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SUMMARY 

Equat ions for ana lyz ing  t h e  p o t e n t i a l  gust-induced overspeed tendency of 
h e l i c o p t e r  rotors are presented  and discussed.  A p a r a m e t r i c  a n a l y s i s  has  also 
been c a r r i e d  o u t  t o  i l l u s t r a t e  t h e  s e n s i t i v i t y  of rotor angular  a c c e l e r a t i o n  to 
changes i n  rotor l i f t ,  p r o p u l s i v e  force, t i p  speed, and forward v e l o c i t y .  

The r e s u l t s  are i n  good agreement with a more canplex and comprehensive 
nonl inear  h e l i c o p t e r  s i m u l a t i o n  a n a l y s i s  and i n d i c a t e  t h a t  an i n c r e a s e  i n  
h e l i c o p t e r  g r o s s  weight i n c r e a s e s  t h e  overspeed p o t e n t i a l ,  whereas an i n c r e a s e  
i n  parasite drag  decreases  t h e  overspeed p o t e n t i a l .  

INTRODUCTION 

The g u s t  response of h e l i c o p t e r  rotors has been t h e  s u b j e c t  of s tudy  for 
many y e a r s  and, g e n e r a l l y ,  a r o t o r c r a f t  has  been found to  be less  s e n s i t i v e  to  
gust-induced a i r l o a d s  than a fixed-wing a i r c r a f t  (see, e.g., r e f .  1) .  A r e c e n t  
i n c i d e n t ,  however, raised a q u e s t i o n  as to  t h e  s e n s i t i v i t y  to  g u s t s  of t h e  
rotor r o t a t i o n a l  speed. For t h e  i n c i d e n t  cons idered ,  t h e  rotorcraft  r e p o r t e d l y  
encountered an i n t e n s e  g u s t  which r e s u l t e d  i n  a rotor overspeed condi t ion .  Sub- 
sequent  e v e n t s  l e d  to  o t h e r  compl ica t ions  and, u l t i m a t e l y ,  a forced landing.  
The purpose of t h e  a n a l y s i s  developed and presented  h e r e i n  is to c h a r a c t e r i z e  
t h e  i n i t i a l  gust-induced rotor overspeed tendency. 

I n  order to  examine t h e  p o t e n t i a l  f o r  a rotor overspeed and to  assess t h e  
s e n s i t i v i t y  of t h e  problem, an a n a l y s i s  based on simple blade-element theory  
has  been developed. The resu l t s  of t h i s  paramet r ic  a n a l y s i s  and t h e  e q u a t i o n s  
used are presented  i n  t h i s  paper. C o r r e l a t i o n  of t h e  a n a l y s i s  wi th  a more com- 
p l e x  and canprehensive rotorcraft  f l i g h t - s i m u l a t i o n  canputer a n a l y s i s  is a l s o  
presented .  

SYMBOLS 

The p o s i t i v e  d i r e c t i o n  of forces, moments, and a n g l e s  are d e p i c t e d  i n  
f i g u r e  1. 

l a  rotor-blade-sect ion mean l i f t - c u r v e  slope, 5.73/radian 

a1 l o n g i t u d i n a l  f l a p p i n g  c o e f f i c i e n t  of rotor t ip -pa th  p lane ,  r a d i a n s  

CD ,R rotor drag  c o e f f i c i e n t ,  DR/PITR2 (RR) 

cL ,R rotor l i f t  c o e f f i c i e n t ,  L ~ / P I T R ~ @ R )  2 

C P , i  rotor induced-power c o e f f i c i e n t  
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ro tor prof i le-powe r coe f f i cien t 

rotor parasite-power coefficient 

engine torque coefficient,  Q/p.rrR3 (QR) 

rotor torque coefficient,  Q/p7TR3 ( f iR)2 

rotor angular acceleration coefficient,  

rotor drag, newtons 

helicopter equivalent f lat-plate drag area, meter2 

rotor polar moment of iner t ia ,  kilograms-meter2 

rotor l i f t ,  newtons 

torque, newton-meters 

rotor-blade radius, meters 

rotor mean induced velocity, meters/second 

a i r  speed, meters/second or knots 

gust velocity, meters/second, positive upward 

angle of attack of rotor control axis, radians 

angle of attack of rotor tip-path plane, radians 

rotor-blade-section mean drag coefficient,  0.01 

rotor-blade collective pitch a t  0.75R, radians 

inflow ra t io ,  (V s i n  ci - v ) D R  

tip-speed rat io ,  W / n R  

mass density of a i r ,  kilograms/meter3 

rotor sol idi ty;  ra t io  of to ta l  blade area to d i s k  area 

rotor angular velocity, radians/second 

rotor angular acceleration, radians/second2 

~ I ~ / ~ T T R ~  (QR) 2 

2 
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METHOD OF ANALYSIS 

The a n a l y s i s  carried o u t  h e r e i n  is based on a development and s o l u t i o n  of 
t h e  torque ba lance  equa t ions  f o r  t h e  rotor and u s e s  t h e  s i g n  convention shown 
i n  f i g u r e  1. The equa t ions  are de r ived  and p resen ted  i n  t h e  appendix. The 
b a s i c  rotor a c c e l e r a t i o n  equa t ion  g iven  i n  terms of t h e  de f ined  a c c e l e r a t i o n  
c o e f f i c i e n t  is 

It is apparent  t h a t  t h e  rotor can a c c e l e r a t e  or overspeed on ly  when t h e  
n e t  v a l u e  w i t h i n  t h e  pa ren theses  of equa t ion  (1 )  is n e g a t i v e  (i.e., when t h e  
r o t o r c r a f t  e n t e r s  a u t o r o t a t i v e  f l i g h t ,  or when t h e  engine  s h a f t  to rque  supp l i ed  
exceeds t h e  rotor torque r e q u i r e d ,  or when t h e  g u s t  p e r t u r b a t i o n  is l a r g e  and 
nega t ive  i n  s i g n ) .  The s o l u t i o n  to  equa t ion  (1 )  i nvo lves  so lv ing  f o r  t h e  i n i -  
t i a l  rotor torque requ i r ed  CQ R f o r  t h e  a p p r o p r i a t e  f l i g h t  s t a t e ,  computa- 

I -  

"Q ,R 

aa 
t i o n  of t h e  torque d e r i v a t i v e  - , and developing and so lv ing  an expres s ion  

for changes i n  t h e  governor-cont ro l led  engine  s h a f t  to rque  supp l i ed  
For t h e  pa rame t r i c  a n a l y s i s  conducted to  o b t a i n  t h e  t r e n d s  p r e d i c t e d  h e r e i n ,  
t he  assumption w a s  made t h a t  t h e  s h a f t  to rque  supplied remained c o n s t a n t  a t  a 
va lue  which equaled  t h e  i n i t i a l  torque requ i r ed ;  t h a t  is, t h e  f u e l  c o n t r o l  
governor system characterist ics allowed t h e  engine  to accelerate t h e  rotor when 
a g u s t  d i s t u r b a n c e  reduced t h e  rotor torque required. This  approach has  t h e  
advantages of being simpler to implement and is r e p r e s e n t a t i v e  of t h e  a c t u a l  
i n i t i a l  response of most governing systems. By us ing  t h i s  approach, t h e  rotor 
a c c e l e r a t i o n  p o t e n t i a l  can be simply expressed as a f u n c t i o n  of t h e  torque  
d e r i v a t i v e  and t h e  d i s t u r b a n c e  g u s t  as 

CQ,E: 

where 

The s o l u t i o n  of equa t ion  (2), as developed i n  t h e  appendix, evo lves  from 
t h e  expres s ion  f o r  rotor torque  based on t h e  sum of p r o f i l e  power, induced power, 
and parasite p o w e r .  This  summation is 
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(See appendix, eq. (A8).) With t h e  assumption made h e r e i n  t h a t  t h e  blade- 
s e c t i o n  mean drag c o e f f i c i e n t  6 
g u s t  is b a s i c a l l y  dependent on changes i n  CL,R and C D ~ R ,  which are associated 
with t h e  rotor induced and parasite power terms of equat ion  (4). As i l l u s t r a t e d  
i n  f i g u r e  2, t h e s e  changes are related through t h e  a n g l e  a ~ p p  and its changes. 
The force diagram of f i g u r e  2 ( a )  r e p r e s e n t s  a trimmed f l i g h t  condi t ion .  The 
f o r c e  diagram of f igure  2 ( b )  r e p r e s e n t s  changes which may occur when t h e  t r i m  
is d i s t u r b e d  by t h e  g u s t  v e l o c i t y  
dependent on t h e  r e l a t i v e  magnitude and s i g n  of t h e  changes i n  rotor l i f t  and 
drag.  The r e s u l t s  of  p a r a m e t r i c  v a r i a t i o n s  i n  i n i t i a l  t r i m  l i f t  and drag  f o r  
ranges of rotor speed and a i r s p e e d  are p r e s e n t e d  i n  t h e  fol lowing s e c t i o n .  The 
c a l c u l a t i o n s  are n o t  independent of rotor s o l i d i t y  even though t h e  r e s u l t a n t  
a c c e l e r a t i o n  c o e f f i c i e n t  is normalized by s o l i d i t y .  

is c o n s t a n t ,  then  t h e  t o r q u e  change due t o  a 

Vg. The r e s u l t a n t  t o r q u e  change is t h u s  

RESULTS AND DISCUSSION 

The a n a l y s i s  developed and presented  i n  t h e  appendix has  been used to  
predict p o t e n t i a l  rotor overspeed tendencies  for a range of i n i t i a l  rotor t r i m  
condi t ions .  As d i s c u s s e d  previous ly ,  t h e  c a l c u l a t i o n s  were based on a c o n s t a n t  
v a l u e  for engine s h a f t  t o r q u e  suppl ied .  A sharp-edge, upward v e r t i c a l  g u s t  of  
9 .144  m/sec was used as t h e  d i s t u r b a n c e  v e l o c i t y  Thus, t h e  magnitude of 
t h e  rotor overspeed p o t e n t i a l  p r e d i c t e d  by t h e  a n a l y s i s  is determined by t w o  
f a c t o r s :  F i r s t ,  t h e  rotor torque  s e n s i t i v i t y  to changes i n  a n g l e  of a t tack 

Vg. 

-. , and second, t h e  change i n  rotor a n g l e  of at tack due to  t h e  g u s t  kt = Vg/V. 
acQ ,R 

aa 
must be nega t ive  f o r  a rotor 

aCQ,R vg 
aa v 

As p r e v i o u s l y  i n d i c a t e d ,  t h e  product  - - 
overspeed p o t e n t i a l  to  e x i s t .  R e s u l t s  from t h i s  a n a l y s i s  are presented  i n  
f i g u r e  3 f o r  a r e a l i s t i c  range of t h e  parameters  C L , R / ~  and f/nR2 a t  
s e v e r a l  va lues  of rotor t i p  speed n R  and a i r s p e e d  V. For t h e  c a l c u l a t i o n s  
h e r e i n ,  t h e  fol lowing c h a r a c t e r i s t i c s  were also assumed: 

0 = 0.055 

a = 5.73 

6 = 0.01 

Overspeed Trends 

F igure  3 h a s  been assembled so t h a t  t h e  parametric t r e n d s  are r e a d i l y  
assessed.  
a t  c o n s t a n t  f/m2 
f i g u r e ,  whereas t r e n d s  of t h e  overspeed with i n c r e a s i n g  

4 

For example, t r e n d s  of t h e  overspeed c u r v e s  with i n c r e a s i n g  C L , R / ~  
a r e  observed from top to bottom of each column of t h e  

f/nR2 a t  c o n s t a n t  



CL,R/~ 
plots  t h e  e f f e c t  of changes i n  a i r s p e e d  and/or rotor r o t a t i o n a l  speed are shown. 
These t r e n d s  are reviewed i n  subsequent  paragraphs.  

are s e e n  i n  t h e  rows from l e f t  to  r i g h t .  A l s o ,  w i t h i n  t h e  i n d i v i d u a l  

E f fec t  of Gross Weight 

A comparison of t h e  columned plots  of f i g u r e  3 (e.g., f i g s .  3 ( a ) ,  3 ( d ) ,  
3 ( g ) ,  and 3 ( j ) )  shows t h a t ,  for a g iven  h e l i c o p t e r  with f i x e d  f l a t - p l a t e  drag  f ,  
an i n c r e a s e  i n  g r o s s  weight,  as r e f l e c t e d  by 
rotor overspeed p o t e n t i a l  due to  t h e  gus t .  The a i r s p e e d  a t  which t h e  maximum 
overspeed p o t e n t i a l  occurs  also i n c r e a s e s  with 
t i o n  ( 3 ) ,  i n  c o n s i d e r a t i o n  of t h e s e  t r e n d s ,  i n d i c a t e s  t h a t  t h e  dominant f a c t o r  
is CL,R. The f i r s t  term CL,R/U arises from t h e  induced-power term of equa- 
t i o n  ( 4 )  and, consequent ly ,  i n c r e a s e s  i n  g r o s s  weight are r e f l e c t e d  i n  a n  
i n c r e a s e  i n  t h e  induced-power c o n t r i b u t i o n  to  t h e  t o r q u e  d e r i v a t i v e .  For an 
overspeed to occur under t h e  c o n d i t i o n s  c i t e d ,  t h e  torque d e r i v a t i v e  must be 
n e g a t i v e  i n  s i g n  and t h e  induced t e r m  must no t  have a n e g a t i v e  value.  Thus, 
f o r  c o n d i t i o n s  shown i n  f i g u r e  3, where an overspeed p o t e n t i a l  is p r e d i c t e d ,  

CL,R/CT, i n c r e a s e s  t h e  maximum 

CL,R/'s. An assessment  of equa- 

t h e  predominant term is t h e  t h i r d  term i n  equat ion  ( 3 ) ,  t h a t  is, ~ C L , R  
which ar ises  from the parasite-power term of '  equa t ion  ( 4 ) .  

E f f e c t  of F l a t - P l a t e  Drag 

The row plots  of f i g u r e  3 (e.g., f i g s .  3 ( a ) ,  3 ( b ) ,  and 3 ( c ) )  i l l u s t r a t e  
that  for a h e l i c o p t e r  with c o n s t a n t  g r o s s  weight,  a n  i n c r e a s e  i n  f l a t - p l a t e  drag  
a r e a  
T h i s  d e c r e a s e  r e s u l t s  from t h e  second term of equat ion  (3) which, by combining 

f/llR2 decreases  t h e  maximum overspeed p o t e n t i a l  a t  any g iven  airspeed. 

CD ,R with - = - - " - (see appendix, eq. ( A 1 0 ) )  , can  be shown to  be propor- 
0 l lR2 2a 

t i o n a l  to fP3 and p o s i t i v e  i n  s ign .  Thus, i n c r e a s e s  i n  t h e  t r i m  f l a t -p la te  
drag decrease  t h e  overspeed tendency. Equal ly  important  t o  t h e  overspeed t r e n d  
is t h e  t ip-speed-rat io  term 
t i cu la r ,  a t  l o w - l i f t  and high-drag c o n d i t i o n s ,  as shown i n  f i g u r e  3 ( c ) ,  t h e  
i n c r e a s e  i n  magnitude of t h e  second term of equat ion  (3) w i t h  speed is predom- 
i n a n t  i n  c o n t r o l l i n g  t h e  overspeed t rend .  However, a t  t h e  h i g h - l i f t  and l o w -  
d rag  c o n d i t i o n s  i l l u s t r a t e d  i n  f i g u r e  3 ( j ) ,  t h e  importance of t h e  second t e r m  
is diminished and the overspeed t r e n d s  are aga in  dominated by t h e  t h i r d  term 

~ C L , R ( ~  + 2) of equat ion  ( 3 ) .  I n  any c a s e ,  however, t h e  a i r s p e e d  a t  which 

t h e  maximum overspeed p o t e n t i a l  occurs  is i n v e r s e l y  a f f e c t e d  by t h e  f l a t - p l a t e  
drag. 

p3, which causes  l a r g e  changes wi th  speed. I n  par- 

Airspeed for Maximum P o t e n t i a l  Overspeed 

As p r e v i o u s l y  mentioned, t h e  airspeed a t  which t h e  maximum rotor overspeed 
p o t e n t i a l  e x i s t s  v a r i e s  d i r e c t l y  wi th  t h e  h e l i c o p t e r  g r o s s  weight and i n v e r s e l y  

5 
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with t h e  f l a t - p l a t e  drag.  For t h e  range of c o n d i t i o n s  covered i n  f i g u r e  3,  t h e  
curves  show t h a t  t h e  maximum overspeed p o t e n t i a l  occurs  anywhere from 55 knots  
a t  t h e  lowest g r o s s  weight and f l a t - p l a t e  drag c o n d i t i o n  of  f i g u r e  3 ( a )  to 
s l i g h t l y  over 140 kno t s  a t  the  h ighes t  g r o s s  weight and lowest d rag  c o n d i t i o n  
of f i g u r e  3 ( j ) .  This  wide range  i n  speed, however, is d i c t a t e d  by t h e  rela- 
t i v e l y  l a r g e  range of  l i f t - d r a g  c o n d i t i o n s  eva lua ted ,  and t h e  more represen-  
t a t i v e  c o n d i t i o n s  are those  t y p i f i e d  by t h e  midrange v a l u e s  (i.e., f i g s .  3 ( e )  
and 3 ( h ) ) .  For these cond i t ions ,  t h e  a i r s p e e d  f o r  maximum rotor overspeed 
p o t e n t i a l  o c c u r s  between 60 and 100 knots.  This  speed range is of p a r t i c u l a r  
s i g n i f i c a n c e  because a number of mil i tary h e l i c o p t e r  o p e r a t i o n  manuals s p e c i f y  
a gus ty  or t u r b u l e n t  air  p e n e t r a t i o n  v e l o c i t y  of 80 knots.  This  l i m i t  is dic-  
t a t e d  by o t h e r  c o n s i d e r a t i o n s ,  b u t  f o r  those  h e l i c o p t e r s  which are s u s c e p t i b l e  
to  rotor overspeed and, i n  p a r t i c u l a r ,  those  wi th  l o w  rotor polar moment of 
i n e r t i a  and s l u g g i s h  governor response c h a r a c t e r i s t i c s ,  t h e  rotor-speed f l u c -  
t u a t i o n  may be d i sconce r t ing .  

To i l l u s t r a t e  t h e  s i g n i f i c a n c e  of t h e  overspeed parameter ,  cons ide r  the  
c o n f i g u r a t i o n  

f/nR2 = 0.009 

V = 80 knots  

QR = 198.12 m/sec 

R = 4.01 m 

o = 0.055 

Ip = 338.86 kg-m2 

From f i g u r e  3 ( h ) ,  Ch/a = 2.25 x and t h e r e f o r e  

ch pTR2 (m) 2RU h = -  = 3.56 rad/sec2 

Since  t h e  i n i t i a l  r o t a t i o n a l  speed is 49.39 rad/sec, t h e  p r e d i c t e d  overspeed 
tendency r e p r e s e n t s  a p o t e n t i a l  7.2-percent i n c r e a s e  i n  rotor angular  v e l o c i t y  
f o r  each second t h e  a c c e l e r a t i o n  p e r s i s t s .  
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Comparison of  Simple Theory With Nonlinear  Helicopter Theory 

I n  o r d e r  to v a l i d a t e  t h e  t r e n d s  e s t a b l i s h e d  by us ing  t h e  s imple a n a l y s i s  
developed he re in ,  a comparison has  been made between t h e s e  s imple  blade-element- 
theory  r e s u l t s  and resu l t s  ob ta ined  f r a n  a nonl inear  h e l i c o p t e r  s imula t ion  
a n a l y s i s  descr ibed  i n  r e f e r e n c e  2. The nonl inear  r e s u l t s  were ob ta ined  by 
us ing  the  maneuver op t ion  of the  program and a l lowing  t h e  s imula ted  v e h i c l e  to 
encounter  a 9.144-m/sec, sharp-edge, upward v e r t i c a l  gus t .  I n  o r d e r  t o  simu- 
l a t e  s lugg i sh  governor response c h a r a c t e r i s t i c s ,  t h e  va lue  of t h e  engine  torque  
supp l i ed  to t h e  main rotor w a s  f i x e d  throughout t h e  maneuver a t  t h e  va lue  cal- 
c u l a t e d  as t h a t  torque requ i r ed  f o r  t he  i n i t i a l  trimmed l e v e l  f l i g h t .  The 
rotor angular  a c c e l e r a t i o n  w a s  determined from changes i n  t h e  rotor r o t a t i o n a l  
speed between t h e  time the  rotor f i r s t  encountered t h e  g u s t  and t h e  t i m e  a t  
which t h e  rotor had pene t r a t ed  t h e  g u s t  a d i s t a n c e  of  t w o  rotor diameters .  
p e n e t r a t i o n  i n t e r v a l  provided a common b a s i s  f o r  t he  c a l c u l a t i o n  of Ch by 
e s t a b l i s h i n g  a p o i n t  i n  t h e  maneuver where t h e  ra te  of change of rotor rota- 
t i o n a l  speed had e s s e n t i a l l y  s t a b i l i z e d .  

This  

Two comparisons are made. F igure  4 shows a comparison of  t h e  s imple  
r e s u l t s  with t h e  nonl inear  p r e d i c t i o n s  us ing  s teady ,  two-dimensional blade- 
s e c t i o n  aerodynamic c h a r a c t e r i s t i c s  i n  t h e  rotor a n a l y s i s .  The overspeed t r e n d s  
p r e d i c t e d  by both methods a r e  g e n e r a l l y  similar,  a l though t h e  nonl inear  a n a l y s i s  
i n d i c a t e s  a more dramat ic  r educ t ion  i n  overspeed p o t e n t i a l  a t  t h e  h igher  a i r -  
speeds.  Because the  nonl inear  a n a l y s i s  accounts  f o r  t h e  e f f e c t s  of rotor b lade  
s t a l l  and c o m p r e s s i b i l i t y  and t h e  p r e s e n t  a n a l y s i s  does no t ,  t h e  torque der iva-  
t i v e  of t he  nonl inear  a n a l y s i s  is probably more s u s c e p t i b l e  to i n c r e a s e s  i n  
torque due t o  s t a l l  and t h u s  does no t  show t h e  same tendency to  overspeed a t  
high forward speeds.  

As prev ious ly  mentioned, t h e  nonl inear  a n a l y s i s  u s e s  s t eady  aerodynamics 
i n  computing rotor performance, and thus  the  rotor d e r i v a t i v e s  may be affected 
by t h e  s t a l l  c h a r a c t e r i s t i c s .  In  o r d e r  t o  assess t h i s  e f f e c t ,  t h e  nonl inear  
a n a l y s i s  w a s  re run  by us ing  an unsteady aerodynamics op t ion  ( i d e n t i f i e d  as BUNS 
i n  r e f .  2 ) .  This  unsteady o p t i o n ,  which is probably a more r ea l i s t i c  represen-  
t a t i o n  of t r a n s i e n t  rotor aerodynamics, resu l t s  i n  a d e l a y  i n  b lade-sec t ion  
l i f t  s t a l l  and a r e t a r d a t i o n  of s e c t i o n  drag inc rease .  The resu l t s  of t h e  
nonl inear  a n a l y s i s  with the  unsteady op t ion  are a lso shown i n  f i g u r e  4. Inclu-  
s i o n  of the unsteady aerodynamics e f f e c t s  g e n e r a l l y  r e su l t s  i n  b e t t e r  o v e r a l l  
c o r r e l a t i o n  with the  l i n e a r  a n a l y s i s .  This  is perhaps n o t  too s u r p r i s i n g  
because t h e  unsteady aerodynamic method used i n  r e f e r e n c e  2 tends  to  main ta in  
a more c o n s t a n t  l i f t - c u r v e  slope and to produce less d rag  growth as rotor-blade-  
s e c t i o n  ang le  is  increased .  Both c h a r a c t e r i s t i c s  are i n h e r e n t  i n  s imple blade- 
element theory,  and t h e r e f o r e  the  p r e s e n t  a n a l y s i s  p r o v i d e s a  very  reasonable  
t r end ing  of t h e  overspeed tendency of  a h e l i c o p t e r  rotor. 

CONCLUSIONS 

The s imple  a n a l y s i s  of t h e  gust-induced overspeed t r e n d s  of h e l i c o p t e r  
rotors repor t ed  h e r e i n  h a s  i d e n t i f i e d  the  b a s i c  parameters a f f e c t i n g  rotor 
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overspeed and has  provided a range of t r end ing  cu rves  to i l l u s t r a t e  t h e  more 
important  parameters. S p e c i f i c a l l y ,  a n a l y s i s  of the results l e a d s  to the 
fol lowing conclusions:  

1. An i n c r e a s e  i n  h e l i c o p t e r  g r o s s  weight i n c r e a s e s  t h e  overspeed 
p o t e n t i a l .  

2. An i nc rease  i n  h e l i c o p t e r  parasite d r a g  d e c r e a s e s  t h e  overspeed 
p o t e n t i a l .  

3.  The a i r s p e e d  a t  which the  maximum overspeed p o t e n t i a l  occurs v a r i e s  
d i r e c t l y  with g r o s s  weight and i n v e r s e l y  with f l a t - p l a t e  drag area. 

4. For r e p r e s e n t a t i v e  va lues  of h e l i c o p t e r  l i f t  and d rag  c h a r a c t e r i s t i c s ,  
t h e  maximum overspeed p o t e n t i a l  occurs i n  t h e  60- to 100-knot a i r speed  range,  
which brackets the  g e n e r a l l y  recommended 80-knot g u s t  p e n e t r a t i o n  a i r s p e e d  
l i m i t .  

5. The c o r r e l a t i o n  of t h e  s imple a n a l y s i s  with a more complex and c o s t l y  
non l inea r  h e l i c o p t e r  s imula t ion  a n a l y s i s ,  which included an unsteady aerodynam- 
ics r o u t i n e ,  i n d i c a t e d  t h a t  t he  s imple a n a l y s i s  t r e n d s  are  very r e p r e s e n t a t i v e .  

Langley Research Center  
Na t iona l  Aeronaut ics  and Space Adminis t ra t ion  
Hampton, V?i 23665 
May 24, 1978 
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APPENDIX 

DEVELOPMENT OF EQUATIONS FOR ROTOR-OVERSPEED ANALYSIS 

The basic equation necessary to determine the overspeed potential of a 
rotor system is based on the dynamical equation of the rotor shaft torque 
balance CQ + IpQ = 0 expressed as 

where QfR is the initial trimmed value of rotor torque required. An accel- 
eration coefficient is defined as 

Equation (Al) may then be written as 

The development of the equations necessary for solving equation (A3) are based 
on the simple blade-element theory as set forth in reference 3. 

Rotor Torque Coefficient 

Because the rotor shaft torque coefficient and the shaft power coefficient 
are equivalent, the expression for the rotor torque coefficient may be written 
as 

CQ,R = CP,O + CP,i + C P , ~  (ref. 4 )  (A41 
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APPENDIX 

where, by i n t e g r a t i o n ,  equat ion  ( 2 6 )  of r e f e r e n c e  5 may be expressed as 

U6 

8 
cp,o = -(1 + 31.12) (A5 

With t h e  assumption t h a t  t h e  rotor t h r u s t  c o e f f i c i e n t  and rotor l i f t  c o e f f i c i e n t  
CL,R are e q u i v a l e n t  and t h a t  
may be expressed  as  

[l + (x/1.1)211/2 = 1 ,  equat ion  ( 7 )  of r e f e r e n c e  4 

and wi th  t h e  a d d i t i o n a l  assumption t h a t  cos 01 - 1 ,  e q u a t i o n  ( 8 )  of r e f e r e n c e  4 ,  
may be expressed as  

S u b s t i t u t i o n  of e q u a t i o n s  ( A 5 ) ,  (A6, ,  and (A7) i n t o  equat ion  (A4) y i e l d s  

or 

CD ,R 
1.1 

U 8 U 

By express ing  C D , R / ~  as 

CD ,R f 1.12 
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APPENDIX 

equat ion  (A9) becomes 

Rotor Torque Der iva t ive  

The rotor torque  d e r i v a t i v e  is obta ined  by a par t ia l  d i f f e r e n t i a t i o n  of 
equa t ion  (A8) wi th  respect to rotor ang le  of attack. The r e s u l t i n g  expres s ion  
is 

With the assumption t h a t  t h e  r e s u l t a n t  force vec tor  is perpendicular  to  
t h e  rotor t ip-pa th  p l ane  (see f i g .  2 ) ,  then 

CD. R 
aTPP - CD,R CL,R%PP or 

CL, R 

Thus, 

Since,  from f i g u r e  1 

then  



I 11l1111111111l1l1l Ill I Ill I Ill Illll 1l1ll111111111 1111 

APPENDIX 

Equations ( A l 2 )  , ( A 1 3 ) ,  ( A 1 4 ) ,  and (A16) can be combined to give 

and 

or 

Rotor Lift Derivative 

The rotor lift derivative may be obtained from 

(ref. 3)  

CL ,R 
A = p a - -  

2u 

By substituting equation (A201 into equation (A18) to solve for CL,? 
and by taking the partial derivative with respect to c1, the lift derivative 
may be expressed as 

1 2  
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APPENDIX 

Rotor Flapping Derivative 

The rotor flapping derivative may be obtained from 

(ref. 3) 

Combining equations (A20) and (A22) and differentiating and substituting equa- 
tion (A21) yields 

Overspeed Solution 

Equations ( A l l ) ,  (A17) , (A21), and (A23) are used in the solution of equa- 
tion (A3) for the overspeed coefficient. The computation requirements are min- 
imal and can be carried out on a programmable pocket calculator. For the com- 
putations of this paper the engine shaft torque was assumed to be a constant 
value equal in magnitude but of opposite sign to the initial rotor torque 
required. 
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(a) Trh”md force diagram. 

A c ~ ,  R 

(b) Disturbed force diagram. 

Figure 2.- Graphical representation of trimmed and disturbed 
rotor force components. 
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