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INTRQDUCTI ON 

The sources, t he  problems, and the detr imental  e f f e c t s  o f  h igh  l eve l ,  low 
frequency he1 i c o p t e r  v i b r a t i o n  are w e l l  known. The major sources of these 
v ib ra t i ons  are  r o t o r  induced shears and moments, Problems r e s u l t i n g  from 
high v ib ra t i ons  increase the  development t ime and cost  o f  rotary-wing 
a i r c r a f t ,  are a  source of p i l o t  and crew fat igue,  and are a  pr imary cause 
o f  lower he1 i copter avai  l a b i  1  i t y  due t o  increased maintenance and reduced 
re1 i a b i  1  i t y  o f  s t r c c t u r e  and equipment. The need f o r  he l i cop te r  v ib ra-  
t i o n  reduct ion  has long been recognized and has bedn sought f o r  many 
years through research i n  r o t o r  a e r o e l a s t i c i  t y  t o  con t ro l  the  source, 
i n  s t r u c t u r a l  dynamics t o  tune the s t ruc ture ,  and i n  v i b r a t i o n  m i t i g a t i o n  
devices t o  develop e f fec t i ve  i s o l a t i o n  and absorber systems. 

One o f  the  concept i  w i t h  great  p o t e n t i a l  f o r  reducing hub shears and 
moments i s  a  blade dual con t ro l  system which con t ro l s  the r a d i a l  and 
azimuthal d i s t r i b u t i o n  of blade loading. The dual con t ro l  system con- 
s i s t s  o f  a  pr imary inboard p i t c h  horn cont ro l  and a secondary outboard 
f l a p  cont ro l .  The f l a p  can be e i t h e r  mechanical as i n  the  Kaman servo 
f l a p  o r  aerodynamic, as i n  the j e t  f l ap .  

I n  general, the secondary con t ro l  w i l l  a lso  d i s tu rb  t r i m ,  a l t e r i n g  the  
primary con t ro l  se t t i ngs  requ i red  f o r  any spec i f i ed  fo rce  t r i m  condi t ion.  
I n  cont ras t  t o  a  conventional r,otor w i t h  a  s ingle,  unique con t ro l  s e t t i n g  
required f o r  a  p a r t i c u l a r  tr in cond i t ion ,  a  dual con t ro l  r o t o r  may be 
trimmed w i t h  a l a r g e  number o f  poss ib le  con t ro l  se t t ings ,  some o f  which 
w i l l  be b e t t e r  than others.  Tr im con t ro l ,  therefore, becomec an opt imiza-  
t i o n  problem, w i t h  the  obJect ive o f  se lec t i ng  i npu t  primary and secondary 
contro l  se t t i ngs  t o  achieve a  spec i f i ed  t r i m  p o i n t  a t  the most favorable 
t rade-o f f  o f  performance parameters. b 

I n  a  study completed under cont rac t  t o  USAAMRDL, Eust is  Directorate,  and 
reported i n  Reference 2, Kaman evaluated the  p o t e n t i a l  bene f i t s  of a  
dual cont ro l  system. The concept s tud ied i s  c a l l e d  Cont ro l lab le  Twist  
Rotor, o r  CTR. I t  combines two proven systems - conventional p i t c h  horn 
cont ro ls  and Kaman's servo f l a p  - t o  opt imize 'blade p i tch ,  
e l a s t i c  t w i s t ,  and a i  r loads throughout a  complete r o t o r  revolut ion.  It 
was found t h a t  the  dual con t ro l  concept was e f f e c t i v e  i n  reducing peak 
loadings and con t ro l  1  i n g  harmoni c  load d i s t r i b u t i o n .  Improvements i n  
performance, s t a l l ,  co~npressi b i l  i ty and hub shear reductil1)n are  
coro l la ry .  

F u l l  scale t e s t s  o f  a  r o t o r  w i t h  j e t - f l a p s  on the  outer  30 percent o f  
the r o t o r  blade were niade by Giralrions Dorand i n  the  NASA Ames 40 ft x 
80 f t w i n d  tunnel. The resu l t s ,  reported i n  References 3 and 4, showed 
la rge  reduct ions o f  r o t o r  blade bending stresses when the j e t - f l a p s  were 
def lected m u l t i c y c l  i c a l l y ,  i .e., w i t h  second, t h i r d ,  and f o u r t h  harmonic 
content. The v i b r a t o r y  loads t ransmi t ted  t o  the  fuselage were a lso re -  
duced w i t h  no s i  gni f i cant penal t y  i n  r o t o r  performance. These resu l  t s  
i nd i ca te  a  p o t e n t i a l  f o r  s i m i l a r  v i b r a t i o n  a l l e v i a t i o n  by s impler  mechani- 
ca l  type servo f laps .  



A more recent  study, using the  a n a l y t i c a l  r e s u l t s  reported herein, 
examined var ious op t im iza t i on  sLt;;emes t o  establ  i sh the  most e f fec -  
t i v e  mix o f  m u l t i c y c l i c  f l a p  con t ro l s  f o r  reduct ion  o f  py lon v i b r a t o r y  
loads and blade bending moments. The r e s u l t s  o f  the  study, reported 
i n  Reference 1, show v i r t u a l  e l im ina t ion  o f  pylon v i b r a t o r y  loads 
occurr ing concur rent ly  w i t h  blade bending moments t h a t  a re  reduced by 
50 percent. Amplitude requirements fo r  the higher harmonic f l a p  de f lec -  
t i o n s  t o  a t t a i n  these reduct ions are o f  the  order o f  f ou r  degrees. 

The anal y t t  ca l  work reported herein covers the  methods developed and 
used t o  c a l c u l a t e  the  a i r l oads  and responses o f  r dual con t ro l  r o t o r  
system w i t h  m u l t i c y c l i c  f l a p  cont ro ls .  Special analyses t o  t r i m  the  
dual c o n t r o i  r o t o r  f o r  l e v e l  f l i g h t  a re  discussed and techniques are 
developed which sequent ia l l y  sesrch trimmed f! i g h t  cond i t ions  and 
select  c o n t r o l  combinations t h a t  r e s u l t  i n  opt imized operat ional  
cha rac te r i s t i cs .  A range of r o t o r  d i s k  loadings i s  examined a t  a 
p respec i f ied  f l i g h t  cond i t i on  t o  evaluate m u l t i c y c l i c  con t ro l  f l ap  
effect iveness. 



ANALY T I CAL METHODS - 

ROTOR AEROELASTIC ANALYSIS - 
As par t  o f  the CTR study o f  Reference 2 ,  Kaman developed an aeroelast ic  
computer analysis t o  " f l y "  a CTR system througho~rt various f l i g h t  con- 
d i t ions.  The equations o f  motion i n  the aeroelast ic  analysis couple s i x  
response modes and two control  modes f o r  a f u l l y  a r t i cu l a ted  r o t o r  system, 
The response modes include blade p i  tchfng, lagging,. f lapping, f lapwise 
bendinq, twist ing,  and servo f 1 ap p i  tching. The dual controls include 
swashplates which d r i ve  a p i t c h  horn a t  the blade roo t  and a servo f l a p  
near the blade t i p .  Figures 1 and 2 i l l u s t r a t e  the contr*ols and the 
assumed displacements used i n  the analysis. 

The modal approach i s  used t o  evaluate the a i r loads by mathematically 
describing blade motions w i t h  the l i s t e d  s i x  degrees o f  freedom. The 
complete i n e r t i a l  and cen t r i fuga l  terms f o r  the equations of motion are 
derived through the use o f  mat r ix  transformations. Potent ia l  s t r a i n  
energy and d iss ipa t i ve  energy terms are included i n  the equations o f  
motion by assuming concentrated springs and viscous dampers f o r  the four 
r i g i d  bsdy modes, and by evaluating the fundalnental bending and tors iona l  
frequencies o f  the ro ta t i ng  b la  Je for  th2 f lapwise and tors ion modes. 

Generalized aerodynamic forces f o r  each o f  the s i x  modes are obtained 
from s t r i p  theory by ca lcu la t ing  an instantaneous loca l  a i r f o i  1 section 
Mach number and angle o f  at tack and using these t c  evaluate aerodynamic 
force coe f f i c ien ts  from ava i lab le  wind tunnel data, I n  the mechanical 
f l a p  region, addi t i onal secondary control  e f f ec t s  are computed and added 
t o  the blade dynamics. I n  t h e i r  present form, the aeroelast ic  equations 
o f  motion include a1 1 nonl inear i n e r t i a l  coup1 i ng  e f f ec t s  and nahl inear 
aerodynamic e f fec ts  such as reverse flow, s t a l l ,  Mach number var iat ions,  
1 arge induced f low angles, and var iable inflow. Addit ional features t o  
the analysis are the inc lus ion o f  feedback mechanical coupling among the 
f lap,  blade feathering, blade flapping, and blade lagging motions and the 
inc lus ion o f  a r b i t r a r y  spr ing rates and dampers f o r  each mode. Any one 
o r  combination o f  these parameters can be e l  iminated eas i l y  from the 
analysis. Furthermore, sprisbg rates f o r  the two types o f  cont ro l  system 
are also included i n  order t k z t  accurate cont ro l  loads can be calculated. 
A f low cha r t  o f  the computer program i s  shown i n  Figure 3. The deta i led 
equations o f  motion and the numerical methods o f  so lu t ion are presented 
i n  References 2 and 5. 
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Figure 1 . Control Arrangement f o r  Control l a b l e  Twist Rotor (CTR) . 



Figure 2. Control l a b l e  Twist Rotor Displacements. 
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Figure 3. Flow Chart of the Computer Program 
f o r  the Control lable  Twist Rotor 
(CTR) Theoret ical  Analysis. 



ROTOR T R I M  CONSIDERATIONS 

I t  has l ong  been recognized i n  the he l i cop te r  i ndus t r y  t h a t  comparisons 
between r o t o r  systefi1j a r e  v a l i d  on ly  when i uo systems are  trimmed t o  the 
same in teq ra ted  hub torces and moments. T h ~ s  i s  p a r t i c u l a r l y  t r u e  when 
the items o f  i n t e r e s t  are a i r loads ,  stresses, and r o o t  shears. Attempts 
t o  suppress v i b r a t i o n s  through k igher  harmonic inputs  a re  e s p e c i a l l y  
sensi t i ve i n  t h i s  regard. 

A r o t o r  system w i t h  a s i n g l e  c o n t r c l  i n p u t  has a ijnjque combination o f  
c o l l e c t i v e  and cyc l  l c  con t ro l  values which generates the requ i red  hub 
t r i m  forces a t  a spec4 f i e d  speed. The t r i m  prov is ions  connnon t o  a l l  
analyses i n  the  i n d u s t r y  are designed t a  home i n  on the  unique combination 
appropr ia te  t o  t h a t  f l i q h t  condi t ion.  However, as showr~ i n  F igure 4, 
simultaneous c o l l e c t i v e ,  c y c l i c ,  and h igher  harmonic con t ro l s  can be 
i n p u t  t o  t h e  p i t c h  horn and t o  the servo f l a p  o f  a c o n t r o l l a b l e  t w i s t  
r o t o r .  Thus, a dual con t ro l  r o t o r  system has many combinations o f  
c o l l e c t i v e  and c y c l i c  inputs which w J l l  r e s u l t  i n  the sante t r i m  forces, 
The CTR ana lys is  automaticdl  l y  changes the co l  l a c t i v e  and cyc l  i e  con t ro l s  
u n t i l  the r o t o r  i s  tr imned t o  a prespec i f ied  f l i g h t  cond i t ion .  The 
computer program has been conf igured so t h a t  i t  simulates CTR systems 
w i  t h  mu1 t i c y c l  i c  c o n t r o l  f o r  a wide v a r i e t y  o f  a i r c r a f t .  

Opt imizing dual c o n t r o l s  involves a procedure which requ i res  c a l c u l a t i o n  
o f  several t r i m  cond i t ions  and, therefore,  several times as many tr imned 
computer runs as i s  normal ly requ i red  f o r  a convent ional s i n g l e  con t ro l  
r o t o r .  This  i s  t r u e  even when the  secondary con t ro l  i s  used p r i n l a r i l y  
f o r  v i b r a t i o n  suppress ion. A separate op t im iza t i on  ana lys is  supplements 
the aeroel a s t i c  a i  r l  oads and t r i m  program. The op t im iza t i on  ana lys is  
generates response surfaces as func t ions  of the independent c o n t r o l  
parameters and uses steepest descent techniques t o  s e l e c t  the  combination 
o f  these parameters t h a t  opt imizes the desi red dependent var iables.  For 
example, t h e  response surfaces are  used t o  est imate con t ro l  i npu ts  which 
maxirni ze performance and minimize b lade dynamic response. To complete 
the procedure, these est imated optimum con t ro l  i npu ts  a re  then used t o  
generate new trimmed optinum f l  i g h t  cond i t ions  f o r  the dual c o n t r o l  l e d  
r o t o r  through use o f  the  ae roe las t i c  loads analys is .  The s p e c i f i c  equa- 
t i ons  t h a t  are used t o  generate the response surfaces a re  presented i n  
the  sec t ion  o f  t h i s  r e p o r t  e n t i l l e d  OPTIMIZATION TECHNIQUES. 

YARIABLE INFLOW MODEL 

H i s t o r i c a l  l y ,  three major appt80aches t o  modeling the  n ~ n - u n i  form f l ow  
f i e l d  o f  a he1 i c o p t e r  r o t o r  have been used by the indus t ry .  The l e a s t  
expensive, 1 east  accurate, and 1 east  complex approach i s  un i  form in f low.  
I n  t h i s  approach, the  f low f i e l d  has a uni form v e l o c i t y  through the  
r o t o r ,  a t  a value determined by us ing the s p e c i f i e d  value of t h r u s t  co- 
e f f i c i e n t  and momentum theory. Such an approach i s  inadequate f o r  t h i s  
study because o f  t h e  lack  o f  harmonic content,  whose i n t e r 2 c t i o n s  w i t h  
the  m u l t i c y c l i c  f l a p  a re  expected t o  be an important  e f fec2  ir'c the  f i n a l  
concl us i  ons reached. 

C 2 



TRlM ANALYSIS 

CONTROL INPUTS SINGLE CONTROL INPUT DUAL CONTROL INPUT I I 
STEADY . . . . . . . . A. i 

PITCH HORN LAT. CYCLIC . . . . A1, 

I 
LONG. CYCLIC. . . B1, - 

I TRlM 

( STEADY . . . . . . . . 60 I L-l 
SERVO FLAP LAT. CYCLIC . . . . b 1, 

LONG. CYCLIC. . . 61, 

1 3" 
I 
1 TRIM 

30 
TRlM 

Figure 4. Control Input  Combination f a r  Rotor Trim. 



The most expensive, w s t  complex, and most d e t a i l e d  approach i s  the so- 
c a l l e d  Free Wake o r  Fa ex ib le  Wake method i n c l u d i n g  + t s  l a t e r  developments 
such as D i s t o r t e d  Free Wake. I n  t h i s  approach, the i n t e r a c t i o n s  o f  the 
t r a i l e d  v o r t i c e s  a re  i n c l  uded w h i l e  determining t h e i r  l oca t i ons  i n  space 
and ti:ile. They are then superimposed t o  ob ta in  the f low f i e l d  values a t  
the  ro to r .  Disadvantages o f  t h i s  method are i t s  h igh  cos t  and i t s  
o v e r s e n s i t i v i t y ,  This  nlethod i s  sens i t i ve  t o  h igher  harmonics o f  
t i p  path p lane warping and b lade bending deformations, and uses extensive 
m a t r i x  operat ions. As a r e s u l t ,  i t  i s  poss ib le  t o  compute i n f l o w  values 
a t  in terr r~ediate steps o f  a t r i m  i t e r a t i o n  which causes a mathematical 
divergence o f  the i t e r a t i o n .  The add i t i ona l  complexity o f  each case and 
the  added cases irnipl i e d  by the  a r t i f i c i a l  t r i m  divergence combine t o  i n -  
crease s i g n i f i c a n t l y  the cast  o f  the method. 

An in termediate method i n  terms o f  cost,  complt?xi ty ,  and accuracy i s  t he  
Prescribed Wake Method ( R i g i d  Wake). I n  t h i s  appr.oach, the vor tex  wake 
i s  considered t o  be convected from the r o t o r  by momentum considerat ions, 
and on ly  the i n f l uence  o f  the near wake on the f low f i e l d  a t  the  r o t o r  
i s  compvted. The "nearness" o f  the near wake depends on choice o f  the 
user  - ! t  i s  usua l l y  described i n  terms o f  r o t o r  revo lu t ions .  The wake 
model i t se l  f i s  a s e t  o f  t r a i l e d  vor t i ces ,  ranging t o  as many as ten, 
al though f o u r  i s  usua l l y  an adequate number. Because the l o c a t i o n  o f  
the wake i t 1  t h i s  method i s  p r i m a r i l y  a f unc t i on  o f  advance r a t i o  and 
t h r l r s t  c o e f f i c i e n t ,  the  i n f l o w  niodei i s  r e l a t i v e l y  i n s e n s i t i v e  t o  the 
excursions one goes through whi l e  tr imming a r o t o r .  Furthermore, because 
t h e  in f low model remains constant dur ing  t i le  t r i m  process, two major 
disconlforts are avoided. F i r s t ,  one need n o t  be concerned w i t h  whether 
t he  wake model w i l l  be cons is ten t  w i t h  the  c y c l i c / c o l l e c t i v e  p i t c h  c o n t r o l  
i n p u t  coinbination o r  w i  t;h the cyc: i c / c o l  l e c t i v e / f l a p  con t ro l  i n p u t  com- 
b i n a t i o n  c!ventirally reached a t  t r i m .  By d e f i n i t i o n ,  the wake model w i l l  
be cons i s ten t  w i  t k  the con t ro l  combinations a t  t r i m .  Second, the absence 
o f  mathematical i n s t a b i  1 i t i e s  a r i s i n g  from the wake model / t r im model 
i n t e r a c t i o n s  assures t h a t  trim i t e r a t i o n s  w i l l  n o t  d iverge because o f  
i n f l o w  problems. 

Berjruse a l a r g e  number o f  cases i s  requ i red  t o  determine the proper 
i lul  t-icycl i c f 1 ap system parameters t o  minimi ze v i b r a t i o n s  and because 
each o f  these cases must represent  trimmed f l i g i i t  condi t ions,  the cos t  
savings o f  the Prescribed Wake method a re  s i g n i f i c a n t .  As f o r  accuracy, 
i t  i s  important  t o  note t h a t  the v e l o c i t i e s  a t  which a v i b r a t i o n  
suppressant c o n t r o l  f l z p  would be most des i rab le  (115 knots and above) 
match the range over which the  Prescribed and Free Wake rnethods agree 
c l o s e l y  f o r  a trimmed vehic le.  For these reasons, the Prescribed Wake 
Method was used i n  the ana lys is  repor ted herein. 



RANGE OF STUDY 

The primary purpose of the m u l t i c y c l i c  f l ap  system i s  t o  reduce h e l i c o p t e r  
v i b r a t i o n  l e v e l s  by reducing r o t o r  generated v fb ra to ry  loads t h a t  are 
t ransmi t ted  t o  t h e  fuselage. A1 though v i b r a t i o n  problems a re  more severe 
a t  extreme opera t ing  condi t ions,  the accurate p red ic t i on  o f  r o t o r  loads 
and performance a t  those condi t ions i s  d i f f i c u l t .  Therefore, the  prime 
t h r u s t  o f  t h i s  i n v e s t i g a t i o n  i s  i n  areas where r e t r e a t i n g  blade s t a l l  and 
h igh advancing blade Mach number e f f e c t s  are  n o t  s i g n i f i c a n t .  Rotor blade 
and d isk loadings correspond t o  contemporary pract ice,  and the  propu ls ive  
fo rce  i s  representa t ive  o f  u t i l  i t y  type he1 icopters.  

I n  consonance w i t h  th6  preceding discussion, the fo l l ow ing  f l  i g h t  con- 
d i t i o n s  and l o a 3  .j condi t ions were inves t iga ted f o r  the CTR w i t h  mu1 ti- 
cyc l  i c con t ro l  s. 

Advance Rat io:  .333 
Disk Loading: 4.75 t o  5.5 p s f  
Cz/o: .090 t o  . I06 
Cx/o: ,0071 

The preceding parameters correspond t o  a r o t o r  t h a t  has a diameter o f  56 
fee t ,  a t i p  speed o f  613 fps, and a s o l i d i t y  o f  0.062. The ranges o f  d i sk  
loading, b lade loading, and propuls ive fo rce  loading correspond t o  the 
sea l e v e l  f l i g h t  cond i t ions  o f  a u t i l i t y  he l i cop te r  w i t h  a gross weight 
range o f  11,500 t o  13,500 pounds and a f l a t  p l a t e  drag area o f  2Q square 
feet .  The study was 'conducted a t  an advance r a t i o  of 0.333 which corres-  
ponds t o  120 knots. 

Figures 5 t o  7 show the planform, i n e r t i a  and s t i f f n e s s  c h a r a c t e r i s t i c s  o f  
the  r o t o r  used i n  t h i s  study. The study used e x i s t i n g  CTR design which 
was based on an H43 he1 i cop te r  blade conf igura t ion ,  c i r c a  1950, hence 
Engl ish u n i t s  were used throughout the  study. 

The physical  span of the  servo f l a p  considered f o r  t h i s  study was 36 inches. 
I n  order t o  account f o r  t h e  f i n i t e  aspect r a t i o  o f  t he  f l a p  and i t s  a t ten -  
dant vor tex  t i p  losses, the  servo f l a p  was riiodel l e d  t o  have a span o f  24.5 
inches w i t h  5.75 ,inch l i n e a r  taper a t  each end thereby r e s u l t i n g  i n  a t rape- 
zoidal  planform. This planform modelling i s  shown i n  Figure 5. 

Inboard o f  S ta t i on  100, the  blade t r a n s i t i o n s  from an a i r f o i l  cross-sect ion 
t o  a rectangular  cross-sect ion which i s  f i t t e d  w i t h  a r o o t  end g r i p .  
Because o f  t h i s  t r a n s i t i o n ,  the  t w i s t  d i s t r i b u t i o n  i s  h i g h l y  nonl inear i n  
t h i s  region. The geometric t w i s t  d i s t r i b u t i o n  csrbresponding t o  these i n -  
board blade s t a t i o n s  i s  shown i n  Figure 6. 
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Figure 5. Rotor Blade Planform and I n e r t i a  
Character ist ics.  
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Figure 6. Rotor Blade Twist  and S t i f f n e s s  
. Character ist ics.  
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Figure 7. Rotor Blade S t i f f n e s s  and Mode Shape Character ist ics.  



OPTIMIZATION TECHNIQUES 

ANALYT J2AL PROCKDURE --- 
CTR @First Harmonic F lap)  - 
For the p re l  iminary phase o f  t h i s  study (base1 ine  CTR cases), th ree d i s k  
loadings were inves t iga ted w i t h  constant i n f l o w  across the  d i s k  ( A  = -.037). 
The r o t o r  drag Cx/o was held constant fo r  a1 1 three r o t o r  1 i f t s  invest igated,  

a t  .0071. A number of cases were repeated w i t h  a va r iab le  i n f l o w  t h a t  
averaged -.037 across the  d i sk  w i t h  n e g l i g i b l e  e f f e c t  on t r i m .  

As o u t l i n e d  prev ious ly  the i n i t i a l  step i n  dual cont ro l  op t im iza t i on  i s  
t o  s e l e c t  t h e  con t ro l  range o f  the secondary cont ro l  and design a con t ro l  
m a t r i x  t o  provide the maximum information about the performance peram- 
e te rs .  f'iown i n  Figures 8 through 10 a re  the  f l a p  con t ro l  matr ices 
se lec ted as s t a r t i n g  points.  These c o l l e c t i v e  and f i r s t  harmonic f l a p  
i npu ts  were f e l t  t o  bracket  the  probable range o f  acceptable f l a p  t r a v e l  
t o  t r i m .  This basic schedule could be modi f ied i f  t r i m  could n o t  be 
a t t a i n e d  o r  the  r e s u l t i n g  information i nd i ca ted  the data was i n  an un- 
acceptable area such as s t a l l  regime. Use o f  data from extreme cases 
would pre jud ice  the r e s u l t s  o f  the regression model. For the f i r s t  
harmonic f l a p  study, t h e  fo l l ow ing  r o t o r  parameters were used as a 
measure o f  t h e  e f fec t iveness o f " the  secondary cont ro l  : 

(a )  Rotor  horsepower. 

(b) Maximum l o c a l  blade angle o f  attack. 

( c )  Maximum v i b r a t o r y  out-of -p l  ane bending moment. 

( d )  V ibra tory  py lon e x c i t a t i o n  ( f o u r l r e v ) .  

(e)  Number o f  i t e r a t i o n s  to converge. 

The maximum l o c a l  blade angle o f  a t tack  was selected between blade nor- 
mal i zed s t a t i o n  o f  .50 t o  .97 as t h i s  area would no t  be a f fec ted  by 
reverse f l ow  region. The number o f  i t e r a t i o n s  t o  converge was f e l t  t o  
be a measure o f  blade s t a b i l i t y  - fewer i t e r a t i o n s  t o  converge the more 
s t a b l e  the blade conf igura t ion .  

Since t h i s  i s  a four-bladed ro to r ,  the  r o o t  shears can be resolved i n  
4 l r e v  pylon e x c i t a t i o n  i n  the  f i x e d  reference system by the  f o l l o w i n g  
t ransformat ions:  
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Figure 8. CTR Control Matrix, GW = 11500 Lb. 
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Figure 9. CTR Control Matrix,  GW = 12500 Lb. 
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CTR CONTRO1 MATRIX 
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Figure 10. CVR Control Matrix, GbJ = 13500 Lb. 



V e r t i c a l  

F Z z  4a4 cos 40 + 4b4 s i n  49 

Fore and Aft- 

F X =  2(c3 - c5)  s i n  40 + 2(d5 - dg) cos 4O 

La te ra l  

F~ 
= 2(c3  + c5) cos 4C + 2(d3 + d5) s i n  4C 

The c o e f f i c i e n t s  a  and b  a re  the out-of-plane cosine and ;ine components 
w i t h  c and d  being the  in-p ldne cosi.ne and s ine components 
respect ive ly .  The subscr ipts r e f e r  t o  the harmonic number OF the r o o t  
shear i n  the  harmonic analysis. 

,I BASIC language program f o r  the Hewlett-Packard HP 2000 performs these 
transforms and ca lcu la tes  the peak values per cyc le  fo r  FZ, FX,  F y ,  the 
in-p lane r e s u l t a n t  and the  3D resul tant .  (Appendix A) 

Each o f  the four  dependent var iables o u t l i n e d  above can be expressed i n  
quadrat ic  form i n  terms o f  t he  fndependent con t ro l  variables. These 
equations have constant coe f f i c i en ts  and are developed fo r  t r i m  cond i t ions  
only. Equation ( 1 )  i s  the  t y p i c a l  form o f  the r e l a t i o n s h i p  between 
horsepower and t h e  c b l  l t t c t i v e  and f i r s t  harmonic f l a p  inputs  used i n  
the  CTR p o r t i o n  o f  t h i s  study. 

S im i la r  equations were w r i t t e n  f o r  the remaininq three parameters o f  
i n te res t .  I n  o rde r  t o  def ine  the c o e f f i c i e n t s  o f  these equations, a 
minimum o f  eleucr) trimmed cases a re  required. These cases must be 
selected t o  inc'i ude va r ia t i ons  of each parameter t o  provide s t a t i s t i c a l  
degrees o f  freedom. A regression analys is  o f  each data s e t  i s  used t o  
obta in  the c o e f f i c i e n t s  o f  each o f  the equations. Add i t iona l  t r i m  case 
data sc ts  are used t o  provide b e t t e r  s t a t i s t i c a l  c o r r e l a t i o n  through the  
use o f  the regression analysis. Once the func t i ona l  r e l a t i o n s h i p  i s  
es tab l ished f o r  the dependent var iables,  t he  r e s u l t i n g  equations can be 
used t o  conduct a  parametr ic study. The tirree components o f  the  p i t c h  
horn con t ro l s  are a l s o  modeled and the  pred ic ted con t ro l  pos i t i ons  a re  



used as input  f o r  +,he aeroe last ic  t r i m  program. Appendix 8 i s  a 1 i s t i n g  
o f  the regression analysis program SURGEN. The program uses a number o f  
t r i m  cases t o  ca lcu la te  the r o t o r  parameter equation coe f f i c ien ts  f o r  
each disk loading desired. I n  addit ion, the mu l t ip le  co r re la t ion  co- 
e f f i c i e n t s ,  standard e r r o r  o f  the estimate, and a tab le  o f  residuals are 
1 i sted by SURGEN. Analysi s o f  residuals f o r  sum, sum o f  squares, mean, 
variance and standard deviat ion and a 1 i s t i n g  o f  the orders o f  the 
residuals from the most negative t o  most pos i t i ve  are also tabulated f o r  
conven i ence . 
Once the pre1iminsr.v m d e l s  are obtained, the next function i s  t o  conduct 
a t rade-of f  study t ha t  w i l l  estab l ish  a regiorl o f  f lap control  that  would 
produce values o f  the f i v e  r o t o r  parameters t ha t  meet the c r i t e r i a  
establlished. This wa? accomplished by devising a p l o t  program on the 
Hew1 ett-Packard computer t ha t  generates the representat ive co2tour p l o t s  
o f  Figures 11 t o  13. The shaded area o f  each o f  these figures represents 
the cyc l i c  f l a p  cont ro l  regians which the models p red ic t  w i l l  insure a1 1 
r o t o r  parameters are  w i t h i n  a prescribed range. 

For the three f l a p  c o l l e c t i v e  set t ings s!~own, i t  appears t ha t  operation 
a t  -4  degrees o f  f l a p  co l l ec t i ve  would permit the largest  range o f  f i r s t  
harmonic input  t o  the r o t o r  f o r  t r i m  and s t i i l  maintain the boundary 

. condit ions selected a t  t h i s  gross weight and forward speed. This i s  
shown graphica l ly  by the la rger  shaded area included w i t h i n  a1 1 r o t o r  
parameter contours. 

With the boundaries establ ished by the models, the next  step i s  t o  
determine the degree o f  co r re la t ion  between the models and the actual 
t r i m .  This i s  achieved by running addi t iona l  se lec t ive  cases and using 
the resu l t s  f o r  comparison and t o  upgrade the model. This procediare can 
be repeated u n t i l  sa t i s f ac to r y  co r re la t ion  i s  obtained. This procedure 
was u t i l i z e d  a t  a l l  three load leve ls  w i t h  some innovations being incor-  
porated based on the experience gained from previous t r i a l s .  

As the r o t o r  l i f t  was increased the maximum allowable values o f  our 
selected r o t o r  parameters were reviewed t o  r e f l e c t  the incrcased disk 
loading. 

Mu1 t i c y c l  i c  Flap Input  

I n  the study o f  m u l t i c y c l i c  cont ro l  input, two gross weights corresponding 
t o  CZ/o o f  .090 and .098 were invest igated w i th  the emphasis on the lower 

d isk  loading. The var iab le  in f low opt ion o f  the aeroe last ic  t r i m  program 
was exercised; f o r  CLIu o f  .090 the average inf low across the disk was 

-.037 w i t h  -.0392 being the average for  C,/o = ,098. A representat ive 

i n f l ow  d 's t r ibu t ion  (Cz/u = .098) i s  l i s t e d  azimuthal ly and by blade 

rad ia l  s t a t i on  i n  Appendix C. 
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Figure 11. CTR Control Optimization, 60 = -2'. 
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Figure 12. CTR Control Optimization, 6, = -4'. 
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Figure 13. CTR Control Opt imizat ion,  do = -6'. 

2 5 
rIiIGINAL L, 4 LC 1Y 

a& ROOR QUALITY, 



For t h e  m u l t i c y c l i c  f l a p  concept the  range of c y c l i c  con t ro l  was l i m i t e d  
t o  t 2  degrees f o r  each harmonic componertt w i t h  the i n i t i a l  range of 
c o l f e c t i v e  f l a p  i npu t  being 0  t o  -4 degrees. The f l a p  ranges were 
selected based nn the CTR work t h a t  was being conducted concurrent ly .  
The c y c l i c  inputs  were r e s t r i c t e d  t o  l i m i t  the maximum r e s u l t a n t  f l ap  
def lec t ion ,  based on the stacking o r  combining o f  the  var ious harmonics, 
to  8 degrees. Excessive f l ap  de f lec t i on  might negate the  b e n e f i t s  of 
higher harmonics. The fo l lowing con t ro l  range was a r b i  t r h r i  l y  estab- 
l i shed  as a  base: 

Steady: 0, -2", -4",  -6" 

F i r s t  Harmonic Sine and Cosine: +2", 0°, -2" 

Second Harmonic Sine and Cosine: +2", 0°, -2' 

T h i r d  Harmonic Sine and Cosine: +2", 0°, -2" 

The se lec t i on  o f  a  con t ro l  mat r ix  by a  method s i m i l a r  t o  t h a t  f o r  t he  
CTR was considered imprac t ica l  because o f  the  l a rge  number o f  c o n t m l  
combinations possible. R e s t r i c t i n g  the problem t o  inputs  l i s t e d  above 
r e s u l t s  i n  21 96 possib le combinations. (Three con t ro l  l e v e l s  f o r  each 
o f  seven contro ls .  ) A base o f  s i x t y  cases was selected by bse o f  a 
randon number tab le .  This method would avoid i n d i v i d u a l  pre judices and 
s t a t i s t i c a l l y  provides equal weight t o  the independent var iables.  Thus, 
the maximum chance i s  provided o f  accountiqg f o r  the  e f f e c t s  o f  each 
var iab le  w i t h i n  the  l i m i t e d  number of cases t h a t  were run. 

The i n i t i a l  inputs  o f  p i t c h  horn controls, t o  the t r i m  program, f o r  each 
o f  the selected cases were based on pred ic t ions  from a p re l im ina ry  CTR 
mode 1. 

For mu1 t i c y c l  i c ,  a 1  i near regression model o f  each independent c o n t r o l  
var iab le  ( p i t c h  horn con t ro l s )  was a l so  modeled f o r  each dependent 
var iable.  Due t o  the  i nc lus ion  o f  the add i t i ona l  harmonic terms, each 
equation i s  expanded t o  ?6 I inear  c o e f f i c i e n t s  r a t h e r  than the  eleven 
prev ious ly  requ i red  f o r  the CTR. Equation (2 )  i s  the form o f  the equation 
w i t h  horsepower being the dependent var iab le  used t o  i l l u s t r a t e  t h e  
re la t ionsh ips .  



where : 

6 = 6 0 + 6  1 s  ~ i n + + 6 ~ ~ c o s $ + 6 ~ ~  s i n  2+ + 62c cos 2$ 

+ 63s s i n  3$ + 63c cos 3$ (3)  

Graphical methods, previously used f o r  red ic t ' ion  o f  optimum o e ra t ing  
areas w i th  1/rev cont ro l  inputs, are no ! p o s s ~ b l e  t o  use w i th  Righer 
harmonics. For the higher harmonic control  optimization, emphasis was 
placed on the use o f  the model t o  pred ic t  trends. 

When a model was updated, a  BASIC language program, MODEL 4, Appendix D, 
was used t o  t e s t  a l l  possib le f l a p  combinations being considered t o  
determine which combinations would meet pre-established c r i t e r i a .  These 
f l a p  combinations were l i s t e d  w i t h  the model's predict ions f o r  use i n  
se lec t ion o f  fu tu re  cases. 



DISCUSSION OF RESULTS 

CTR - 
Three d i s k  loadings were exalllined during the  CTR wc. K preceding the  mu1 ti- 
cycl  i c  study: 

C,/u = ,090 11500 1b r o t o r  l i f t  

Cz/u = .098 12500 1  b  r o t o r  1  i ft 

Cz/o = ,106 13500 I b r o t o r  1  i f t  

A t o t a l  o f  97 cases were trimmed during t h i s  phase o f  the  inves t iga t ion .  
Thi r t y - t h r e e  o f  these cases were a t  a  Cz/o o f  .090; 24 o f  the t o t a l  rep- 

resent ing  t h e  bas ic  f l a p  cont ro l  matr ix  selected t o  span the  a n t i c i p a t e d  
range o f  f l a p  con t ro l s  (F igure 8). The remaining cases were used t o  
t e s t  and r e f i n e  the regression models developed. 

For t h e  basel ine study a t  11500 l b  o f  r o t o r  l i f t ,  the fo l l ow ing  boundary 
1  i m i  t s  were selected: 

1. Horsepower - < 750 

2. Four l rev py lon e x c i t a t i o n  5 5 2 0  1b 

3. Maximum l o c a l  blade angle o f  a t tack  10.8 deg 

4. Maximum out-of-plane bending moment 9  i n - k i p s  

5. No. i t e r a t i o n s  t o  convergence qc = 10 

The angle o f  a t tack  l i m i t  was chosen t o  provide a  margin o f  maneuver- 
a b i l i t y  before l o c a l  blade s t a l l  would be encountered. The 9000 i n - l b  
peak-to-peak bending moment was selected on t h e  basis of t he  ca l cu la ted  
i n f i n i t e  blade 1  i fe. The maximum out-of -p l  ane moment occurs i n  the f l a p  
region o f  t h e  blade where the  endurance l i m i t  i s  - +4500 i n - l b .  

A f t e r  the o r i g i n a l  con t ro l  ma t r i x  cases were trimmed by the ae roe las t i c  
t r i m  program, the  regression analys is  program, SURGEN, was used t o  
generate the c o e f f i c i e n t s  o f  the f i v e  p re l im ina ry  models. 



On the basis o f  t h i s  e a r l y  modal, three cases, one a t  each co l l ec t i ve  
se t t inq ,  were selected t o  t es t  the v a l i d i t y  of the model. Good corre- 
1 a t i on  on horsepower and rlc, f a i r  co r re la t ion  on angle o f  at tack and 

bending moment and poor co r re la t ion  on pylon exc i ta t ion  were obtained 
(Table 1 ). Examination o f  predicted performance contours (Figure 12) 
shows only one data p o i n t  (P4) on the minimum v ib ra t ion  side o f  the 
predicted opt imizat ion area and t h a t  was too f a r  away t o  define the 
operating area v ibra tory  leve l  unambiguously. Five more data po in ts  
were added t o  the matr ix  t o  de l im i t  the 6, = -2O and 6, = -4' operating 

area. These e i gh t  cases were added t o  the data f i l 'e ,  a new model con- 
s t ruc ted and predict ions obtained t o  va l idate  t h i s  version o f  the models. 
The updated models pred ic t ions provided much be t te r  co r re la t ion  bu t  the 
pylon exci t a t  i on  resul t s  were s t i l l  op t im is t i c  (Revised Model column 
o f  Table I ) ,  the t o t a l  o f  33 trimmed cases only two have four/ rev pylon 
loads less than the +I20 l b  suggested by the model o f  t h i s  parameter. 
From a review o f  the-actual data, Table 2, i t  appears tha t  +I50 J b  
would be a more r e a l i s t i c  load leve l  t o  use f o r  pylon exci tTticln boun- 
dary. I t  can be seen t ha t  a t  each co l l ec t i ve  set t ing,  the minimum pylon 
loading occurs w i t h  zero f i r s t  harmonic cosine coupled w i th  the maximum 
sine input  (cases K3, P4, R1 ). However, the accompanying bending moments 
and horsepower o f  these cases exceed the boundary value selected f o r  these 
parameters. I n  Figure 8 the fou r l rev  pylon exc i ta t ion,  horsepower, l oca l  
blade angle o f  attack, and bending moment are shown f o r  the range o f  f l a p  
cont ro ls  investigated. A t  every co l l ec t i ve  leve l  the pylon loading i s  
reduced by a more negative f i r s t  harmonic cosine term combined w i t h  a 
posi ti ve s ine component. Accompanying the reduction i n  pylon v ibra tory  
loading i s  an increase i n  horsepower and out.-of-plane bending moment. 

For the two remaining d isk  loadings the method o f  select ion o f  the con t ro l  
mat r ix  was altered. A reduced number o f  cases was used as a nucleus f o r  
a l i m i t e d  c ~ n t r o l  model. 

The resu l t i ng  models were used t o  p red ic t  performance and t r i m  cont ro l  
se t t i ngs  f o r  a wide ar ray o f  f l a p  sett ings. Examination o f  these pre- 
d i c t i o n  tables showed the most promising d i rec t ion  t o  be toward l a rge r  
pos i t i ve  values o f  61, and 61c i n  conjunction w i t h  increased negative 

c o l l e c t i v e  control .  Accordingly, add i t iona l  cases were selected i n  t h i s  
d i r ec t i on  a t  each o f  the disk loadings t o  f i l l  the basic cont ro l  matrices 
(Figures 9 and 10). 

As i n  the case o f  the lower d isk loadings prel iminary models o f  the form 
o f  Equation (2)  were obtained i n  a l l  the dependent variables. To con- 
s t r u c t  p l o t s  def in ing the optimum c y c l i c  f l a p  set t ings a t  each f lap 
ca l  l e c t i v e  se t t i ng  revised, boundary val ues were needed. By construct ing 
a ser ies o f  these contour p l o t s  f o r  vario1.r~ load combirlations o f  the 



TABLE 1. CTR CONTROL OPTIMIZATION MODEL PREDICTIONS VS ACTUAL TRIM DATA 

C,/a = .090 

RR = 613 fps 

Rot o r  Parameter 

FourIRev Pylon 
Exc i ta t ion  - +/- l b  

Rotor HP 

Max. Local Blade 
Angle o f  Attack - deg 

Out Plane Bending 
Moment - In.-Kips 
D/ P 

P i t ch  Horn Collec- 
A. 

LI ve, A. - deg 

P i t ch  Horn - F i r s t  
Harmonic Inpu t  B1S - 
deg 

P i t ch  Worn - F i r s t  
Harmonic Input  A1S - 
de g 

t 

Case Z1 

Actual 
Trim I n i t i a l  Revised 
Value Model Model 

172 118 144 

752 739 746 

9.7 10.3 10.1 

8.4 7.9 8.2 

15.38 15.79 15.26 

4.60 3.90 4.39 

-2.13 -1.54 -2.07 

Case 22 

Actual 
Trim I n i t i a l  Revised 
Value Model Model 

150 118 1 42 

746 742 743 

10.1 10.4 10.1 

8.2 8.0 8.1 

13.96 15.18 13.86 

4.3 4.2 4.09 

-1.55 -2.03 -1.60 

Case 23 

Actual 
Trim I n i t i a l  Rcvised 
Value Model Model 

156 123 139 

749 74 1 744 

10.4 10.5 10.4 

8.2 7.9 8.0 

12.61 12.45 12.49 

4.00 3.65 3.78 

-1.11 -1.10 -1.14 



TABLE 2. MFS CONTROL STUDY, SUMMARY OF CTR CONTROL OPTIMIZATION 

C A S E  FLAP INPUT-OEC FOUR/REV 1 ROTOR 
NO 00 01s DLC PYLON LOADING HP ! K I P S  I 

MAX LOCAL BLADE 
ANGLE OF ATTACK I OEG 

BENDING MOMENT 
OP IN -K IPS  P I P  

P I  l C H  HORN INPUT 

DFCREES 
QO 81s A l S  

16-62 6.19 0.05 
16-59 5-69  -4.50 ;. 

17-73 1.88 0.71 9 
16.50 10.70 -0.50 
16.27 10.00 -5.00 
16.50 5.00 -8.86 

13.61 8.56 -0.52 

B 
13-55 8-15 -4-89 
14.16 13.64 -1.24 

B 16.30 9-55 -9.52 4 

13.90 4.30 -0.02 
13.77 12.90 -5.70 
13-64 3.80 -4.36 
14-70 13.8Cb10.60 
13-40 7-50 -9.50 
13-77 3-10  -8.83 
11-19 11.30 -1.33 
10.80 10-70 -5.77 
11-00 6-60 -0.57 
10-00 10.73 -4.89 
L1.30 2-SF -0-02 
11.20 1-92 -4.40 
10.90 5-60 -9-20 
11-37 10.91-10-13 
14.eo 0.0 0.66 
14-25 1-96 -1.84 
15-38 4.60 -2.13 
13-94 4-30 -1.58 
12-61 4.00 -1.11 
15-39 5.50 0.01 
15-73 3.23 0.35 
15-59 2.89 -1-91 
14-30 2-29 Om29 



performance parameters i t  was apparent t h a t  a l l  the  parameters d i d  n o t  
opt imize a t  the  same f lap  se t t ings .  Clear optimums were noted f o r  each 
parameter and the  di f ferences had t o  be compromised t o  g ive  the bes t  
t rade-o f f .  Desi rable operat ion was def ined as simultaneously meeting 
these c r i  t e r i  a : 

Horsepower 

Max. Local Blade Angle of A t ' dck  - < 11.5 deg - < 12.5 deg 

Max. Out-of-Pl m e  Bending Moment - < 9 i n  -k ips  - < 9 i n  -k ips  

Pylon E x c i t a t i o n  - < 180 1b - < 260 1 b 

No. o f  I t e r a t i o n s  t o  Converge - c 10 - a: 10 

With these c r i t e r i a  the contour p l o t s  i n d i c a t e  t h a t  a t  C,/o o f  ,098, 

a small area o f  acceptable operat ion e x i s t s  a t  6, = 0'. This area 

grows l a r g e r  a t  more negat ive c o l l e c t i v e  s e t t i n g ,  then a t  6, = -6' 
- 

no des i rab le  area ex i s t s .  Def ining optimum as the  c o l l e c t i v e  w i t h  the  
l a r g e s t  des i rab le  opera t ing  range the parameters pay be t raded o f f  t o  
some ex ten t  f o r  f u r t h e r  improvement. A c o r r e l a t i o n  case based on the 
p r e l  i m i  nary model produced good c o r r e l  a t i o n  except f o r  the o p t i m i s t i c  
pylon e x c i t a t i o n .  Three add i t i ona l  cases were s e t  up t o  weigh the 
model i n  the  v i c i n i t y  o f  optimum. These cases were trimmed, added t o  
the data base ( t o t a l  31 cases;) and used t o  r e f i n e  the model. Tqble 3 
ind icates the r e s u l t s  o f  the p red i c ted  and actual  data obtained, As was 
the case a t  the lower dSsk loading, c o r r e l a t i o n  i s  e x c e l l e n t  w i t h  the  
except ion o f  the  f o u r / r e v  py lon e x c i t a t i o n  which i s  o p t i m i s t i c  f o r  a l l  
cases. 

A review o f  the ac tua l  pylon forces (Table 4 )  i nd i ca tes  t h a t  a l l  t he  
tr imned cases b u t  27 exceed the  - +I80 l b  c r i t e r i o n  establ  i shed f o r  our  
modeled p l o t  program boundary. The general t rend toward a reduced 
pylon e x c i t a t i d n  force moving toward the  lower p o s i t i v e  &is and t o  zero 

c 
t h a t  was obta ined f o r  the lower C,/o was maintained a t  t h i s  l e v e l  

(F igure 9). The r e s u l t s  o f  t he  f o u r  cases i n  the p red i c ted  optimum area 
(60 = -2.5 deg) would i n d i c a t e  t h a t  t h i s  region would g i ve  the minimum 

pylon l oad ing  o f  5 0 0  1b and main ta in  acceptable values o f  the o the r  
r o t o r  parameters. Co l l ec t i ve  l e v e l s  o f  -3  deg and -5 deg do produce 
lower py lon loads b u t  a pena l ty  o f  h igher  bending moments and horsepower 
i s  imposed. 



TABLE 3. MFS CONTROL STUDY MODEL PREDICTION VS ACTUAL TRIM DATA 

Rotor Parameter 'la1 ue Model 

Rotor HP 1 786 783 1 

Four/Rev Pylon 
Exc i ta t ion - +/- l b  

W 
w Max. Local Blade 

Angle o f  Attack - deg I 11.0 10.9 

197 168 

P i tch  Horn Col lec- 
t i v e  - A. - deg I 15.15 15.82 I 

Out-of-Pl ane Bending 
Moment - I n  -Kips 
p/ P 9.1 8.9 

P i  tch Horn - F i r s t  
Harmonic Input B1S - 
deg 

Cz/o = .098 

QR = 61 3 fps 

4.34 4.35 

P i tch  Horn - F i r s t  
Harmonic Input A1S - 
deg 

Case 27 I Case 28 I 

-1.72 

Actual Actual 
Tri'm Trim 
Val ue 

- I 
-1.86 

~ 
Case Z9 

I 

1 Actual 
Trim 

1 Value Mode 1 

I 
I 

1 98 169 

78 7 78 3 



TABLE 4. MFS CONTROL STUDY, SCMMARY OF CTR OPTIMIZATION 

C E S E  F L I P  INPUTS -DEG4EES E Y  LON 
't 3 EXC ITATION 

00 D1S D l t  D2S D2C 535 D3C L74S D4C */- LPS 

UORSEPOWFR OP SENOTNS SAX L3CAL PITCH HORN INPUT 
WOXEN t ANGLE O F  OEGQEES 

*I- IN-L8S AtT ECK-DEG A0 BIS A1S 



The f i n a l  CTR d isk  load ing of C,/o of .I06 was developed concur rent ly  

w i t h  the 12500 1 b r o t o r  loading and f ~ l l o w e d  the  same phi losophy on 
op t im iza t i on  (Table 5). R e s t r i c t i v e  models (Equation 4) were used t o  
p r e d i c t  t h e  optimum d i r e c t i o n  o f  f l ap  contro ls .  The con t ro l  ma t r i x  was 
f i l l e d ,  cases trimmed, contour p l o t s  constructed and an area o f  des i rab le  
operat ion defined. For the  predicted region o f  op t imiza t ion ,  addi t iorra l  
cases were selected and trimmed t o  c o r r e l a t e  and update the models. 
Refer r ing  t o  Figure 10, do = -4 deg appears t o  be the best  c o l l e c t i v e  

l e v e l  t o  operate. Lower py lon loads can be obta ined a t  do = -3 deg 

b u t  the horsepower and bending moments become excessive. A pylon 
e x c i t a t i o n  o f  +250 l b  appears t o  be a r e a l i s t i c  l i m i t  a t  t h i s  d isk  
loading. This-is re in fo rced  by the good c o r r e l a t i o n  obtained f o r  a l l  
the  parameters (Table 6). 

I t  has been observed t h a t  t h e  number o f  i t e r a t i o n s  t o  converge depends 
on the f l a p  cont ro l  i npu t  being trimmed t o  a p a r t i c u l a r  f l i g h t  c o n d i t i ~ n .  
A t  12500 It r o t o r  l i f t ,  t he  number of i t e r a t i o n s  t o  converge was ex- 
p lo red  f o r  22 t r i m  cases over  a wide range o f  e t r l l ec t i ve  and c y c l i c  f l a p  
se t t ings .  

Using t h e  mathematical model developed by SURGEN contours f o r  11, = 6. 

8, 10 and 12 were p l o t t e d  f o r  c o l l e c t i v e  se t t i ngs  o f  0°, -lo, and -3". 
I t  was found t h a t  optimum performance areas un i fo rmly  l a y  w i t h i n  n, < 10 

contours. If q, i s  a measure o f  s t a b i l i t y ,  i t  seems t h a t  s t a b i l i t y  should 

n o t  const ra in  performance cperation. Therefore, t h i s  parameter was n o t  
considered f o r  the mu1 t i c y c l  i c  study. 

M u l t i c y c l i c  Flap Inputs L 

The m u l t i c y c l i c  i n v e s t i g a t i o n  was performed a t  c 7 / o =  .090, v = .333 

(120 knots) since 134 o f  the  157 trimmed cases &re a t  t h i s  r o t o r  load ing 
(11500 l b ) .  This d i s k  loading al lows d i r e c t  comparison w i t h  the  CTR 
evaluated a t  t h i s  l e v e l .  

The co i  l e c t i v e  range o f  0° t o  -4" o f  the  o r i g i n a l  s i x t y  randomly selected 
cases was extended t o  inc lude both the  -6" and -8" reg ion when e a r l y  
trends ind i ca ted  p rom~s ing  r e s u l t s  w i t h  more negat ive c o l l e c t i v e .  The 
-8" l e v e l  was discont inued when the four / rev  py lon e x c i t a t i o n  loads 
der ived a t  t h i s  c o l l  e c t i v e  s e t t i n g  proved extremely high. 



TABLE 5. HFS CONTROL STUDY I4ODEL PRECICTIONS VS ACTUAL TRIM DATA 

F, = 13500 I b CZ/o = .lo6 

Fx = 907 lb  RR = 613 fps 

I Case PI I Case ~2 1 case ~3 I Case P4 

Four/Rev Pylon 
frct tation - +/- Ib ( 252 203 231 1242 1 8 8 ~  218 1 234 177 205 1 238 192 21 9 

Rotor Parameter 

W 
Rotor HP 1 820 809 815 1818 806 812 1816 805 812 1819 808 81 4 

m 
Max. Local Blade 
Angle of Attack - deg I 12.5 11.9 12.2 1 12.1 11.5 11.9 1 11.8 11.3 11.1 12.2 11.5 11.9 I 

Actual 
Trim Ini t ia l  Revised 
Va'lw Model Model 

Actual 
Trim Ini t ia l  Revised 
Value Model Model 

Out-of-Plane Bending 
Momnt - In.-Kips 
P/p 

Actual Actual 
Trim 
Value Model 

Pitch Horn Col lec- 
t ive  - A0 - deg 

.Pitch 'Horn - Fi r s t  
Harmonic Input BIS - 
deg 

9.3 8.9 9.1 

P'tch Horn - Firs t  
Harmonic Input A I S  - 
deg 

15.70 15.35 15.57 

4.02) 3.69 3.88 

9.5 9.1 9.4 

-4.12 -4.11 -4.11 - 

15.73 15.39 15.61 

3.56 3.24 3.42 

9.9 9.4 5.6 

-3.50 -3.48 -3.49 I -2.90 -2.87 -2.88 
- 

10.0 9.5 9.7 

15.78 15.45 15.67 

3.14 2.82 3.01 

-3.95 -3.94 -3.94 

15.74 15.38 15.61 

3.03 2.70 -2.30 



TABLE 6. MFS CONTROL STUDY, SUMMARY OF CTR CONTROL OPTIMIZATION 

-,-- c..-.= F L h p  INPUTS -CEGPEE: PYLON 

\2 EXCITbT lGN 

OO CIS D l t  325 32C C3S D3C 045 D 4 C  +1- LSS 

HDRSEPC3YER OP B L l D I Y G  * A K  LOCAL 

YOPE'YT ANGLE ;F 

+I- 13-1-8s CTT4ZK-DES 

9. 
11. 
12. 
9. 

11. 
I@. 
LO. 
12. 
8. 

11. 
11. 
9. 

10. 
9. 

10. 
11. 
10. 
9. 

9. 

9. 

1:. 
11. 
11. 
1C. 
i L. 
9. 
9. 

9. 
9. 

10. 
10. 
13. 



Due t o  the complexity o f  the system as a r e s u l t  o f  the add i t ion o f  the 
second and t h i r d  f l a p  harmonics, heavy emphasis was placed on the pre- 
d ic t ions o f  the ~nodels i n  se lec t ion o f  fu ture  cases. As was the case 
w i t h  the CYR segment o f  t h i s  study, the shear predictions o f  aa r l y  models 
were extremely opt imis t ic .  However, the trends indicated by these models 
were correct. A review of the case l i s t i n g s  (Table 7) showed a general 
reduction o f  pylon loads a f t e r  the f i r s t  s i x t y  cases. This was a t t r i bu ted  
t o  the weighting o f  the model toward lower pylon loads by the exclusion 
from the model o f  cases w i th  extreme values o f  t h l s  parameter as add i t iona l  
cases become avai 1 able. , 

A t  the 11500 1b load l eve l  w i th  f i r s t  harmonic f l a p  input  (CTR), i 150  l b  
o f  pylon exc i t a t i on  appears t o  be the minimum value obtainable when trade- 
o f f s  w i th  the other r o t o r  parameters are made. L is ted  i n  Table 8 are the 
18 trimmed cases w i t h  four/ rev pylon loads less than +I50 lb .  The 
majori  t y  o f  these cases are a t  a co l l ec t i ve  se t t ing  o?' -4' which corres- 
ponds t o  the most desirable co l l ec t i ve  f o r  the CTR a t  t h i s  load level .  
Res t r i c t ing  ourselves t o  the -4" l eve l  i t  should be noted t ha t  the s i x  
cases w i t h  the lowest pylon exc i ta t ion  loads have no t h i r d  harmonic f lap 
input. The two remaining cases have only the sine component o f  t h i r d  har- 
monic. Referr ing t o  Table 9, holding the co l l ec t i ve  and f i r s t  harmonic 
sine constant a t  60 = -4' and dlS = -2O, respectively, (no t h i r d  harmonic) 

the pylon exc i t a t i on  i s  reduced w i th  move pos i t i ve  f i r s t  harmonic cosine 
input  (cases 25, 27, B9, N7). As was tne case w i t h  the CTR baseline 
ro tor ,  a rsduct ion i n  pylon force was accon~panied by adverse e f f ec t s  on 
the other r o t o r  parameters. A drawback t o  the MFS appears t o  be i t s  
e f f e c t  on l oca l  blade wg1e o f  attack. I n  general, MFS induces higher 
loca l  angles o f  at tack than exh ib i ted by the CTR. The remaining c r i t e r i a ,  
horsepower, and blade bending moment are w i t h i n  the acceptable 1 i m i  t s  
established. By inspect ion o f  Table 9 the optimum operating po ip t  cor- 
responds t o  t r i m  po in t  17, The +94 1 b o f  pylon exc i ta t ion  i s  40 percen t 
lower than the minimum vdlue a t  The CTR optimum t r i m  pointr305 (+I42 l b ) .  
Operation a t  t h i s  speed and gross weight w i t h  a f i xed  second harmonic 
input  (6*, = 2'; 62c = - 2 " )  and no t h i r d  harmonic w i l l  produce acceptable 

resu l ts  w i t h  zero o r  negative f i r s t  harmonic input. The pylon loading 
i n  t h i s  cont ro l  range w i l l  be subs tan t ia l l y  below tha t  obtained f o r  the 
CTR. 

Tab1 e 10 i s  a comparison o f  the p i  tch horn controls, horsepower and 
bending moments obtained by the t r i m  program and the values predicted 
by our updated model. The cor re la t ion  obtained i s  good considering 
the small percentage o f  cases trimmed. 

A po in t  t o  stress i n  t h i s  study i s  t ha t  4.7 percent o f  a t o t a l  o f  2916 
possible f l a p  combinations were t r imred t o  generate t h i s  data, When 
experience i s  gained i n  the se lec t ion o f  cases and use o f  these models, 
t h i s  f i gu re  can be reduced. Two other po in ts  should be noted about 
resu l ts  of t h i s  study, 



TABLE 7. MFS CONTROL STUDY, SUMMARY OF TRIMMED CASES 

EASE F L A P  I N P U T S  -0EGFEES 
'4 3 

DO D l S  DlC D2S D2C 035 03C DCS D4C 

C /a = .090 
'RR = 61 3 f p s  

PYLON HORSEPOYER OP BENDING W A X  L O C A L  P I T C H  K l R Y  l tdPUt 

EXC I1 AT I O N  VOHENT AHZCE OF DEGREES 
t/- LBS +I- IN-iBS ATTACK-OEG 4 0  81s AlS 

21.8 
1z.a 
14.0 

8.6 

10.0 
16.6 
23.7 
21.6 
12.6 
13.0 
19.1 
10.1 
15.2 
12.6 
13.2 
13.3 
14. L 
21-5 
17. L 
15.2 
15.7 
16.4 
13.9 
15.3 - 
LC. 0 
11.6 
L7.8 
12.9 
21.0 
1T.O 
27.7 
13.6 
13.5 
22.a 
17.7 
14 .8  
25.6 
15.0 
25. 8 
13.7 



TABLE 7 (Continued) 

r . , ; ~  FLAP INPIITS -DEGREES PYLON HORSEPOWER OP BENDING n r x  L o c r L  PITCH HORN INPUT 
k 3 EXCCf AT I O N  l4OWENT AHGLE OF OEGQEES 

00 D1S D1C OZS DZC 0 3 5  03C 0 4 s  04C */- L8S 4- IN-LBS . ATTACK-OEG A0 81s AlS 



TABLE 7 (Continued) 

C A S E  FLAP INPUTS -DEGREES PYLON HORSEPOWER OP BENDING WAX LOCAL PITCH MORN INPUT 
\3 E X C l T A T I O N  HOMENI PNGLE OF DEGREF S 

DO 0 1 s  D l C  02s  02C 035 03C 0 4 5  04C +/- L8S 4/- IN-L8S . &'TACK-DEC A 0  B1S AlS 



TABLE 8, MFS CONTROL STUDY,  TRIMMED C A S E S  W I T H  FGIJR/REV PYLON 
E X C I T A T I O N  L E S S  M A N  OR EQUAL T O  +I50 L B  

-* 

N8* 97 7085 745 1 1 . 6 1 L O  144 7010 746 12.5 1 NO* 148 5100 779 13.5 

Z5* 144 6080 751 11.5 

W2* 132 6400 743 10.6 

N7* 69 6720 777 14.0 ; 

These cases have no t h i rd  harmonic f l a p  input. 

Bending Max. 
Pylon Parnent Local 

Case Load In.-Lb Rotor Angle 
No. ZLb p/ p HP 

Bending Max. I Bending Max. 
Pylon Nonent Local 

Case Load In.-Lb Rotor Angle 
No. ?lb p/ p HP Rq 

Pylon Morent Local 
Case Load In.-Lb Rotor Angle 
No. 3-b  p/p HP Deg 



TABLE 9. MFS CONTROL STUDY, SUMMARY OF OPTIi.1UM FLAP CONTROL REGION 



TABLE 10. MULTICYCLIC FLAP SYSTEM, SURGEN MODEL 6 VS 6F AIRLOADS 

SURGEN 

12.45 
13.75 
13.83 
17.03 
16.69 
15.33 
15.18 
15.19 
15.50 
13.71 
13.75 
13.35 
12.59 
11.84 
11.85 
14.46 
14.47 
14.38 
14.66 
13.84 
13.91 
12.99 

A1 S-Deg 
f 

AO- Deg 

4/Rev 
Pylon Load 
+/- Lb 

SURGEN 

-1.78 
-1.42 
-0.31 

0.23 
-0.02 

0 
-1.49 
-2.16 

1.02 
-2.46 

2.92 
1.53 

-4.11 
-3.89 

SURGEN 

3480 -1 3 700 
34 35 
4650 
41 40 
3945 
3525 
3995 
4335 
3599 
451 0 
3440 
3650 
4505 
4005 
351 0 
3535 
3500 
3820 
3845 
3575 
31 90 

B1 S-Deg 

Bending 
Moment 

+/- In -Lb 

SURGEN 

248 
196 
I 5 6  
277 
238 
191 
189 
176 
223 
142 
183 
190 
135 
313 
126 
137 
135 
126 
149 
133 
148 
130 

6F SURGEN 

7.78 7.99 
6.51 6.64 
6.63 6.63 
4.10 3.93 
6.28 6.39 
5.37 5.22 
7.62 7.96 
5.00 4.93 
5.64 5.67 
6.38 6.23 
8.21 7.69 
9.93 9.78 
7.97 7.75 
6.21 6.58 
8.54 8.76 
8.49 8.02 
8.47 7.85 
8.23 7.67 
8.78 8.17 
6.26 6.27 
8.95 8.79 
9.29 8.95 

6F 

237 
242 
144 
289 
204 
21 7 
116 
212 
272 
147 
373 
236 
127 
360 

6F 

3270 
3825 
3505 
4670 
3600 
3810 
3550 
4150 
4575 
3635 
5230 
3415 
3625 
4700 
3905 
3545 
3995 
3535 
4435 
4190 
3630 
3230 

6F 

-1.79 
-1.40 
-0.35 

0.25 
-0.05 
-0.06 
-1.41 
-2.20 
0.99 

-2.50 
2.83 
1.50 

-4.13 
-3.85 
-4.23 
-0.39 
-1.52 
-2.49 
0.60 

-3.65 
-4.06 
-2.81 



A rev iew o f  t he  harmonic content  o f  the blade r o o t  shears used t o  c a l -  
c u l a t e  the four / rev  py lon  e x c i t a t i o n  i nd i ca tes  tha t  the l a r g e s t  component 
i s  con t r i bu ted  by the  f i v e l r e v  in-p lane component. The f i n a l  i tem t o  
no te  i s  t h a t  f o r  the cases w i t h  low py lon  loading, the blade l o c a l  angle 
o f  a t tack  reached a peak i n  t he  .6 t o  .7 nondimensional b lade s t a t i o n  
area. For the m a j o r i t y  o f  cases the  maximum angle occurs i n  the inboard  
reg ion  o f  the blade (.4) and i s  reduced toward the  t i p .  This i n d i c a t e s  
t h a t  dual con t ro l  i n p u t s  can produce the i dea l  t o rs iona l  shape t o  reduce 
r o t o r  parameters t o  l e v e l s  n o t  poss ib le  w i t h  the s i n g l e  input .  

When i t  was found t h a t  a reduc t ion  i n  v i b r a t o r y  pylon load ing  cou ld  be 
obta ined w i t h  on l y  t he  a d d i t i o n  o f  second harmonic, a cursory check was 
made o f  the combination o f  second and four th  harmonic on t h i s  parameter. 
Tr im case B9 which had the minimum pylon load ing  (+73 l b )  was repeated 
w i t h  f o u r  combinations o f  four / rev  s ine and cosine-components. For these 
f o u r  cases i nves t i ga ted  a l l  o f  the  r o t o r  parameters exceeded the  values 
obta ined by the o r i g i n a l  case (Table 11 ). 

I n  a d d i t i o n  t o  CL/o o f  .090, 23 cases were trimmed a t  12500 l b  (C,/o = 

.098) o f  r o t o r  l i f t .  A l l  o f  the  cases a t  t h i s  load l e v e l  had f l ~ p  c o n t r o l  
i n p u t s  se lec ted  t o  correspond w i t h  cases a t  C,/o o f  .090 t o  permi t  d i r e c t  

comparison o f  the two l oad  leve ls .  Table 12 i s  a l i s t i n g  o f  the trimmed 
p i t c h  horn c o n t r o l  and r o t o r  parameters a t  t h i s  d'isk loading. The f i r s t  
t en  cases se lec ted  a t  the  h igher  r o t o r  load ing  were those w i t h  the  lowest  
py lon loadings t o  date. A l l  o f  the parameters except py lon e x c i t a t i o n  
e x h i b i t e d  an increase; i t  displayed a random pa t te rn  o f  nonuniform i n -  
creases and decreases. The remaining cases run were grouped a t  increased 
b u t  s i m i l a r  py lon load2 t o  ascer ta in  i f  a t rend could be noted a t  each 
l e v e l .  The resu l  t a n t  py lon exc i  t a t i o n s  were randomly sca t te red  and i n -  
d i ca ted  no d i  scerrri b l e  pat tern.  

A check o f  the cases a t  12500 l b  r o t o r  l i f t  (27, B9) t h a t  correspond t o  
the optimum area a t  11500 l b  reveal t h a t  a l l  r o t o r  parameters a r e  w i t h i n  
t h e  acceptable range def ined f o r  the CTR. Since no attempt was made t o  
model and opt imize  the dependent va r i ab le  a t  12500 lb ,  the  values shown 
may n o t  be the minimum obta inab le  a t  t h i s  d i sk  loading. 

An at tempt was made t o  expand the model by making gross weight a dependent 
var iab le .  This  e f f o r t  was no t  successful because o f  the  s p a r s i t y  o f  data 
a t  var ious l e v e l s  o f  gross weight. 



TABLE 11. MFS CONTROL STUDY, EFFECT OF FOUR/REL FLAP INPUT ON ROTOR PARAMETERS 

C,/G = .090 

2 R  = 61 3 fps 

Flap Input - Deg 
Bending Max. Blade 

Pylon Moment Local Angle 

6 
Exci ta ti on In -Lb of Attack 

+Lb &IS & l c  S2s 62c 63s 63c 4~ 64c - Horsepower p/p Deg 



TABLE 12. MFS CONTROL STUDY, SUMWRY OF TRIMMED CASES 

F, = 12500 l b  Cz/o = -098 

V = 120 k t  = .333 

RR = 613 fps 
OP 

Flap Inputs - Degrees Pyl on Bending Mcx, Local - P i t c h  Horn Input  
Case E x c i t a t i o n  Momnt Angle o f  Degrees 
Mo. DO D1S D1C D'LS D2C D3S D3C +/- lb H P +/- i n  -7b Attack-Deq A0 B1S A1S 



CONCLUS IONS - 

For the  l i m i t e d  scope of t h i s  study which was r e s t r i c t e d  t o  a fou r  bladed 
dual c o n t r o l  r o t o r  a t  one gross weight (11500 I b )  and one forward speed 
(120 knots ) :  

1. The a d d i t i o n  o f  second hurrnonic f l a p  i n p u t  reduced the f o u r l r e v  
py l  on exc i  t a t i  on loads 40 percent. 

2. T h i r d  and f o u r t h  harmonic f l a p  i npu ts  appear t o  negate gains produced 
by second harmonic i npu t .  

3. I n  general,  f i v e / r e v  in-p lane r o o t  shears p r o d ~ ~ c e  the l a r g e s t  con:- 
ponent o f  py lon  exc i  t a t  ion. 

4. Resul ts  o f  model i n g  o f  r o t o r  parameters and p i t c h  horn con t ro l s  
produce excel l e n t  trends and good c o r r e l a t i o n  w i t h  o n l y  a small 
percentage o f  cases trimmed. 

Tnis s tudy  should be expanded t o  ascer ta in  the e f f e c t s  o f  the fo l l ow ing :  

1. A n a l y t i c a l  

a. Gross Weight 
b .  Four/Rev 
c. Advance Rat io  
d. Number o f  Blades 
e. Can Models be Expanded t o  Inc lude Gross Weight and 

Advance Rat io  
, . 

2. Test V e r i f i c a t i o n  o f  Ana ly t i ca l  Results 
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APPENDIX A 

L I S T I ~ G  AND EXAMPLE RUN QF BASIC  PROGRAM TO CALCULATE 
ROTOR PYLON EXCIT ING LOAD "SHEAR" 



MFS STUOY 

F L'N 
CALCULATIOW OF PYLON EXCITATION FORCES 

s;:FkRCI CASE 17 FZ = 11 5 0 0  LB, V = 120 KT 

P F t b F k ~ " * d W ~ E P 6 *  - kP C i S F  
F f S % V F Z  E L F L E  R a J f  SKEPRS 7NTa Y Y L W  hXC;1C1 ;;N FJLCFS 

C ~ S E  ;CENT : ?33C1 27 TJRIQINM FAtitZ !(1 

C 5  Y C l l  u ~ S W  7G TAEVLATE PEW3NSES CY JR N) ?Y ai& rn @w4'.Tv 
Nlh4E'ER JF F L F l j T S  ? 4  

~ N P ~ I T  CaeFF 'T '  FNTS PS FatiawS I 
V € F T : C P L  4 P fir& 7 3  
;,-lhb 1-12 . ' 

;NIPLANE 3 P R E A L  1 - 1 6  
7i4fU 7-E 

s r NEAL 124 
:t4kli 7 - 2  . i 

VFGY 

KUE V:EEPfORY 4 PER REV SHEARS 



APPENDIX B 

FORTRAN LISTING OF SURGEN 

T h i s  program f o r  use o f  IBM 360/40. "MODEL" i s  the forn  o f  Equat ion (4 ) .  



R F I L  M I  
O l l ~ F ' ~ : I l l Y  t 0 0 ) , 1 5 1 1 F ( 2 ' j 3 , C 5 1 ~ t t 4 4 1 ~ V 1 4 4 1 ,  

1 0 ( 4 4 . 4 4 ) ,  P( ' * IoC4)  , G t b l l , H t 6 4 ) ~ A f i S 1 ( 4 4 I  
2 , 1 ( ' ~ ! C t 2 9 0 t l 5 I  
3 e l ~ ~ A D l 2 3 t . ~ l  l i E S i I 5 , 5 I  

5 F n P V n r ( 1 r l  , I / / I , I O X , ' S U P T , F ? I * * C * I  GFt.ICPATFS 4 PFSPO11SF )44 'CIK 1 7  f I T  
I A S E T  OF D A T A  P f l l N r S * I / l  

N O A l P l  = NQ OF O P T A  P C I H T S  ( C A S f S I  
NO W COLUMNS TO O E  R t A O  
NVAR = NO OF V A R I A B L E S  T O  BE F I T  

! L E F T  N 3  OF l T E H S  T O  BE H O O E L L F 3  

NHOD * I 
M O D E L 1  = M U L l l C V C L l C  C O N T R O L  T H R U  T H l R O  H A R M O N I C  

N'IO,O = 2  ! M O D E L 2  = C T R  O O , O I S * O I C  
C  

0 0 1 1  
0 3 1 2  
0313 
O J l 4  
0315 
3 1 1 6  
0 3 1 7  
0 3 1 8  
0 5 1 9  
0 0 2 0  
OJ?! 
0 ) 2 2  
O J 2 3  
O ? Z 4  
0 2 2 5  
>A20 
1 ' 3 2 7  
OJ28 
OJZ9 
0 110 
O J 3 1  
I ,-# 8 2  
3 G 3 3  
0 5 3 4  
0 5 3 5  

10 F O R M A T l 8 l l O I  
l N O E X = l  
WOUNT=O 
DO 7 0  I * l r N O A T P T  

2 0  R E b 0 ( 1 , 3 0 1  I l l l r ; l r J * l r N C O L S )  
3 0  FORWAr lOF!O.Z)  

00 25 I = l r N D 4 T P T  
DO 7 5  J = l , N C O L 5  

25 Z f l R l G t l r J l * Z f l  t J I  
Z I . N D A T F T  
I Z = N i r l L S  
N*NtdAS 
N l - N V A P t l  
N Z = N V A R b 2  

3 5  00 3 1  I a l r N D b l P T  
00 3 1  J = I , N Z  

3 1  F I I , J I * L . O  
H R l T E t 3 ~ 5 1  

U R l T E 1 3 r 5 1 6 I  
5 1 6  F O R M A T I I / I  

U R I T F ( 3 , 5 0 5 )  H E L O  
C i l  fCl 1 1 3 . 4 5 l t ' 1 l P f l O  

4 0  C h L L  Y l ' D E L I ( F r L P R l G , N D L l P T ~ I N D F X  I 
GLI 10 4 6  

4 5  C A L L  MODFL2(FrLORIC~NDblP~~INPCI1 



! 1 5  f ' I ' q A l ( 1  I* t l / d e e r S r  V / . k U f e ~ / e U v * l ~ l l '  l t t f $ C f  ~ ~ ~ < ~ * f l i d C f ' l I * ~ ~ ~ K v * t ) ? @ e  

l ~ , x , ' l ~ ~ s ' . l ~ x , ' , ~ l ~ * / I  
cru rn 1111 

1 4 1  k ; l T I  ( 3 . 1 8 4 )  
t ~ ~ ~ q t r 1 1 1 1 * . ? 7 ~ , * r ~ r  v ~ t ~ ~ ~ * . ~ ~ ~ . ~ ~ ~ ~ ~ ~ ~ o ~ ~ , ~ r * ~ ~ , ~ , ~ r ~ ~ ~ ~ c v ~ ~ ~ ~ ~ ~ ~ n ~ ~ ,  

l b ~ ~ e i l l S ' ~ h ~ ~ a  ~ 1 C * ~ 5 ~ ~ @ l 1 ~ ~ * ~ ~ ~ o '  ' ? C o t  ~ K , * L ~ ? ~ * , l ~ K 1 * l ) ~ C ~ / l  
I R T  r2.7.0 

l7n InJ  JPI . N n r r r r  
58-0.0 

nr1 1 9 0  1 *I ,hi1 
1 9 0  SO*SllbFt J +  0 * 4 t 1  I 

I ? * l ? b l f  t J * N Z l - % 7 / l t ) * * 2  
50. $3-F I J e  hZ I 
IO*SO* l f i J .  /) t J * N t I  
MRl l F (  39'0OI J e f  ( J ~ N ? I ~ S ~ V S ~ ~ ~ O ~ ( Z O R I G ~ J ~  J J I ~ J J J I . Y C T ~ I  

1 8 0  I l J , I ) = S O  
200 FllU'(hTI 1 \ O ~ ~ Z D . ~ ~ Z F ~ ~ . S I T \ : . ~ ~  IP8.2/1 
2 1 0  ~ ~ ~ R ~ ~ ~ I / / / / / ~ Z O X I * A N ~ L V S ~ S  Of  qFSIOUALS*) 

NIF  RO*NPAtPT-I 
nCl 250 I *I rNZERC 
M=I 
HN.1+1 
0 0  ?bO Jhi4MrNOATPT 
I f t I ( M e I l - I ( J , L I  I 20012b0.270 

210  MmJ 
2 6 0  CONTINUE 

IF14 .CQ. I t  GI1 TO 2 5 0  
* r * l i n e i t  

I I M t I I = ? ( I  e l l  
Z I I . l I = P I  

2 5 3  CONTINUE 
S.0.0 

52-0.0 
00 200 1.1 .NOblPT 
S * S * L ( l * l I  

2 8 0  S 2 = 5 2 * L ( I * I l * * Z  
M I  - S t 2 1  
~ ~ ~ ~ l * 5 2 - s * s l l ~ z l * t l 1 - l . l ~  
O=SPRTIV l  
U R I T F t J v 3 0 0 I  SeS2vMlrV.D 

7 0 0  F O R ~ A l ~ 2 3 K ~ * S U Y ~ @ F 1 5 ~ 4 I Q I ( e * S U r l  OF SQUbRFS*'FL5.4/13KreHEAY V4LUEum 
I F 1 S . 4 r l 1 l  S X ~ ~ V l W l b N C E = ~ ~ F 1 S . 4 / ~ 5 X ~ @ S T A N O A I ~ I ~  Of  V I A T I O N - #  F 1 5 . 4 I l  , 

D U = S O ~ r t ( H I / O t I I  I * * Z l  
IF IDLI - -011 1 5 J r S h 0 1 3 6 0  

160 R ( l I * B t l l - P I  
CONSTI =CONSTI-HI 

C : TO 1'45 
3 5 0  P % J w l l l . - S 2 / T 2 I  
310 tPRM4Tt51.*MUCT CCRR C0€fF=*F6.31) 



9336 
0 )  37 
0 0 l R  
00 39 
Ju40 
0 3 4 1  
OJ42 
0043 
0044 
OD45 
U 146 
C347 
004R 
0049 
0 3 5 0  
0.151 
0 0 5 2  
"753 
0 0 5 4  

' 0 0 5 5  
0 0 5 6  
005 1 
0058 
OOSY 
0 0 6 0  
08J 6 1 
3362 
0063 
0 0 6 4  
0 0 6 5  
OJbb 
0 0 5 1  
0 0 6 9  
0 0 6 9  
0 0 7 0  
0 0 1 1  
0 0 7 2  
0 0 7 3  
0 0  I4 
3 0 7 5  
0 0  16 
0 0 7 7  
0 0 7 8  

, 0 9 7 9  
OD80 
908 1 
OSs2 
0 0 8 3  
OJ84 
OOflS 
0 3 8 6  
OOPT 
OOAR 
0089 

4 6  6 'IJrJ r*KOUN T l l  
n -  32 1 4 1 , h l  
DC' 3 2  J * l r h l  
Q ( I  r J l a O . 0  

32 P I I , J I = O . O  
on 34 1 ~ 1 , h I .  
VI11=0.0 

34  B(O=O.O 
DO 36 1.1 ,N2 

36 X I I ) = I . O  
0 0  55  1 - 1  sND4TPT 
0fl 55  J a l  .NCflLS 

5 4  Z ( l t J I = L C P I G t I  , J l  
55'0.0 
Sb.0.O 
S7=0.0 
OO 6 6  L m l r h D A T P l  
DO 7 0  I * Z r K Z  

7 0  Y I I l = F I L r I  I 
DC PO l = I r N I  
DL' UO J = l , K l  

9 0  P f l  r J J = P l I * J l * X I I l * X l J I  
0 0  V ~ ! l * V t I l * X I I I * ~ t N Z ~  

S I * S ~ * X I N Z I  
6 0  SS=SS*X(NZ ICX(N2)  

L ( l a p l l r l l  
S 2 = V I l l  
00 1 DO 112 ,N1 
11.1-1 
S l = P I l . l I  
S 3 = V ( I  8 
S * = P t l  r l  I 
A *s3-SI * s t  
BB=~MI * S ~ - S I  *SI I * ~ n t * s s - s z * ~ z ~  
R A T l O ~ b 1 S 0 R T t 9 8 l  
ROUND= ItRATIO*l0~0.+.5~/1000.l 
H U I T E f Y r l l O )  Ii rRClJN0 

1 1 0  F O S M A t I 5 X ~ @ F A C ~ O R @ ~ l 3 ~ ' I X s ' C O R R F L 4 l l O N ~ * s F 6 ~ 3 l  
1 0 0  t ( I I l = A  

CALL MATINV(PrO~C.NGsEI1~ 
C4CC MTRXWP(N\ r N I  .1 e O . V s R . 0 )  

u ~ l r ~ t 3 . 1 2 0 )  
3 2 0  F O Q M A l t / ~ 2 O X s s C O E F F I C I E N V S  OF RFST L I N E I R  F I T s /  I 

DO 1 3 0  I s 2  .Nl 



\ C R U t I U \ I N I  H I I I L I V  lA.'AIC,hl,,YRL1 
D l *  NT l f ih '  4 I 6 6 r t . S I  * I b C Y ( 4 4 I t I C f l  l ~ 4 l ~ & l 4 ~ o r C 4 l r C O o 4 ~ 4 1 l ~ F I 4 4 ~  
NC=O 
N&NR(L 
nuhi*!  

no T I=I,Q 
I R f l ' d l l l ~ l  
I C P l l 1 l . I  
no 1 ,191 ,N 

? R l l  r J l = I P I  r J I  
on 2 0  K.\.h 
I L A W * R l * , K l  
0 0  1 0  I * l * k  
0 0  1 0  J=U,h 
I F (  A B S l H l !  ,JD I - A O S ( 4 U 1 1 I l 1 0 r 9 r 9  

9 4 H P I = R ( I  ,Jb 
I C - l  
J C * J  

1 0  CONTINUE 
h l = I C f l l l n l  
I c a t ~ K ~ - ~ c c t . ~ t c ~  
ICOL1ICI .U I  
K I  - I I O Y l K t  
I R Q U I K ) = l R C # l J C I  
I u c > r (  JC)=UI 
I f  t4t '&KBt1,12, \1 

1 2  N(,-9 
r,o ro 3 0  

I \  DO I 4  J-1.N 
E * R o ( r J l  
B ( K r J J w B ( I C r J 1  

1 4  R I I C r J I ' E  , 
DO 1 5  I * l r N  
E = H l I * I O  
R l I  r K ) = R I I  * J C I  

I 5  R ( I r J C l * E  
0 0  I 6  I-1.N 
I F I I - K I I  6,17.18 

17 F l I ) = l  
GO TO 16 

1 8  F I I I - 0  
16 CONTINUE 

P V l * B l K r K #  
DO B Jm19N 

0 O ( K r J 1  * R I k , J l / P V T  
F ( K I = f * : K I I P V I  
00 1 9  I * l t N  
I F 1  I - K I 2 l r I V r 2 1  

21 A M U L T = B l l  ,Kt 
00 2 2  J s l r N  

2 2  R ( 1  . J ) - B ( I  ,J)-hMUCT*rPtK*Jt 
F I I  I w F I I  I -BUULl . f4UI 

1 9  CONTINUE 
0 0  20 I.1.N 

2 0  R I I r K b * F l I l  
nrl z s  t - l . h  
DO 26 L * l , h l  
1 F l ! R 3 U l l  l - L I 2 4 t 2 3 r Z 4  

24 CflNTIYUE 
23 0'1 2 5  J = l r N  
2 5  C t l  ..))=HI1 rJ) 

00 2 h  . I = l r N  
DO 2 8  L-1.h 
I r I I 6 0 C I J l - L l Z d r Z V 1 2 0  

Z t l  CCNTIIJUF. 
2 9  013 26 I a 1 r N  
26 O l l  r L l ~ C l l  r J )  
30 RCIURN 

E NO 



O A T F  0 4 / 0 5 / 7 6  T I M E  1 ~ . 1 8 . 5 8  

C 55VFN I S  THE YO. CF COhlRCLS OF SFRVO FLAP 
2 2 5 1  N = K + ?  



S ~ ' ? n l r r l  hf  MO.)Fk?(F,?rlyr)AlPlv INOFXJ 
OI* tcsrntr r 1 2 , 1 ? , s s 1  , t 1 z o o , l 5 1  
cn rn t i . t t  . I ~ J O E #  

1  N.0 
2  oa l o  I = i ~ h o r r P r  

FLI . L l . L ( I  11) 
FII  1 3 l . L t l  r2) 
F ( 1  , 4 ) * l t l  * 3 )  
F ( I  . 5 I * C l I  ,B) 
F 4 1 , b c - l t l  vlb**Z 
F ( 1 , 7 ) * 2 4 1  ~ 2 1 * * 2  
F l l r A l * L l I  .3)**2 
F ( l r 9 ) - 1 1 1  * l3)**2 
C ( l , l O ~ ~ Z l I ~ l ) * Z ~ l t 2 J  
F ~ 1 ~ 1 1 ~ ~ ~ ~ 1 ~ 1 1 * 1 1 1 v 3 ~  
?(I  v l ? l ~ Z l l  * 2 l * t ! l l * 3 J  

10 F ~ l v l 3 l ~ C l l ~ ~ ~ * Z ~ l v 2 ~ * Z l ~ ~ ~ ~  
~ h r r c ~ - t  
K.K* l  

c r tcs~t  1s THE NO. CF CONIACLS OF S F R V O  FLAP 
N=K+3 
00 20 I=t.hOLTPT 

2 0  F I I  , l G l = L t I v N l  
R E  It!bdN 
END 



APPENDIX C 

REPRESENTATIVE VARIABLE INFLOW, C,/o = .098 



TABLE V I  11. VARIABLE INFLOW Cz 10 = .098 
LAseCJA X 100 

RADIbL STATIOY 

P S I  12.;J 53.65 67-20 100.80 134.40 168.00 201.60 235.20 252.20 275.00 280.00 304.50 309.50 319.20 325.92 336.09 

LOMDDA I S  RCFESENCEO 10 SMAFT PLbNZ AND I S  POSITIVE UP lHROUGH ROTOR 
CKECK P O I X I  1 TAKEN. 
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APPENDIX D . Yi3. 
*ON 

BASIC  L I S T I N G  OF MODEL4 

This pragrar~l was used t o  t e s t  a l l  f l a p  input  combinatins used i n  our 
study. Only those control  set t ings t h a t  met our c r i t e r i a  at./,! p r i n t e d  
f o r  f u r t h e r  consideration. 



MODEL USED TO DEFINE CONTROL INPUTS FOR 

VIBRATORY HUB SHEARS 

READ AO, A l ,  A2, A3, A4, A5, A6, A7, A8, A9 
READ 08, 01, 02, 03, B4, B5, B6, 87, E8, B9 
READ CO, C1, C2, C3, C4, C5, C6, C7, C8, C9 
READ DO, D l  , D2, D3, 04, 05 
FOR I t 0  TO -6 STEP -2 
FOR J=2 TO -2 STEP -2 

\ p ~ ~ ~ d  

FOR K=2 TO -2 STEP -2 
.>Gfl" Q ' f ' f .  

FOR L=2 TO -2 STEP -2 
: p-oos 

+ g" 

FOR Mr2 TO -2 STEP -2 
FOR M=2 TO -2 STEP -2 
FOR 0=2 TO -2 STEP -2 
Z=AO+A1* I+A2*J+A3*K+A4*L+A5*WA6*N+A7*O+A8+1* I+A9*1 *J+BO*I*K 
Z=Z+Bl*I*L+B2*I*M+B3*I*N+B4*I*O~~B5*J*J+B6*J*KtB7*J*L+B8*J*M 
Z=Z+B9*J*N+CO*J*0+C1*K*K+C2*K*L+C3*K*M+C4*K*N+C5*K*O+O6*L*L 
Z= Z+C7*L*M+C8*L*M+C9*L*O+DO*M*M+Dl *M*N+D2*M*O+D3*N*N+D4*N*O+D!J*O*O 
I F  Z>200 THEN 130 
PRINT USING 120; I, J, K, L, M, N, 0, Z 
IMAGE 7(20, ZX), 40, 20 
NEXT 0 
NEXT N 
NEXT M 
NEXT L 
NEXT K 
NEXT J 
NEXT I 
PRINT LIN(2) + 

GOT0 5 
REM ROOT SHEAR 
DATA 410,52,34,11 ,52.35,-5.79,25.77,8.03,53.59,-61455,875) CoefP 
DATA 6.07,7.06,-7.71 ,-I ,714,-2.927,-7.27,7,18,-3.31 ,5.35 
DATA 11.04,3.09,-6.48,10.76,-13.49-1 .93,9,28,1.49,-1 .8 ca 1 cu- 
DATA 13.17,-18.71,-13.29,-.56,3.48,40.78,-11.26,Zl *03 1 as 1 ated 

by 
SURGEN 

Note i n  Statement 105, hub shears are l i m i t e d  t o  values below 200 lb ,  
i,e., only those con t ro l  inputs y i e l d i n g  shears i n  t h i s  range are 
p r i n t ed  out. 



CTR 

MFS 

a 
max 

B 

P f l  
.IP'@ 4 

""@& Q 
LIST OF SYMBOLS : k- - 

general i zed c o e f f i c i e n t  

c c ~ l  l e c t i  ve $ i  t c h  horn input ,  deg 

l a t e r a l  p i t c h  horn con t ro l  input ,  deg 

l ong i tud ina l  p i t c h  horn con t ro l  i npu t ,  deg 

out -o f -p l  ane bending moment 

f o r e  and a f t  r o t o r  force c o e f f i c i e n t ,  p o s i t i v e  forward 

v e r t i c a l  r o t o r  fo rce  c o e f f i c i e n t ,  p o s i t i v e  up 

Control l a b l e  Twis t  Rotor 

f o re  and a f t  r o t o r  force, l b  

l a t e r a l  r o t o r  force, l b  

v e r t i c a l  r o t o r  force, 1  b  

he1 i c o p t e r  gross weight, 1  b  

r o t o r  horsepower 

Mu1 t i c y c l  i c  F lap System 

bending displacement, i n .  

r o t o r  rad i  us, ft 

distance from r o t o r  hub t o  a  blade s t a t i o n ,  f t  

v i b r a t o r y  py lon e x c i t i n g  load, l b  

airspeed, k t  

any o f  the  f i v e  r o t o r  parameters o f  the  MFS study 

angle o f  a t t a c k  o f  blade element, deg 

maximum blade sec t ion  angle o f  a t tack ,  deg 

f l a p p i n g  response measured up from s h a f t  plane, deg 

t o t a l  f l a p  d e f l e c t i o n  



L I S T  OF SYMBOLS (Continued) 

zero p o s i t i o n  f o r  the flap, deg 

s ine and cosine n - th  harmonic f l a p  cont ro l  input ,  deg 

l a g  angle, deg 

number o f  i t e r a t i o n s  t o  converge i n  ae roe las t i c  t r i m  program 

blade fea ther ing  d i  spl acemen t, deg 

blade e l  as t i c  t w i s t  displacement, deg 

b u i l t - i n  blade tw is t ,  deg 

i n f l o w  - r a t i o  

advance r a t i o  

r o t o r  so l  i d i  t y  

blade azimuth pos i t ion ,  deg 

r o t o r  r o t a t i o n a l  speed, rad/,ec 

r o t o r  t i p  speed, f t /sec 
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