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Summary.--The application of second harmonic control on a helicopter rotor causes a redistribution of the loading 
over the disc. This can be utilised to postpone the forward speed limitations imposed by stalling of the retreating blade. 

This report develops the theory for secondharmonic control.. The resultant flapping motion and subsequent incidence 
distribt~tion depend mainly on blade inertia number. A practical check on the flapping with a full-scale rotor on a 
testing tower gave excellent agreement with the theory. 

1. Introduct ion.--The ordinary rotor with flapping hinges and cyclic pitch control maintains 
a roughly uniform lift round the discl As the helicopter forward speed increases, the resultant 
airflow over the retreating blade decreases and a higher incidence is required. However, Stall ing 
incidence is soon reached and, as a consequence of the vibration which blade stalling produces, 
a Hmitation is imposed on the forward speed of the helicopter. T h e  stage in helicopter develop- 
ment has now been reached where this limitation giyes a lower speed tha n tha t  otherwise 
attainable with the available engine power. 

One of the possible methods for postponing this limitation is the use of second harmonic control 
to redistribute the loading over the disc. In this scheme, the loading on the retreating and 
advancing sides could be reduced and Compensated by  an increased loading On the fore and aft 
sectors. By this means, a much more even distribution of incidence on the retreating side is 
achieved and the stalling limitation of forward speed is postponed to a higher tip speed r a t i o . .  

I t  is fairly easy to devise a mechanism for applying this second harmonic cyclic pitch to the 
blades. Any form of swashplate, rotating at 3@ in the same direction or a t  @ i n  the opposite 
direction in relation to the rotor speed @, could give the appropriate application of control. 
This, of course, means  additional complication in the rotor head ; further gears, bearings, etc., 
would be required, adding to a system which is already regarded by  many  as too complicated 
mechanically. Also, the second harmonic pitch has to be operated by a fluctuating torque (since 
the control is not at the fundamental  rotor frequency) of amplitude 3~/(A~ 2 + B2~)I@ 2, Where 
I is the moment of inertia of the blade about its longitudinal axis. Taking a typical example 
with a control amplitude of 6 deg, the fluctuating torque is equivalent to a pitching-moment 
coefficient on the blade of ± 0.01. In addition to this loading on the swashplate and cont~rol 
links, there will also be a tendency to cause a twisting of the blade. The purpose of the present 
report is to develop the theory and to investigate the advantages to be gained. 

2. Theory . - -A  rotor of radius R is assumed to have a forward velocity V and rotational velocity 
@. The axes of reference are taken, through the rotor centre, parallel and perpendicular to the 
mean tip-pafh plane. This definition is similar to tha t  used in general helicopter work, but  the 
mean t ip -~a th  plane is takeli to allow for the deviations from this due to the second harmonic 
flapping motion.: - : 

* R . A . E .  Report Aero. 2472, received 24th November, 1952. 
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The componen t  of the  forward veloci ty  parallel  to the  mean  t ip-pa th  p lane  is 

#~2R. 

The  veloci ty  th rough  the  disc, perpendicular  to the  mean  t ip -pa th  plane, is 

Z.QR. 

At the  present  stage of the  theory,  the  usual  assumpt ion  is made  t ha t  ~ is cons tant  over the  disc. 

The velocities of the  air wi th  respect  to a blade e lement  d is tant  r = xR  f rom tile rotor  axis 
are as follows. 

The veloci ty  parallel to the  mean  t ip -pa th  plane and  perpendicular  to the  blade (chordwise) is 

(x + ~ sin ~)sgR . . . . . . . . . . .  (1) 

The veloci ty  perpendicular  to the  mean  t ip-pa th  plane and  .to the  blade ( t h r o u g h t h e  disc) is 

(;~ + $~ cos ~ + ~ x ) ~ R  

where  /~ is assumed to be small, so t ha t  sin/~ can be replaced b y  /~ and  cos/~ by  uni ty .  

( 2 )  

Defining flapping angle in the  usual  w a y  and  considering terms only as far as the  second 
harmonic  

= a0 --  a~ cos ~o --  bl sin ~ --  as cos 2~ --  b~ sin 2~0 . . . . . . . . .  (3 )  

where,  b y  definition of the  axes as above, al and  ba are zero bu t  in order  to make  the  t h e o r e t i c a l  
t r e a t m e n t  more  general  t hey  m a y  be re ta ined  i n  the  form given. Differentiat ing,  

- -  + a~ sin ~ --  b~ cos ~o + 2a2 sin 29 --  2b2 Cos 29 (4) ~ f ~  " " • " ° ° • " 

and  

Y2" 
-- ~a~cos~+b~sin~+4a2cos2~+4b~sin2~o. (2) 

Hence,  the  veloci ty  th rough  the disc, b y  combining equat ions  (2), (3) and  (4) is given b y  

[4 + ~ cos ~o (ao --  a~ cos ~o --  b~ sin ~o --  a~ cos 2~0 --  b~ sin 2~0) . . . . .  

+ x(al sin ~ --  bl cos ~0 + 2a~ sin 2~ --  2b~ cos 2~0)] DR . . . . . . . . .  (6) 

T h e  blade p i tch  set t ing at  any  az imuth  position can be expressed in the  form 

---= v% - - A 1  cos ~ --  B~ sin ~o ' - -  A2 cos 2~o --  B~ sin 2~o . 

The  effective incidence of the  blade d e m e n t  is 

---- v% - AI cos ~ --  B1 sin ~o --  A2 cos 2~o - -  B2 sin 2~o --  

2 

+ $~ cos ~o + 

x + tt sin. ~o 

. .  (7) 

X 

• .,(s) 



,- ! ' % 

or, us ing  the  e~pansion.. 'given ,by equat ion;  (6)" ' ., ' " .-' 

= so - -  A1 cos ~o - -  B~ sin ~o - -  As cos 2w - -  Bs sin 2~o, 

- -  [~ + ~ cos ~ (ao - -  al cos ~o - -  b~ sin ~o - -  as C0s2~ - -  bs sin 2~,} 

+ x(ax sin ~ - -  51 cos W + 2as sin 2~ - -  2bs cos 2~o)]/[x + ~. sin ~o],. 

The  a e r o d y n a m i c  force ac t ing  on the  b lade  e l emen t  c R  dx  is 

d F  = ½pac1?SR~(x + # sin ~o)~ c/x . . . . . . . . . . . . . . .  

(9) 

(lo) 

The  cor responding  m o m e n t  w i th  respec t t 9 the  flapping, h inge  i s  . 

d M  = x R d F  " 

-= ½p, aCX2SR~(x + # sin ~o)s~2 dx  . ', . . . . . . . . . . . .  

I n t e g r a t i n g  a long the  b lade  an d  t ak ing  l imits  .x ----- 0 and  B to a l l o w  for the  ,tip loss 
i 

f 
B 

M = ½pac~2~R~x(x + # sin ~o)s~ d x  . .  
0 

M 
½pacsgSR~ = o (x* + 2x*# sin ~o ,+  x/P sin~ .~)~ d x  . 

Using  the  eva lua t ion  of ~ f rom equa t ion  (9) 

½pacf2SR ~ = fo (x~ + 2xs# sin ~o + x/P sin ~ ~O)~o 

. . ° ° 

• + (x ~ + 2xS/, Sin ~o :~ x/P sin s ~o)(-- A1 Cos ~o) 

I Q @ D " U O 

. .  (11) 

. .  02) 

. .  (13) 

+ (x 3 + 

+ (x 3 + 

+ (x 3 + 

_ (x s + 

_ (x s + 

_ (x 3 + 

2xS# sin ~ + x# s s in  s ~o)(-- B1 sin ~) 

2xS/z sin ~o -4- x/P s in  s ~o)(-- As 'cos 2~) :' 

2xS# sin ~ + x~ s sin s ~o) (--: Bs sin 2~o) 

x/, sin ~0)~ 

x/, sin ~o)(/, cos ~o)(ao - -  al cos ~ - -  bl sin ~o - -  as cos 2~o - -  bs sin 2~o) 

xS# sin ~)(a~ sin ~o - -  b~cos ~o + 2as sin 2~o - -  2bs cos 2~)~ d x .  o 

.3 
(14) 

I n t eg ra t i ng  e q u a t i o n  
a e r o d y n a m i c  m o m e n t  becomes  

- -  + B S ~ s i n ~ o +  4 ,  cos2~o So 
~p~caSR ' 

+ cos ~ + - g - s m  2~ + - -g-  cos ~ 8 

+ sin ~ + B3~3 B8~3 cos 2 ~ . , t . g  ~ # sin 

, . . , "  

(14) a n d  express ing t r igonomet r ica l  p roduc t s  in h a r m o n i c  angles, t he  

B ~ S  s in 3 v ) ( - -  B~) 

BS#S o, 
- -  - -  sin V) + - ~ -  cos 2~o 

. ,  ,BS~- ~ BS#s ) - -  - g -  cos 4~, .. (-- As) 

(4s20 A 2 



+ ( - ~ s i n 2 ~ + B ~ t t c o s ~ - - _ _  

al 

B'/ ,~  B~#~ B~t~3 cos 3~ + - - ~  s in2~  8 sin 4 ~ ) ( :  B2) 

cos 2~ a~ b~ sin 2~ a, --  2 2 --  ~ cos 3~ 

a,  b~ sin 3~  - -  b~ ) - -  ~ cos .~ --  ~- ~ sin 

( _ B ~ ) ( ~  al sin 3 w al sin w + b~ --  sin 2W ~- --  ~- ~ cos 3~ 

bl a2 sin 4~ --  b2 b= - ~ cos ~ - ~  ~ + 

C )  -- -~ (al sin !v --  b~ cos W + 2a~ sin 2~ --  2b~ cos 2~) 

° ( _ B ~ ) ( ~  _ a12 cos 2w - -  -~b~ sin 2w -- a, c o s 3 w + a ~ c o s w  

. . . .  ¢ 
- -  b2 sin 3~ -t- b~ sin . 

For  a blade element dx of uni t  mass 
centrifugal force and  the corresponding 

d(C.F.) = mfa=xR dx . .  

d(C.F. Morn.) = mf~2x"R~fi d x .  

cos 4~,) 

g O  0 0  0 1  (15) 

m, dis tant  x R  from the  rotor  axis, the increment  in 
m o m e n t  about  the flapping, hinge are  aS' follows" 

. . . .  . . . . . . .  (16) 
• . : . .  , ,  : . . . .  (17) 

f l  Therefore C.F. M o m . =  mx~R2fa'fl dx 
0 

= I~f~fi . . . . . . . . .  . . . .  (is) 
Taking moments  about  the  flapping hinge and neglecting the  moment  due to the weight of 

the  blade 

= I1/2~(fl + ~ )  . . . . . . .  • . . . .  (.19) 

Rewrit ing to give the form of the lef t -hand side of equat ion (15) 

M Ilr2 ~ (fi + 
½pacfa2R ~ - ½packeR ~ \ ~ }  

-. : 
) 

where r is the  blade iner t ia  number-----pacRa/I1. " 

Evalua t ing  by  subst i tu t ing for fi and  fi from equations (3) and  (5), 

. I I 

• • 

M 2 
½pacag~R 4 - -  ~ (ao + 3a2 cos 2~0 + 3b~ sin 2~0). 

,l 
. . . .  (20) 

(21) 



Comparing t h e  equations (15) and (21) 
following equations are obtained. 

B 2 ( B 2  __ B ~ B 8 B , / z  ,, 

and equating the corresponding coefficients, the 

- -2a0 -~ .B~G~ = 0 (22) 

+ B~ - ~ a ~  (23) 
+ v + - -  o . .  

3 3 2 ~3BI~'o--~ -'~ --~(B~+,~)BI~--B~A~--B~(B~--½~)a, 7-.B6#b~ = 0 . .  (24) 

~° + B~ (B ~ + ~ ) A ~  + a, - -  -a~ + = 0 (2S) 
2 

B2#2" -- B~ --~b2 = 0 .  ' (26) ~A~  -- ~(B2 + ~)B~----~ao + B--~b~ ~a2 

• These equations are similar to equations (22) to (26) of Ref. 1, except for the additional terms 
"du6 to ' the  second harmonic pitch control and  the omission of the flapping harmonics above the 
second. The work could be extended to include the effects on the higher harmonics of flapping 
if necessary. The equations so derived would be identical with equations (22) to (34) of Ref. 1, 
except fhat  the additional coefficients would appear. 

Reference term Equation 

.,. Constant 22 

Additional coefficient 
B~ ~ 

+ --S- & 

cos 9 23 B3~ B~ 
3 

sin 9 

cos 2y 

sin 29 

B3~' A~ 24 q- --$-. .  

B 2 

B2 
26 - -  -4- (B~ + / ~ ) B ~  

cos 39- 

sin 39 

27 B3~ B2 
3 

28 , - -  B3# A 
3 

cos 49 29 

sin 49 30 

. • Higher harmonies- 31- to 34 

B 2 2 

L 
8 

5 



can be el iminated from equations (22) and (24). F rom equat ion .(22), the  value  for ~ is 

Be e -1 

~ 

B~f e 2 ~ = 3-[B2 Bar B1 27 Ae---  B3L 4 (Be 27 ff~)~o - -  3 - 8 -  ~, 

Subst i tu t ing in equat ion (24) 

,Bff (7B2-__ 9f~)~ ° B ~ " B2 3 i f )  A 

- -4- (B e - ½~,e)a, - B f  + ~ h = o . . . .  

(27) 

. . . . . .  , (23)  

From equations (28). and (23) we obta ined the evaluat ion of the ,first harmonics of control  and 
'flapping ' " " • ' 

(7B  9,=) 4,(B 
B1 27 a I = 6 ~  ~ ~ ½ ~  v% 27 3 B  \ B 2 - -  ½fe ] ' :~  27 B ~ , ( B  ~ _ ½fe) 

" . ' 2 f  ( B e  27 ~-fe')b~ : (29) 
3 B  k B  e _ i f  el  " "  . . . . . . . .  

4 B f  " 4 B f  2 B f  ae . .  . (30) 
- -  A l  2 7 b l - -  3 Be T ½ff~ a° 27 ~ B~ 27 ½ff2 B2 27 3 B~ + l e . . . . . .  

Subst i tu t ing  these Values from equations (29) and (30) in equations (25) and (26) respectively 

- -  z-~ 27 ½f4 A2 4flea° B e ~ (¢~ B e _ ~fe)~  o - B ~ Bef~ 
_ _ B ~ _ l f ~  + ~,(B e _ ~ < )  

6ae + B~(- B ~ -  ~ B ~ f ' - - ½ f ~ ) b ~  _ _ _  " i N  

r B ~ - ½ f 3  = o . . . . . . . .  (31) 

B ~ + ½f~ (7~ B e - ~f~)ao - B'  - ~ Be~ e + Be27½ff~ ~ f ) B ~  

B'(B~ + 1 ~  
~ f  "~,~ _ 6 b~ = o .  . .  .... . . . . . .  (32) 

2 \ B ~  27 ½f2/  2 

Equat ions  (31) and (32) aye linear in form and they  can be split i n t o  parts  dealing with the 
flapping due to the  forward speed conditions and the flapping due to the second harmonic  control. 
Wi thou t  second harmonic  control, i .e.,  Ae  = B e  = O, the equations become 

B e _ ½fie (~z Be --  ~-f2)~0 27 4ff~ 6 B ~ _ ~TRe. 2 _ ½f4 b2 = 0 . .  (33) 
~(Be _-- ½fie) ao - - as + B \ ~  ~ f e  

and 

B e + lf~ (~ ~-Be --  kfe)ao -- - - ' - -  -r- ~-f f~a  --  6 b~ = 0 . (34) 
_ 2 \ B e + ½ f f e j  2 ~ . . . . . . . .  

Equat ions  (33) and (34) represent the second harmonic  flapping produced b y  the forward 
speed conditions (without second harmonic  control). They  are iden t i ca l  wi th  equations (42) 

6 



land (43) of Ref. 1 except for the omission of the small terms due to higher harmonics. The 
generalised solutions for this flapping motion can be obtained from Ref. 1, where the numerical 
evaluations are also included in graphical form. 

The flapping due ~o the second harmonic control is given by the following equations" 

--. : ~--:-_ ~-~_ A. v6as ~ B' _ _iff S b. = 0 (3s) 

and 
.> 

i 

(36) 

Hence, 

B 4 17R,.., 1 2 \ B  2 q_ ½ff~/] 

I ( B ~ - -  ~ B ' f f ~ - -  ~ "  B ~ ( B 4 - -  ~-gB'ffS + l tP )B  ~ 
= -- 2\B~ i ~ ~"" ' ) A  s -- . .  (37) 

[ 1 2 (  B 2 + ~ [ ~  B s r { B  ~ - -  ~ B s ~  ' - -  ,,,,,-~ 
LB~rkB' + ~ t P / +  12 \ -B ~ - ~ f i ~  ~ )Jb, 

_ B'v(B ° -  ~~.~-',, - ~,~ ,,~ _ ~ ( B  ° -  9 ~ B 2 ~  ~ + ~ , ,  
24 \ B S ~tP /As  B~ } B , .  . .  (38) 

_ _  _ 2 B 2 \  + i ~ - f f  ~' 

Dividing out the fractions and neglecting powers of 9~ and higher, these equations simplify to 
the following form • 

[ 1 4/-* . B<i ,y/ -  1 - , , ) ] - - - - - - ½ ( 1  1 ' B' iY (1  7 ' 
4 ft' as 3 ~2) A. - - 2 4 - \  9 -~4) B' "" (39) 

. ~ ( 1 - 1 - § E 0 -  I--]-~-L1 + § ~  = ~ k  .§ .~}  , ~-(1 3 ~ . ) B . .  (40) 

The flapping coefficients as and b, can be evaluated independently for any given second harmonic 
,control application or alternatively a generalised form can be derived by combining equations 
(39) and (40) to give the ratio of the flapping amplitude to the applied second harmonic control 
amplitude together with the corresponding phase relationship. 

The amplitude ratio is given by 

+ d { ( 1  1#2"2 B ~ 2 ffs~. l 
9 P i  J 

tV(A~ S B2 Sj 4 t*' B~yf 1 

J 
(41) 

7 



If the az imuth  phase angle of the flapping is denoted by  ~0j and the corresponding phase of 
the second harmonic  control by  ~ ,  where these angles are the actual azimuth positions on the 
disc 

tan 2~0~ -- bs . .  . .  . .  . . . . . . .  (42) 
a2 

tan 2 ~  = A-s" 

Evaluat ing from equations (39) and (40) 
F 

~0j -- ~o, = ½ tan-~! -- - -  

L 

. . . . . . . . . . . .  (43) 

B, f 1 7.'\1 
P/J 

(44) 

The amplitude and phase angle of the flapping depend mainly on the blade inertia number. 
The tip speed ratio and the tip loss have minor effects. I t  is perhaps useful to obtain a physical 
picture of the main results by  putting/~ = 0 and B = 1, 

Then 
+ b.' / 1 

' i tan-: ( - -  ~ )  (46) ~j --~0~ ~ . . . . . . . . .  

Considering two .limiting cases for the inertia number, (i) as y - +  0 the amplitude ra t io -+  0 
and ~o i --wc--~ a/2 and (ii) as y--+oo the ampli tude r a t i o - +  0.5 and ~ I -  ~oc-+ a/4. For 
0 < y < oo, ~ / 2  > ~o I - -  ~ > ~ / 4 ,  i .e . ,  the  flapping follows the second harmonic control. The 
example discussed later illustrates this in greater detail. 

The incidence at any point along the blade is given by  equation ,(9). The change in incidence 
distribution due to the application of the second harmonic controI is givefl by  

c~s~ = -- A 2 cos 2~0 -- Bs sin 2~ 

~_ cos__~ ( _  as cos 2~o -- bs sin 2~0) 
x + ~  sin~0 ~: 

X 
x + ~ sin (2a~ sin 2~0 -- 2G cos 2~0) . . . . . .  (47) 

where as and bs are the coefficients of the flapping motion due to, the application of A~ and Bs 
and  are given by  equations (39) and (40). The distribution varies along the blade as well as with 
azimuth position. The general solutign can 9nly be Obtained by  plotting incidence Cor~tours over 
the disc for given values of/~ ancl second harmonic control coefficients. 

However, while any particular example must be evaluated as above, i t  is possible b y  suitable 
approximation to obtain a simple expressio n giving the general effect. The value of/z does not 
have a serious influence in equation (47) (except near the root of the blade) a n d  the general order 
of the incidence is given by  . . . . .  : 

c ~  ~ -- A~ cos 2~ -- B2 sin 2~ ' . . . . .  ' 

2as sin 2~ + 2b~ cos 2~0 . . . . . . . . .  (48) 

8 



Again, we use approximations of the expressions for as and b~ given in equations (39) and 
(40) viz. • 

- -  ½A2 - -  ~ 4 B 2  
a~ ~ . . . . . . . . . . . .  (49) 

+¢2 7 
and 

~zi A ~ -  ½B~ 
- -  . . . . . . . . . . . .  ( so )  

12 ~, 
7 12 

Evaluating in terms: of the ratio of incidence amplitude to feathering amplitude and the 
corresponding phase angle 

-5[ + B : }  1 + 
( s l )  

( s2)  

Thus, for ordinary blades with an inertia number of about 12, the incidence to feathering 
amplitude is about l /v/2, i.e., about 70 per cent of the control pitch becomes useful incidence. 

If we consider the limiting cases, heavy blades (7--~ 0) have practically no flapping and the 
total control input appears as incidence whereas for very light blades (7 --+ oo) the flapping motion 
is such as to cancel out the control input and results in no change of incidence. The approximate 
values of incidence and flapping amplitude are plotted in Fig. 1. 

3. Numerical Evaluat ion. - -The expressions for a2 and b~ due to the second harmonic control 
As and B~ are given in equations (39) and (40) and are functions of the blade inertia number 7, 
the tip speed ratio ~, A~ and B~. Instead of presenting evaluations of as and b~. independently, 
it is much more convenient to express the resultant flapping in terms of the amplitude ratio as 
given by equation (41) and the phase angle between the flapping and applied second harmonic 
control as given by equation (44). These parameters are plotted against the blade inertia number 
for a range of tip speed ratios in Figs. 2 and 3, taking B = 0.97. 

An extensive range of blade inertia numbers is taken to assist in the general interpretation of 
the control effects but  for most helicopters the blade inertia number will lie in the range 8 to 12. 
A range of tip speed ratio from 0 to 0 .6  is taken but it must be remembered tha t  blade stalling 
is not taken into account, so that  for many practical examples the higher part  of the range may  
not be strictly applicable. 

In the case of the incidence distribution, there is a variation along the blade in addition to the 
other Variables which occur in the flapping motion. I t  is therefore impossible to give any gener- 
alised evaluations and each particular case must be considered independently and estimated from 
equation (9) or, if only the difference due to the second harmonic control is required, equation (47) 
may  be used. 

TO give some idea of the order of the incidence variation produced by the second harmonic 
control, equation (51) has been evaluated and the amplitude has been plotted in Fig. 1, together 
with the corresponding flapping amplitude. I t  will be seen from Fig. 1 that, for very heavy blades 
(~.--+ 0), there is practically no flapping and the incidence change is almost equivalent to the 

9 



applied feathering. For very light blades (y --~ &), the  flapping virtually cancels out the feathering 
and no change in incidence is produced. For normal helicopter blades (~ about 12) the:resultant 
incidence produced is about 70 per cent of the feathering input. The value for phase angle given 
i n equation (52) is the same as for the flapping in equation- (46) but  in this case the applicable 
raiige is from 0 to - -  45 deg, i.e., the incidence follows 90 deg after the flapping. 

In order to give some idea of the influence of the second harmonic control in suppressing blade 
stalling, a particular example has been evaluated. A representative rotor is considered at a t ip  
speed ratio of 0- 4. The incidence distribution for this rotor is shown in Fig. 4, and the conditions 
have been chosen such that  the incidence over large area on the retreating side exceeds 16 deg, 
a value which is generally accepted as a limiting condition for flight, Fig. 5 gives the incidence 
distribution for the same rotor under similar conditions but  with the second harmonic control 
applied in such a way as to reduce the large incidences on the retreating side, the second harmonic 
control amplitude being 6 deg. Fig. 6 shows, on a utiit basis, the incidence changes which are 
obtained for second harmonic control applied at t h e  appropriate phase angle to provide the 
resultant effects as given by Fig. 5. 

Since the incidence distributions in Figs. 4, 5 and 6 are somewhat complicated, it may be easier 
to appreciate the general effects of the second harmonic control by taking the approximate 
solutions as illustrated in Fig. 7. The second harmonic control With unit  amplitude is plotted at 
the appropriate phase angle to give maximum reduction of incidence in the 270 to 300 deg region. 
The maximum flapping angle amplitude is about 30 per cent of the control angle, the flapping 
occurring about 70 deg later. The flapping angular velocity has been divided by ~ and is therefore 
in the form of the incidence changes due to flapping. Subtracting this from the control pitch 
application gives the resultant incidence, viz., about 75 per cent of the control input at a phase 
angle of about 20 deg before the control. These approximate values in Fig. 7 compare reasonably 
well with the distribution for the outer sections of the blade in Fig. 6. 

4. Rotor Tower Test . - - In  his paper on the Sikorsky rotor tower 2, Jensen describes a-test on  
an S-52 metal blade where second harmonic control was applied in an at tempt to introduce 
vibratory stresses similar to the flight stresses. This idea was discussed in more detail in an 
earlier paper by Winson on rotor fatigue life ~. An example of the records of flapping due .to the 
second harmonic contr.ol is given in Fig. 12 of Ref. 2 and this record has been analysed as a check 
0n the theory presented in this report. 

T h e  rotor tower test was analysed into the usual form of a Fourier series, the terms showing 
the usual coning angle, a first harmonic, i.e., tilt due to  wind speed on the tower, the predominant 
second harmonic flapping and negligible amplitudes for the higher harmonics. The blades under 
test were the S-52 metal  main rotor blades which have an inertia number of 9.3, based On a lift 
slope of 5.6. 

The tower test gives an amplitude ratio of flapping of 0.27 at a phase angle of 74 deg. Using 
the curves of Figs. 1 and 2, the corresponding theoretical estimates are 0.28 and 73 deg giving 
exceptionally good agreement with the practical test. 

• 5 .  Discussiort.--The calculations of the blade flapping motion due to an imposed second 
harmonic control show that  the resultant amplitude and phase angle are mainly a function of 
blade inertia number. T h i s  is in contrast to the effect of first harmonic control which imposes a 
flapping motion 'with amplitude and phase angle independent of inertia number. If we.restrict 
our at tention in Figs. 2 and 3 to the range of inertia numbers for the ordinary helicopter blades, 
viz., from 8 to 12, the amplitude ratio only varies from 0.25 to 0.33 and the phase angle from 
75 to 70 deg. Thus, for ordinary helicopter blades the results do not depend critically on inertia 
number. On the practical side, we have the rotor tower test which verifies the calculations, 
giving agreement within the experimental accuracy of the tests. 

Considering now the variations with t ip speed ratio, we find these are very small. Thus, for 
most purposes, _the positioning of the  second harmonic control in relation to the rotor azimuth 

t0 



need not be altered with the flight conditi0ns~ There is n0-direct experimental evidence available 
on this point but, remembering that  the calculations of the second harmonic of flapping due to 
forward speed 1 show general agreement with experimental-results-, there is reason to suppose that  
similar results can be expected in the present conditions. 

The use of a second harmonic control could have several applications : 
(a) the elimination of the inherent second-order flapping due to forward speed 
(b) the reproduction during ground-testing of stresses measured in forward flight cases 
(c) the redistribution of loading-, on the disc to avoid the blade stalling conditions ~ limiting 

forward speed. 

With regard to (a), such a control might be of some use On a two-bladed rotor but  for rotors 
with three or more blades there is no indication that  the inherent  second-order flapping has any 
serious effects on the helicopter characteristics. 

With regard to (b), this form of control would be of very limited use, since the second harmonic 
does not appear to introduce any serious stress variations ~ and the natural  blade bending frequency 
seems to be a much more critical conditionl 

.The redistribution of loading over the disc could be an important  factor in relation to the 
forward speed limitations imposed by stalling of the -retrea-ting blade. 

The example given in Figs. 4 and 5 illustrates the marked  effect that  such a control can have 
in reducing the high incidences over the retreating sector of the disc. This is, of course, only a 
temporary remedy but  it does indicate that  forward speeds of the helicopter could be increased by 
the equivalent of about 0.1 on tip speed ratio, as far as blade stalling limitations are concerned, 
if there is sufficient engine power available to meet this increase. On the other hand, it  does 
imply further complication to the rotor head, which may be an undesirable feature at the present 
stage of helicopter development as the mechanical reliability is- still somewhat suspect. 

As mentioned earlier, oscillating forces are required to apply the second harmonic pitch angles 
to the blade and the stressing conditions, which these forces apply to the swash plate, bearings, 
etc: and their tendency to twist the blade, will require some analysis. Also, the larger flapping 
angles in the  higher harmonics may introduce appreciable Coreolis forces which might cause some 
effects on the in-plane motion of the blades. 

There is practically no effect on the general rotor performance with the second harmonic 
control applied. The reduction of the large incidences on the;retreating side gives some reduction 
in profile drag in that  sector. The torque required is decreased to a small extent but  this is part ly  
offset by an increase in the rotor H-force. The net result is that  the performance remains about 
the same and the main influence of the control is to allow higher !orward speeds by  suppressing 
the high incidences on the retreating side. 

6. Conclusions.--6.1. A theory has been developed to calculate the flapping and incidence 
distribution imposed on a rotor by a second harmonic control. 

6.2. The flapping amplitude and phase angle depend mainly on blade inertia number and to a 
small extent on tip speed ratio. For the range of ordinary blades the variation in the results 
is not large. 

6.3. A rotor tower test shows excellent agreement with this theory. 

~ 6241 The Second 'harmonic control is a means for redistributing the loading on a rotor disc and 
could be utilised to postpone the forward speed limitations due to s.talling of the retreating blade. 

~-', j i 
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Coefficient of flow through the disc 
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