M
L 2 — _-'-A-
g" + {1 'EK%L:—Z)} B = - (25)

The chordwise velocity is the scme as in equation (1) but the velocity

+

perpendicular to the blade is now

Uy = QR[)\ -~ pBcos ¥ - (x - e) B'] (26)
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To simplify the calculation of the aercodynamic flapping moment we can
put 60 = @, since 60 merely adds a constant to the flapping angle and there-
fore does not affect the flapping stability or the way in which it varies
with the shaft incidence.

Thus

Myp = -12-pac QZRl{' /[K—uﬁcos ¥ - (x - e) B‘] <X+ g sin \}J> dx (27)
e

expanding equation (27) gives

M =i\aCQZR)+(1_e)BlJ_i_‘_;5_E}\_i .1._.._2:._(2. BCOS’
AR 2 P 3 1< e 3 T-e¢ H v
1 1 . 1 1 2 .
+ 5 1_ep7\s1n'¢r—-§ = H 8 sin Ycos ¥
~T (ko) B -Fup sfmw}
ees (28)
therefore
Upr 1 (4 1+‘1‘23 1 1+'1‘26 11 .
I 7 EYOL_B- 1 -e }\'-—3_ T-e HPosY 3 T ook Meiny
_1. 1 2 3 ! .1 .:I_ t .1 ! 1
-5 7o lenx,rcosw-—h’(‘l-i-Be) B —-BuB slnl]l:i
ees (29)
where Yo is Lock's inertia number for the blade when e = 5
Calculating MPRR in the manner of the previous sections gives
(b sin ¥ + e)5 . c
M = Myp - ” 22— 2B + B* (u sin ¥ + e) ( 30)

and we also have, as before

Vipp =~ Mg (31)

]2
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It will be seen that equations (29), (30) and (31) are of the same form as
equations (5), (8) and (9) of Section 2.1, except [or the modification of the

coefficients.

£.2 Couputed results

No computed results are given in the figures as over the whole range cf
u the effect of hinge offset cn flapping amplitude was found to be very smalls
As a check on the results fram the computer, the values of ay and b1 were
calculated for low n, fram the equations of Section 6.1. The results of this
calculation are show? in Fige15 where it can be seen that the total flapping,
taken as (a12 . b12)§, varies only slightly over a large range of hinge offset.
Thus, it appears that on offset hinge has practically no effect on blade
flapping amplitude, and if enything, tonds to increase it. It should be
emphasised that the mass per unit length of the blade has been kept constant

in the above analysis.

7 STOPPING 4 ROTCR TN FLIGHT

Performance calculations show that a robtor must be off-loaded to achieve
high forward speed wrnich leads one to thirk cbout the pessibilities of stopping
the rotor in forward flight and cven of rotracting it. One of the main problems
of slowing dovm or stopring a rotor in Tlight is the loss of centrifugal stiff-
ness which helps to restrain flapping. Although it is possible to reduce the
aerodynamic forces on the blade to zero in still air, they may became quite

large when there are any atmespheric disturbances.

4 is assumed that the specd at which rotor stovping and retraction will
occur is sbout 200 ft/sec. A 35 ft/scc gust at this speed will cause an
effective change of disc incidence of 10 degrees and from Figs. 5 and 7 it can
be seen that thce assumed geometric limit of § degrees is rcached at about
U = 0u7 for both fully articulzted and unrestrained sec—saw rotors. From

FPigse 7 and 12 it appears trat s damper h&ving.i = 1.2 will just bring the

d
flapping at g = 2.0, and coning angle C degrees, to within the flapping limit.
This means that the rotational specd of a rotor having a 35 foot radius can be

reduced to 27 rpm before exceeding p = 2.0 at 200 £t/sec.
8 CONCLUSIONS
The flapring behaviour of articulated rotors has been investigated up

to high values of tip speed rsetic, taking into account the region of reverscd

flowe The conclusions are:—
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(1) The motion of a freely flapping rotor becomes unstable at about
B o= 2.25, depending a lititle on Lock's inertia number. The see-saw rotor is
stable up to pu = 5 at lcast and the trend showm by Fig.8 suggests that it may
be stable for all p.

(2) The flapping amplitude in response to a change of disc incidence be-
comes increasingly great as the tip speed ratio increases. A see—saw rotor has
the same tendency but above sbout w = 1 it is less than the fully articulated

rotor.

(2) The response teo a 35 £t/scc gust a2t 200 Tt/scc (assumed spced for
rotor retraction) would cause fully articulated blades to strike thc fusclage
of a typical helicopter configuration at about g = 0.7. At a cruising speed of
475 £+/sec, corresponding to a tio Mach number of C.9, a 35 £t/sec gust would

causc the blades to strike the fuselage at about p = 1.

(4) The figures for the see—saw rotor corrcsponding to (3) above, are

’

= 0.7 ot a forward speed of 200 Ft/sec and p = 1.5 to 2.0, (depending on the

ot

built-in coning angle) when the tip ach number is 0.9 and the crulsing speed
is then about €00 ft/scc.
(5) The effect of a Bj—hinge on a fully articulated blade is roughly to
. - . o . on0 .
halve the {lapping, over the whole range of [, when the 63~angle is 30« This
raises tue limiting values of u to zbout 1 for the 35 f£t/ssc gust case at
1

200 £t/sec. At cruising speed the limiting value of u is raised from 1 to 1.5,

the latter valuc corresponding to a forward speed of about 600 ft/sec.

(6) An offset ninge has very little offcect on the amplitude of blade
flapring.

(7) Viscous dompers arc quite effcctive in restraining blade flapping
and it appears that 1ittle is gained by using syrings as well. The structural

conscquences of using these devices, hovever, have not been examined.
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SYIBOIS

local 1ift slope of blade element

blade chord

distance of flapping hinge from centre of rotation
moment of inertia of blade abcut flapping hinge
damping constant

spring constant

1ift on a blade

moment on blade apout flapping hinge

distance of blade element from centre of rotation
radius of blade

camponent of velocity parallcl to no-feathering axis
chordwise component of velocity perpendicular to plane of no-feathering

forwerd speed of Lelicopter

induced velocity

incidence of blade element
angle between relotive wind and no-feathering axis
flapping angle of blede ,

nac RT
I

Lock'as inertia number
collective pitch angle

V sin a -V,
nf i

R

inflow ratio,

V cos a

9:54

nf

tip speed ratio,

density of air
blade azimuth angle
angular velocity of rotor
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The blade flapping equation has been solved on an analogue computer
taking into account the reversed flow region but neglecting stall. The
fully articulated blade becomes unstable at about L = 243, wihilst a see-
saw rotor is stable up to U = 5 at least and the trends suggest that it
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of the see=saw rotor, however, makes it possible to increase the
limiting Cip-speed ratio by some form of flapping restraint. Thisg
has been investigated by consiuering the effects of springs ana
daapers, and offset and 53-hinges.

of the see-saw rotor, hovwever, nases it possible to increase the
limiting tip-speed ratio by some form of flapping restraint, This
has been investigated by considering the effects of springs and
dampers, and offset and & z-hingess

of the see-saw rotor, hovever, makes it possible to increase the
limiting tip-speed ratio by some forw of flapping restraint, This
has been investigated by conslidering the effects of springs and
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