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SUMMARY 

In response  to   Phase   III of Contract   F336L5-70-C-1052,   the 
necessary  methodology  has  been developed   to provide  an inde- 
pendent   analysis   capability   to  Air  Force  Studies Analysis   (AFSAj 
tor accurately   simulating   the   flight   paths  of  single main  rotor 
helicopters.     The equations   developed   under  Phase   I   of  this  con- 
tract  have   been  generalized   to  represent   other single  main  rotor 
helicopters   that   are  currently  operational and   those designed 
for  the   near future. 
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NOMENCLATURE 

Symbol Unit 

A Disk area   (   R2) ft2 

Aw Wing area ft 

a Blade  section   litt   curve  slope /rad 

aw Wing   lift  curve   slope 'rad 

b Number of   blades  or  wing  span --  or  ft 

CT Thrust  coefficient    .T   .A(  R)2 , 

Cp Power coefficient     P   .A(   R)3, 

c Rotor churd ft 

D Parasite  drag  (0.5.fV2) lb 

E Total aircraft energy (GWh ♦ 0.5mV2 ♦ 0.51  2)     ft   -   lb 

Es Specific aircraft   energy  (h  ♦ V2/2gJ ft 

e Wing efficiency  factor 

f Equivalent   flat-plate  drag area 
(CQ 

:   1.0  so that   drag  = O.j^fV2) ft2 

f0 Initial   value of   f   schedule   for compound 
helicopter or  initial approximation  for 
input  coefficient   program ft2 

GW Gross weight lb 

HP     ,., Power available  ai the throttle   position set hp avail                                                                                 r r 

HP       , Power required to  maintain  flight hp 

I Total  rotor inertia slug  - ft' 

i Wing  incidence rad 

Ko Induced velocity weighting  factor 
K!   =  1   -   (r  - 0.1U;K3J 

^.|    !                            K^ Rotor angle  of attack   factor (KßCj/ca) rad 

1^ Win;?   lift lb 
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NOMENCLATURE 

Symbol Unit 

Mcr Drag divergent Mach number 

m Mass of helicopter Slugs 

-W Amount  by which advancing blade  tip Mach 
number  exceeds Mcr 

n Normal acceleration (v/Cn.J^  + (ni)2) g 

n,| Acceleration parallel  to flight path 
(linear acceleration^ g 

n. Normal acceleration  perpendicular to 
flight  path g 

(dEA 

tc 

tcdiv 

V 
• 
V 

Vi 

VMAX 

VMIN 

Vne 

VP 
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Ps              Energy rat. '-sr-/ ft/sec 

q              Dynamic  pressure  (O.SPV^) Ib/ft^ 

R             Rotor radius or  turn  radius   (V^/gv/n^ -  l) ft 

T             Rotor thrust   (N/D
2
   +  (nGvT- l^)2) lb 

Change in auxiliary thrust 

/(HPavail  -^reqdK^QKVop)^ 
\ V /lb 

Thrust coefficient  (.2Cj/cy 

Thrust  coefficient at which stall 
power occurs 

Flight  pach velocity ft/sec 

Flight path acceleration or deceleration ft/sec^ 

Induced velocity ft/sec 

Maximum velocity desired for input 
coefficient  program Kt 

Velocity for minimum power Kt 

^ ^   11                       V                  Never exceed velocity  (structural   limit) Kt 

Velocity parallel to  thrust vector ft/sec 
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Symbol 

V„ 

v 

a 

6o 

6l 

52 

prop 

6 

V- 

■K 

P 

0 

0' 

NOMENCLATURE 

Unit 

Speed of sound ft/sec 

True  airspeed Kt 

Vertical velocity  (positive  upward) ft/sec 

Angle of attack deg 

Sideslip angle deg 

Constant part of blade CQ 

a - varying part  of  blade  CD /rad 

a2   _ varying part  of  blade GD /rad2 

!If Vv >   0,   Tj = 0.85 

If Vv <  0,   r] = 0.8 

If  Ps <   0f   T] = 0.8 

If   Ps   >  0,   T] =   1.0 

Propeller efficiency factor  (T] = 0.85) 

Pitch attitude deg 

Advance ratio  (V/SiR) 

Pi 3.1U1592 

Air Density slug/ft^ 

Rotor solidity (bc/^R) 

Air density ratio  (p/0.00237 8) 

Roll angle deg 

Rotor rotational  speed rad/sec 
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INTRODUCTION 

Combat simulati 
path trajectori 
path trajectory 
angles (.,'-'. P 
aircraft in spa 
the velocity ve 
trajectories wh 
the performance 
must be  known. 

ons of aircraft require  knowledge  of the   flight 
es which the  aircraft  may  follow.     The  flight 
is normally described   in terms of  the  Euler 

)  which give  the  orientation  (direction.)  of  the 
ce relative  to  some  inertial reference  frame  and 
ctor of  the  center  of  gravity.     The  flight   path 
ich the aircraft may describe are dependent  on 

and maneuver capabilities of the aircraft  which 

r ^ I: 

There  are   two  basic types  of  accelerated  flight conditions  which 
must be  considered:    constant energy maneuvers and maneuvers 
involving  a loss of airspeed  (kinetic  energy),  altitude   (poten- 
tial energy),   or both.     Constant  energy maneuvers  result  in 
flight  at  constant  speed  and  altitude.     This g-capability   is 
power limited  and  is primarily a function of excess power   avail- 
able and  rotor disc loading.     The  maximum normal acceleration 
which  can be  attained with constant  energy flights  is  referred 
to as  the  sustained g-capability.     For  definition of  this  capa- 
bility,   power  required must be  computed  based on  speed,   altitude, 
and  type  of maneuver.    Transient g-capability refers  to  the 
normal  acceleration attainable by  the  rotor.     However,   to  obtain 
this normal acceleration, a loss of airspeed  (kinetic energy;  or 
altitude   (potential energy),  or both occurs.    For example,   turns 
may be made at   high t-ansient g-levels  and maintained  as  long as 
altitude   permits.     In this sense,   transient g's  are unlike  the 
transient  g's associated with fixed wing aircraft  performance 
which may only  be  sustained  for seconds.     The maximum transient 
g depends   on  the  rotor blade  loading coefficient,   i.e.,   thrust 
divided  by blade  area and dynamic   pressure at the  blade  tip.     To 
determine   this  capability,  flight   path  deceleration  (rate  of 
loss of energy)  must be computed  for the  given speed,   altitude, 
g-level,   and   type of maneuver.     Once  the  transient  and  sustained 
g-capability  are known and  the  orientation from the  trimmed 
flight  condition is known for a specified  g-level,   speed,   alti- 
tude,  and   type  of maneuver,   the  flight  path trajectory can  then 
be defined. 

The concepts of kinetic and potential energy are  used to develop 
the equations   to compute flight  path   trajectories.     The rotor 
speed degree  of   freedom is not  considered  in the model because 
it would  unduly  complicate the  representation of  the  pilot  and 
would not   significantly affect  the accuracy of the  computed 
flight  path  trajectories in high speed  flight.    Detailed expla- 
nation of  developments of these  equations  can be  found  in Ref- 
erence   1. 
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ENERGY   MANEUVERABILITY 

Concepts 

The  concepts  of  energy maneuverability were originally applied 
to  fixed wing aircraft  to  identify  the  best  areas  of operation 
during  combat.     Overlays  of certain charts would  indicate which 
aircraft  had  an  advantage  from energy  considerations.     These 
concepts,   when applicable,  were  applied  to the helicopter  to 
determine  the  optimal areas  of  operation.     These areas will be 
identified  during the  following discussion. 

A measure   of  the   energy  state  of   a  helicopter at any  altitude- 
airspeed-RPM-combination  can be   expressed   as 

E = GW h +  1/2   mV2   +  1/2  IS2 U) 

The   last   term of   the  above  equation is   the  kinetic  energy  of 
the rotor.     Since  most helicopters  normally operate  at  constant 
RPM,  the   rotor energy has been  assumed  constant  for this   study. 
A convenient  term  in units  of  feet  can  be derived from equation 1 
by dividing  by  the weight, GW,  and neglecting the rotor energy 
terra.    This  term,   specific  energy  (Es),   expresses  the  energy 
state of  a  helicopter as a function of altitude and airspeed 
as follows: 

2g 
Energy management  involves control  of  the  rate of   transfer 
between energy   levels.     The  rate  of  transfer between energy 
levels  can  be  determined by taking  the  partial derivative with 
respect  to  time  of equation   2   which is  expressed as follows: 

h  + -i- (2) 

dE 
 s 
at 

_ ah + v av 
"at     g at 

(3) 

i     ■ i 

Remembering that work is accomplished in moving from one energy 
level to another and that power is the rate of doing work, then 
the left side of equation 3 must be equal to the excess power. 
The excess power can be determined by taking the difference in 
horsepower available and horsepower required at the altitude- 
airspeed-g flight condition. Therefore, energy rate can be ex- 
pressed as 

aE (HPA,rATT   -   HP _   )  550 
P    = 

s 
s  _ AVAIL 

at 

ah 
at 

req 
GW 

+ v av 
g at (k) 
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From equation   k ,     a  value of energy  rate   (Ps)  can be computed 
for any airspeed-g-altitude condition for a given amount of 
power  available. 

The  aircraft's  capability to change  energy  states is  limited by 
the  power available.   Excess  power may be  used   to increase alti- 
tude  (potential energy),  to accelerate the  vehicle  (kinetic 
energy),  or to  increase  the  lift above  the one  g value  to change 
the aircraft's direction of flight.    To change  the direction of 
flight,   a normal acceleration is  required.     The  optimal areas  of 
operation can be  identified from the areas where change of direc- 
tion (normal acceleration) is accomplished for minimum expenditure 
of  energy.     The  turn  radius  for  a specified   load  factor is deter- 
mined from the following: 

2 2 

g/^I       gtan^ 

Associated with minimizing turn radius would   be maximizing turn 
rate.     Turn rate   is computed by 

b=Ä^L (6) 

The  derivation of equation 5 is  based on  the  relationship 
that n =  1/cosV .     A discrepancy between bank  angle  (1)  data and 
theory   (n = l/cos^Ms shown in Figure  1 for the  AH-1G helicopter 
as reported  in Reference 2.    As a result of Figure 1,   the 
following analysis was  suggested  (Reference 3)  to define  the 
relationship of normal  load factor and  aircraft  attitudes.     Co- 
ordinated flight  requires only  that   the  ball  of  the  turn and 
bank indicator be  centered.    This requires a  zero net  side  force 
in the body  axis  system.    A zero net side  force  can occur in  the 
presence  of  some  sideslip as a result  of  aerodynamic side-force 
characteristics.     If  pitch attitude,   angle of   attack,  and  side- 
slip angle  are  considered,  the  analysis yields: 

n^cos^   = cose cos2^   +  cose  S^L   +  sin^  uw Mine (7) 

, „      tan&tan a where K - cosi 

The complete  derivation of equation 7  can be found in Appendix A, 
A comparison of  the test data and data  from equation 7  is 
presented in  Figure  2  as reported  in  Reference  k.    A large 
scatter band  exists,   but  the theory  line  now  passes through  the 
center of the  points. 
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Figure  1.    Bank Angle Versus Normal Load Factor 
for AH-1G Helicopter. 
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Bank Angle Versus Normal  Load Factor. 
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Energy  Diagram 

The energy diagram  is  constructed from energy rate at maximum 
power (Pg) versus airspeed and altitude  for a specified value 
of normal acceleration (n).     Lines of constant  specific energy 
CES) and  energy  rate   (Ps) are  presented   for  the  AH-IG helicopter 
in Figures 3, k, and  5.     The  units of energy rate   (Ps) are  feet 
per second  and  indicate   that  the  aircraft  has  the necessary 
energy to  change  its energy state.     For  example,   a P§ value  of 
30 feet  per second  could result  in an  acceleration of k,2  knots 
per second at 80  knots  or a vertical rate  of  climb of 1800  feet 
per minute.     Normal acceleration could  be  increased until  the 
power required equal'   d  the excess  power reflected in the  Ps 
value  (equation k ^.     Therefore,   the energy rate  contours  give  a 
measure  of  the  ahility  of  the  aircraft  to change  its energy 
state,  by  increasing  altitude or  airspeed,   or  increasing  load 
factor or any combination of  the above.     A minimum time  to climb 
trajectory can be  determined by  locating  the  points of tangency 
between energy   (Es)  and  energy rate   (PSJ  contours  as detailed  in 
Reference  5.     In Figures 3 and k   the  contour defined by Ps=0 
identifies  the  steady  state operating boundary of  the aircraft. 
The aircraft  cannot  operate outside  this   contour without  losing 
energy,  either in  the  form of  altitude,   airspeed,   or both.     On 
the left  the boundary  is  the hover ceiling.     On  the top the 
boundary  is  the  service  ceiling.    On the  right,   the boundary  is 
the  power limited  airspeed. 

The energy diagram  can  be  constructed  for different  values  of 
load factor.     An energy  diagram  for the  AH-lG helicopter for a 
load factor of  1.5  is   presented  in Figure  5.     The negative 
values of energy  rate   (Ps) indicate  that  the  power supplied by 
the engine  is  insufficient and that  either altitude or airsneed 
or both must be   lost  in  ejichange for the  total   required cower. 
A maneuver in the  area of negative  energy  rates   (Ps) uses  the 
rotor's transient g caoability which may be  limited by blade 
stall,  rotor  instabilities,  pilot comfort  or vertigo at  high 
turn rates,  or vibration.    The power required  for transient g 
maneuvers  is quite high and energy is  lost rapidly.    The rotor's 
capability to absorb power in a cyclic-only maneuver diminishes 
because it approaches  the autorotative   flow state at high angles 
of attack.    Additional  power may always  be  absorbed by increasing 
collective  pitch but rotor  loads may increase. 

Maneuver Diagram 

The maneuver diagram can be used   to identify the region where 
the aircraft  can maximize change of  direction for  the least 
expenditure  of energy.     The ability to  change  direction is ex- 
pressed in  terms  of maximum turn rate  and  minimum turn radius 
at a given energy rate.     Turn rate-velocity diagrams showing 

r lines of  constant  energy rate   (Ps),   constant   turn radius  (R), 
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T 

and  constant  normal acceleration  (n) for  the  AH-lG helicopter 
for  gross weights of  7500  and  9000  pounds  are  presented   in 
Figures   6  and  7.     For  the   helicopter,   turn rate  is  a maximum for 
a  given energy rate   (Fs)  at   low airspeeds.     Turn rate maximums 
for  a given energy  rate   are  easily  identified  from  Figures 6 and 
7.     Minimum turn radius  occurs  at  the  point  of  tangency  between 
the  constant energy rate   contours  and  lines  of  constant   radius. 
Figures 6   and  7   indicate  these  values occur a.   low airspeed. 
For  the  helicopter,  operation  in  these  regions would  always re- 
quire  altitude   (potential energy,)  or a positive  value  of excess 
energy  rate  since kinetic  energy  is so low.     The  variation of 
power  required with  airspeed   for a fielicopter is  such  that  power 
increases  as  airspeed  decreases   ftr airspeeds  below  about  50 
knots.     A more  important  parameter  than turn  radius  to  the heli- 
copter  pilot  is normal  acceleration.     The  region where   normal 
acceleration is  maximum  at   a  given energy rate   is   identified on 
Figures  6  and   7.     The   intersection of the  zero  energy  rate  line 
with the   linef of  constant  normal acceleration define  the 
steady-state g boundary.    Operation outside of this   line  will 
require  a corresponding  loss  of altitude or airspeed or  both 
to provide the necessary energy  rate required.     The  impact 
of  normal acceleration and   turn radius  at  a given energy  rate 
can be  determined  from Figures  8  and 9 for the  AH-lG helicopter. 
These   figures   show the  airspeed   at  which  the   pilot  can execute  a 
specified  turn radius  and   still  retain an  energy  level. 

These   charts primarily  reflect   the   sustained   g  capability  rather 
than  the transient  g capability  of  the helicopter.     Simply by 
increasing the  installed  power the  zero energy rate   line   would 
move  up  in Figures  8 and 9 allowing a higher normal  acceleration 
versus  speed.    Since  the helicopter can operate outside  the zero 
energy  rate  line  by trading  energy,  either potential  or kinetic 
or both,   the maximum rotor  thrust  which can  be  produced  is 
important.    The maximum rotor  thrust which can be  produced is a 
function of the  type of rotor system and  is discussed in a later 
section.     This maximum rotor  thrust  boundary is  equivalent  to the 
stall  and structural  boundary on a V-n diagram for a  fixed wing 
aircraft.    A copy of the computer programs  used to  generate the 
above  charts can be  found  in Appendix A. 

299-099-557 10 

- -" —.— -•... I,     ,--       - ■        -    . ^~~^——-*~-»*~mi 



(Ql BEI_1_ HEUCORTER COMPANY 

o U 
J V *-* 4J 

a 
0 o 

•H 
i-l 

o V 
X 4J 

o^ 
r-l h 

SO 

o ^8 
2 ^<N 

O 
IW -O 

c 
e at 
cd 

g B' ^ 
i : .2§ 
c Q 0 

M h 

§. i 28 
3in > «iv. 

'■ c 
J 4J 

o    .. • 
^t: v£> 

-. -i 

bO 
•H 

o h 

~| oas/03a - axva nanxi —'-I- 

299-099-557 11 

 ■^■^- ■"— 



(Q) BEUL HEUCORTER COMFMMV 

....r. 
i aas/oaa - aiw irani. 

■ ! H -I    • • •!■"-"-  •!• -•■- n i i -L—__ J._J 1. 

O 
Oi 

o o o 
ON 

u 
V 

§• 
u 

r-t 

Ü 
r-l 

I 
X 
< 
u 
o 

Qt  0) 
..-t  0) 
Oh 
ho 
aio 

CT3 
« C 
£ cd 

0) 

3 
bo 

■H 
P4 

T 

T 
299-099-557 12 

MMAIM|MaiMaMifean 



T 

i. 
i. 

(fl) BELL. HEUICOPXrzR COMFMNV 

*l. 

Nouvnaiaooy IWHON 

u 
n 
u 

o 
1-1 

I 
SB 
< 
u o 

tu 

>. 
4-1 
•r-l 
U 
0 
r-l 

m 
3 
CO 
U 

> 
e 
o 

•rl 
U 
(0 
U (0 
«•O 

0) § 
Ü o 
ü 0« 

O  4J 
SS cd 

00 

bO 
•H 

299-099-557 13 

rfrnnni^i'---   mmm 



■w 

O BELL HEUCORTER COMPäN 

Is 

to„„oä 
id O O       5 

I ooo« 
XOOOg 

h 
0 

<u 

>. 
■p 

•r4 
ü 
o (o 

rH  T;, 

^g 
0 

M CU 

w o 
^o 
wo 
><* 
C w 
o « 

•H 
■P   h 
cd at 
U U 
(u a 

r-l   0 
ai o 
Ü-H 
ür-l 
< M 

X 
r-l 
«Ü 
E i-i 

OK 
z<: 

bO 

299-099-557 14 



I. 
(fl* BELU HEUCOF»TER COMPANV 

DERIVATION OF EQUATIONS 

The  necessary equations are developed below for  accurately  simu- 
lating the flight  trajectories of   single-main-rotor   helicopters. 
Maneuverability  limitations associated with different  types of 
rotor systems are  considered.    A technique for  simulatins; a 
particular compound helicopter is  presented as  a guide  and 
the  importance of the assumptions concerning the compound helicop- 
ter are emphasized. 

Technical Approach 

Normal acceleration is  induced in  fixed wing aircraft  by applying 
longitudinal  control or flap deflection  to change the wing  lift 
coefficient.     The equivalent  procedure  for helicopters   is  to 
change main rotor blade  lift  coefficient.     This  is usually 
accomplished by  longitudinal  cyclic  and collective pitch control. 
Normal acceleration may be  induced  by  the  use  of either of  these 
controls,   independently or together.     Cyclic control  is usually 
used alone  to  produce normal  acceleration at  high speeds  in 
maneuvers  such as  pullups,   pushovers,   and  banked  turns.     It 
becomes difficult  to  induce g at  low speeds by use of cyclic 
pitch alone,  and so both the collective  and cyclic control are 
used. 

Two types of maneuvers we 
to determine if any diffe 
angle of attack caused by 
for a symmetrical pull-up 
the same speed and g leve 
small and indicated that 
satisfactory for defining 
flight. Description of t 
maneuvers can be  found  in 

re  simulated as  reported in Reference  1 
rence  existed  in  power  required and 
control  technique.     The  power required 
and decelerating turn were compared for 

1. The resulting power differences were 
either control  technique would be 
the  power required in accelerated 

he method  of  simulation of  these 
Reference  1. 

Power Equation  -   Pure  Helicopter 

A set  of closed  form equations  have been  determined for pre- 
dicting  power required as a function of the flight condition, 
normal acceleration,  and certain physical   parameters of the 
helicopter.     The development  of these closed form equations   is 
presented below. 

The  power required to overcome  the  flat-plate drag  is expressed 
as: 

G.SfoV' (8) 

HP    - J2L HPf " T5Ü (9) 

T 299-099-557 15 
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The f  in equation 8 is the equivalent  (CD=1) flat-plate drag 
area which includes the contribution of  the fuselage, wing, 
elevator,  fin,  and rotor hub.     D  is  the  total drag of the 
helicopter.     The contribution of rotor  induced power is repre- 
sented as follows: 

HP. 
K.TV. 

(10) 

i: 

This  induced power is  linearly dependent  on the rotor induced 
velocity.    Wing   induced drag  is  not  currently  included  but may 
be added easily if a  large wing is  used on the  helicopter.     A 
weighting  factor  (K^)  is used on this  term to  improve correla- 
tion with measured data  in the  low speed  range.     This  factor  is 
expressed as: 

K,   =  1  -  iv - 0.lk)2.lk 

=  1  ♦   .3 

K1   =  1.0 

('-*) y.  < 0.1k 

\i   > 0.1k 
(U) 

The   total velocity   parallel  to  the   thrust  vector,  V   ,   is 
expressed as: P 

V     =^  + 
P T 2oA\/v2   +  0.866V 2 

P 

(12) 

The  first term on the  right  hand side of  equation  12  is the 
component of  the  free  stream velocity,  V,   parallel to  the thrust 
vector.    The  second term is  the  induced velocity and is  based on 
momentum theory. 

1       2cA /v2  +  0.866V  2 

P 

(13) 

The induced velocity  is computed by  solving equation  12  for Vp. 
Since V is usually much greater  than Vp,   a close approximation to 
Vi,  the  second term of equation  12,   is  given by  setting Vp =  0. 
After Vp is determined, then V^  is determined from equation 13. 
The rotor thrust,  T,  used in  the above equations  is determined 
from 

T =   /D2
  +   (nGW-Lw) Uk) 

where L    is  the wing  lift, w ^ 

299-099-557 16 
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The wing Lift is based on the following assumptions: 

1. Wing has fixed incidence. 

2. Wing is positioned in the downwash of the primary 
lifting rotor. 

The wing lift equation is derived as follows: 

L = qA a a w  ^ w w w 

w   fus 
+ S, - tan"l(ir) 

(15) 

(16) 

■f: 

Substituting equation 16 into equation 15, and assuming Vj/V to 
be a small angle, 

Lw = ^Vw^fus *  \ --TJ (17) 

The induced velocity of  the main rotor  Is  approximated by 

nGW -   L 
Vi  = TcST (18) 

Dividing equation 18 by V and substituting into equation 17 

nGW - L \ 
L  = qA a (c w  ^ w w I fus   w TiqS" (19) 

The main rotor  induced velocity  factor  is  defined as  that  fraction 
of the  main rotor  induced velocity which impinges on the wing  in 
the vertical   plane.     A main rotor  induced velocity factor of  0.5 
is assumed  for  this wing. 

Now equation  19  becomes 

Lw = ^Vw^'f- -   +  ^ 'fus w 

nGW  -  L 

8qK ') 

Solving equation  20  for  Ly, 

(20) 

I 

L    = 
qA a M w w 

(' - ^) 

w / 
t  +  i f w 

nGw\ 
■SqKJ 
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Equation 21 is based on  linear theory.    From a  least squares 
curve fit  technique,   it was   found  that  better  correlation with 
C81  (Reference  6)  computed values of  wing  lift  was  obtained if 
the wing-rotor  interference  term was  increased by  17  percent. 
Therefore,  wing  lift   is calculated by, 

^Vw 
w R£) 

+ i w 
1.17nGW\ 

8qA     I (22) 

i: 

i. 

i 
7 

Correlation between equation 22 and C81 values  of wing lift 
is  shown  in Figure  10. 

The  power  required  to  overcome wing   induced  drag   is 

L2V w 
2~ 

w       550 eb q 
(23) 

The   blade   profile   power  is; 

HP =      8 ' [l*1*.^   If- 3^- (21+) 

The  'o,   ^Li  and  -2   in  equation  24 represents  the constants  in 
the drag  expression  for the  rotor blade  profile at  a Mach number 
of 0.75rR/Vs.     The  v^  term  is  zero  when a  symmetrical airfoil 
is  used. 

Drag   increases   rapidly at   high Mach number which results  in an 
increase  in  power required by the rotor.     This  compressibility 
power is a  function of  the Mach number of  the advancing blade 
tip,  the  airfoil  section of the  tip,  and  the  thrust  coefficient. 
The Mach number of  the  tip of the advancing  blade  is given by 
SiR(l+^)/Vs.  If   this   number  is below a  critical value,   the 
compressibility power  is  zero.     The critical  value   is determined 
by evaluating Mcr at  an  c  of 3.5tc/a  for the  blade  tip airfoil 
section.     The   3.5tc/a  corresponds  to the average angle  of attack 
of  the rotor and  tc  =  2Cy/n,   the  blade  loading  coefficient.     If 
the velocity of  the  tip is greater than  the  critical value,  then 
the amount above Mcr  is  determined by the equation: 

AM fRd+u) M       +  0.75tc cr t- (25) 

299-099-557 18 
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The compressibility power is then a function of the amount by 
which the tip Mach number exceeds Mcr as calculated by: 

HPC  = 
OAUR) 

^Q
;
     AM   (0.0033 -   AM( 0.022-0.11AM)] (26) 

Equation 26 is an empirical expression based on  level flight 
compressibility correction for an NACA 0012 airfoil. 

The thrust coefficient  also  is used  to compute  the   stall  power. 
The value of the  thrust  coefficient at which  the  power  increases 
due  to  the  partially stalled rotor  is  referred  to as  the divergent 
thrust  coefficient    ((tddiv)-     If t^6  thrust  coefficient  is  less 
than  (tcldivi  then the  stall  power  is a  function  of the amount 
the  thrust coefficient  exceeds  the   1^]^^ as  expressed by: 

HP STALL [3^10 ( t   - c rddiv) 
3/2 (27) 

The above expression  is empirical and was determined by computing 
the  best fit  to flight  test  stall power data reported in Reference k. 

The  last contribution to  the  power equation comes  from considera- 
tion of vertical velocity.     This term can  be expressed as: 

HP, V GW =    v (28) 

If V„ >  0 then  - =  0,85 and  if V v v --  0  then  r  =  0.80. 

Mil 

1. 

The  sum of the above components compose the total   power required 
to  perform a  specified maneuver.     This  power may be  provided from 
the engine,  deceleration,   sink rate,   or any combination of these 
sources.    The  first  reported  flight  test  data  in  terms of power 
required to  perform a maneuver can be  found  in Reference U for the 
AH-1G  helicopter.     Correlation between power data  calculated using 
the closed form equation and the flight  test  data  is shown  in 
Figure  11 for the AH-1G helicopter. 

Power Equations  - Compound  Helicopter 

Simulation of flight  paths  for compound helicopters  is complicated 
by  the addition of auxiliary propulsion.     Many different main 
rotor collective  settings  and auxiliary propulsion combinations 
may be used to obtain a  trim flight condition.     Other primary 
differences  in flight  simulation between pure  and  compound 
helicopters are  in   pitch attitude,  use  of auxiliary  propulsion 
to accelerate,  and the  change  in normal acceleration with angle of 

299-099-557 20 



j|l|l  II  IIIMI^W^P"--!  < ■••-.vi    i"'l 

li 
i. 

© BEI_I- HEUCORTER COMPANY 

o 

& 
8 

2 

< 

o u 

FOR DIMENSIONAL DATA: AH- 
HOG 

1        I       i      r 
IG 

CONFIGURATION 

100 

HP = Gp    P^ ' R /550     ~ 

O       COMPUTED 

GW = CT    Pt^R4   FLIGH1 

1 
1 TEJ 5T 

90 
v = M--R 

.     I      i / 
GT           = 90 

^UIV 

r 

EQUIVALENT THRUST 
COEFFICIENT: / > 

80 

> 

uT                X   iU 
^QUIV 

i        I        I / 

r 

80u 

.^ 
/ 
^ y y

x i 

u 70 / 
x* 

^^ / 
«    'u 

>- 
X 

< > y 
60 jrf> 

S 
/ 

ir 

< > 
yy 

50 
^ 

^^ 
^ ^ 

60,, 

^^ 
"     ( > 

J ^ 
S 

< > ^ ^ 
'50p 41/ 

^ ^ 
< 

30 
r— ^ < »^ ^■ 

^ 

L^ 
DAT k BA SIS: 

1 
1 

REFERF WCE h, - 

20 

1 PA GE 5 8 

0.16 0.18 0.20 0.22        0.2U        0.26 0.28 0. 

ADVANCE RATIO  - n 

30 

i   I \    m 

I 
T 

Figure 11.   Minimum Equivalent Power Required 
in Maneuvering Flight for the 
AH-1G Helicopter 

299-099-557 21 

 ■-'■ ^■■^—^-^* 



1 

i 

L 

(Q) BELL HELICOPTER COMPANY 

attack.     The equations used below for a compound helicopter are 
valid only for certain assumptionp.     However,  this technique  is 

t included as a guide for simulation of different  compound 
|, helicopters. 

; Bell Helicopter Company computer program C81   (Reference 6) was 
i used  to obtain these  data  for a compound  helicopter.     The  follow- 

ing assumptions were  imposed on the  simulation  of  the  compound 
helicopter (Reference  1,  Appendix A).     For speeds  less  than 100 
knots,   no auxiliary thrust  was  allowed to trim the math model  in 

' level  flight.    At  100 knots,   the collective  pitr 1 was  set at   11 
degrees and  the math model  trimmed through the use of auxiliary 

j thrust as  its speed  increased.     The auxiliary  thrust   schedule 
j, required by the math model  to trim in level  flight at   speeds 

greater than  100 knots was  Jixed.     Specifically,  variations  in 
; auxiliary thrust   from that value required to  trim at a  speed are 
) not  allowed. 

In  the standard helicopter,   propulsive  force  is   provided by 
increasing collective and tilting the rotor forward to obtain 
greater  forward  speed.     For the compound  helicopter,   propulsive 
force  is  provided by auxiliary thrust at  speeds  greater than 100 

t knots  since collective  is  not allowed to  increase with  speed. 
I Since an auxiliary thrust  control  is not  available  in  the current 

Air  Force model,   the   propulsive  force  (auxiliary thrust)  of the 
, compound helicopter must  be  specified independent  of any pilot 

control.    The  propulsive  power term in the  power equation is  a 
function of  the equivalent   flat  plate drag area  (f).     By express- 
ing  the auxiliary thrust  as  an  equivalent  flat   plate  drag area 
representing  the  propulsive  force of  the main rotor,  an equiva- 
lent  flat  plate area was determined for a  specified  speed.     From 
the  above method,  an  equivalent  flat   plate  drag  variation with 
speed was determined as  presented in Figure  12. 

The  total  power required  for the compound  helicopter  is  then the 
sum of  the individual  power components as defined  in equations 
9,   10,  23,  2k,  26,  27, and 28.     The f-variation  to be used 
in equation 9 is  shown  in Figure  12.    The  limitations of this 
technique should be realized and care exercised when simulating 
a compound helicopter which varies auxiliary propulsion in a 
different manner than assumed above. 

The  efficiency of  the  propeller (r )  is assumed to be constant 
and equal to 0.85. prop 

The wing effectiveness  in  normal acceleration  is  considered below. 
The normal force  is approximated by 

nGW = T + Lw (29) 
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Differentiating equation 15 with respect to fuselage angle of attack, 
and using equation 16: 

HOT qA„a 
w w 

1  ♦ 
öiw     a ■im (30) 

Assuming a fixed incidence wing and assuming Vj/V is a small angle, 

I. 

i. 

T 

i; 
i 

T 

öiw =  0 

From equation  18 and  29 

Equation  30 now becomes 

dL 

av. 

av. _ av. ÖT 

i 
TTKV 

(31) 

/        3T/3a V 
= qAwaw \l - -nr-) 

Differentiating equation 29 and substituting equation 33 

/     aT/aafvl 
+ qVw \l - -ZST"; I 

dn 
3oT 

1 ax 
v G « 

(32) 

(33) 

(31+) 

T  e  first  term of equation  3U represents the increase  in thrust, 
aud the  last  term represents  the decrement of wing  lift  caused by 
increased rotor induced velocity. 

From  linear theory,   the rotor  thrust  change with angle of attack 
at a constant collective  pitch is 

g-^Hc^r (35) 

If  collective  pitch is  reduced in high g maneuvers,   a greater 
change  in angle of attack will  be required for the  same g  load 
than if  the collective  pitch is  fixed.     This  is  one  way  the 
division of  lift  between  the wing and the rotor  in maneuvering 
flight  may be controlled. 

Substituting equation 35  into 33 and using twice the dVi/dT deriva- 
tive   (which assumes  fully-developed  rotor wake on  the  wing),  the 
wing contribution becomes 

dL 

7 = oVwf' - f) (36) 
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The  term  in  parentheses may be  thought  of as  the wing's   "g- 
effectiveness" which is zero   if }i  =  ^a/k, and becomes   increasingly 
positive at   higher  speeds.     Since  a  is  typically about   2^,   if 
^  =  0.065,   the  zero  lift value  of [i   is 0.102,  which corresponds 
to  a  speed of about  k5 knots.     At  this  low speed  the   small angle 
assumption  (equation 17)  is   imprecise enough    that an  exact 
solution  of  equation  17 demands   the   use  of   tan-1   (Vj/V).     The 
g-effectiveness of   the wing would  be  0.75 at   180 knots  and only 
0.5 at   135 knots.     Thus  it   is  apparent  that a wing  is  effective 
in maneuvering   flight  only at   high   forward  speeds. 

Acceleration and Deceleration 

i. 

j 

Level  acceleration and  level   deceleration are   integral   components 
of  the  maneuver capability  of  a  helicopter.     The   prediction  of 
deceleration   is   important   in  determining   the  amount   of   power 
which  can  be gained  to  perform a  transient  maneuver. 

The   time   to accelerate  from V],   to V2   is  determined  by   the   specific 
excess   power,   Ps, and the  speed,   V,   as  follows: 

V 

/ ^gP^ 
dV (37) 

where   ■"   is  an  efficiency  factor.     This equation  is  obtained 
from elemental   power and  force,   F,   relations 

F =  m dV 
^t 

P  =   F-V mV dV 
It 

I 
T 

Since   power available  has an   important  effect  on acceleration 
time,   care  must  be   taken  in   specifying  the   power  applied versus 
time  when correlating with flight   test  data.     Level acceleration 
data  for  the AH-1G   helicopter  can  be  found in Reference   7.     A 
comparison  of  predicted and measured data  for a  level  accelera- 
tion  from U0  to  100 knots  is  shown   in Figure  13.     The  horsepower 
applied versus  time  used was  taken  from a  representative   time 
history   in  the above  report.     An  efficiency of  1.0 was   used. 

During  deceleration,   it   is  assumed   that all  the   power  required 
to  sustain   level  flight   is  used   to generate a decelerative  force. 
In other words  the   power  supplied by  the  engine   to   the   rotor   is 
zero  and   the  rotor  is  autorotating.     Th^  time  to  decelerate  from 
V2   to V;L   is 
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where  r  is  an  efficiency factor.     An efficiency (^)  of 0.8   is 
used  to  allow the  pilot a  rotor  overspeed margin      A comparison 
of  predicted and measured data   for a  level deceleration  from 113 
knots   to   UO  knots   for  the AH-1G   helicopter   is   shown  in Figure   lU. 
The measured data can  be  found   in  Reference  7.     It   should  be 
noted  that   these data   ire  for zero   sideslip and higher decelera- 
tion can  actually be obtained uy   sideslipping. 

For  simulating   flight   paths,   the  amount   of excess   power available 
determines   the   acceleration as   follows 

V  = 
"IgP, 

(39) 

If  this   horsepower required is  greater   than  the  horsepower 
available     (Pg   is  negative)   then   the  above  equation will   predict 
the corresponding deceleration.      Proper  attention   should  be 
given to   the  efficiency  factor  (r)   of   1   for acceleration and 
0.80   for  deceleration.     The   limitation of  equation 39  is   that 
as V approaches  zero V  becomes   infinite.     Thin   is  discussed 
further on page 76. 

Alpha  Equation  - Pure Helicopter 

The angle  of attack  is  needed  for   survivability and  terrain 
following   studies.     A closed  form  expression  for the angle   of 
attack variation with velocity  and g-level   has  been  determined 
by empirical  techniques which use     the  angles  of attack computed 
by C81  as   target values.     The   equation   is: 

8.6U3  2.i478(n-l)     +   lG.W2(n-l) ,1     /^ 
-I   Cc'V) rr 

-   17.639V 

sin 

-   tan     ^-^r-/ 

Ing   I   *  (WüJJ ) 

1.5 

(^0) 

The first   term of equation 40 represents the  change  in a  caused 
by normal  acceleration with correction for altitude,  velocity, 
gross weight,  and drag.     The  second  term represents   the variation 
in angle   of attack with velocity  in  one-g  level  flight.     The 
third  term accounts  for the change   in a  for climb (positive)  and 
descent   (negative).     The   last   term  represents  the change   in  a  for 
a  pilot-induced acceleration or deceleration.     It  should  be 
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emphasized  that   this  term is zero   if  the  acceleration or decelera- 
tion  is  not   pilot  induced.    A flight  condition where  this   occurs 
is when  the horsepower required  is  greater th^n  the maximum 
horsepower available.    This change  in  a   results  from the  differ- 
ence  of applying  the  force  for acceleration or deceleration at 
the center of gravity or at  the rotor  hub (pilot   induced). 

The constants  in the angle of attack  expression were determined 
to best  fit   the data computed by  the C81  computer program (Ref- 
erence  6)  for  the AH-1G  helicopter.     An example of  the  correla- 
tion between angle of attack data  calculated using  the  equation 
and the C81 data  is  shown  in  Figure  15.     It  is  recognized  that 
the coefficients of  equation kO  are for a specific  helicopter, 
but may be  used for different  helicopters since  most  helicopters 
have similar attitude variations  with  the parameters  in  the 
equation.     If  angle of attack data  are   available   from  flight 
test for a specified helicopter,   then  the coefficients  of 
equation 40  can be modified to give a  better fit  while  retain- 
ing  the  basic  form of  the alpha  equation. 

Alpha Equation  - Compound  Helicopter 

A closed  form express 
velocity and g  level 
which use  the  angles 
target values.     This 
helicopter  specified 
the basic  form  of  the 
different  coefficient 
guide for  simulating 

ion  for the  angle  of attack variation with 
has been determined by empirical  techniques 
of  attack computed by C81  (Reference  6)  as 
equation applies  only to the compound 
in Reference  1, Appendix A,  but represents 
alpha equation  for a  pure  helicopter with 

s.     This  equation   is  presented only as  a 
a  compound  helicopter.     The equation  is 

11.5671  0.8667(n-ir   +  6.8717( 
/FGW 

-   10.8159V 
P*v 
utr + 2.5778 - tan 

■■(vv)1-- 

i /0.8V  \ 

For speeds   less  than 100 knots,   /a     from pilot-induced 
acceleration or deceleration  is  as  follows: 

(41) 

r   >, i 
I 

Aa, sin 

lug 1  + imj 
(42) 

For  speeds  greater than  100 knots,   Aaf  from pilot-induced 
acceleration or deceleration  is  as  follows oL 

Acu 
AT aux mVi __ prop (43) 
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The effect of the change of angle of attack  on auxiliary thrust 
can be  expressed as  follows: 

-4H£ = 0.00U622i+(n)L-L22V2 + 1.52Ui|6(n)1,132V+ 337.1+(n)0-U26     (kk) 

The above equation  is  based on  data computed by C81  (Reference 6). 
A transition between Aaf    and Auf.  (equations k2 and U3)  is provided 
to avoid a discontinuity between the Aaf,   for pure helicopter and 

the Aa^    for compound helicopter.    The  equation for transition is 
as follows: 

ia     =   [l  -   0.05   (V-nS.QtO]    AfJf     +   (0.05)(V-L35.0l+)Aaf (1*5) r rl r2 

The above equation  is  valid between  80 and  LOO  knots only.     The 
limitations  of   the above equation  should be  realized and care 
exercised  in  using  the equation  for  simulating a compound 
helicopter different   from the  one   in  Reference   1,  Appendix A. 
However,   the above   technique can be made   to  simulate different 
compound helicopters   if a small amount  of C81  data which repre- 
sent  the  specified compound helicopter  is available.    The 
technique  is  still  useful even   though  it  requires some dependence 
on C81  or flight   test  data. 

Maneuverability  Limits 

The g-capability of  a  fixed-wing aircraft   in maneuvering  flight 
is usually determined  by consideration  of  structural,  aerodynamic, 
and power limitations.     The same  limitations  apply to a  heli- 
copter,   in a  slightly  different  manner.     The   structural  limita- 
tion for the  helicopter is  primarily determined by vibration and 
fatigue  life  of  rotor  system components.     The resulting  limit  is 
referred to as  the Vne  speed (never-exceed velocity). 

The aerodynamic   limits  for the  helicopter are   not as straight- 
forward as  those  for  a  fixed-wing aircraft.     Once stall  is 
encountered  in  a  fixed-wing aircraft,   lift  no   longer increases 
with increasing angle  of attack.     Stall  is  not as well defined 
in a helicopter  as   in a fixed-wing aircraft.     Blade stall  is 
encountered on  some  parts of  the rotor while  other  parts will not 
be  stalled.     Because   stall has different  effects on different 
rotor  systems,   the  "stall  limit" can vary widely among  rotor- 
craft.     An attempt was made to define  the  "stall limit"  for the 
different rotor  systems based on data available  from published 
literature. 

The data for each rotor system  are  reduced to a rotor blad^ 
loading coefficient   (tc) versus advance ratio   (\i)  curve.    This 
coefficient  is  calculated by dividing rotor  thrust (which is | 
approximately equal  to  the load factor times  the weight)  by the j 
blade area  (bcR)  and  the average dynamic   pressure  at the blade 
tip 0.5P (TR)2: ■        . . i 

I 
299-099-557 31 

,   i,.,u„m,i^i,tm^mmMtuik mm      i      ■      lmmM^itluililtmiUmltgtl)titmttllm^^ 



p I Vlif BELL HEUCORTER COMPANV 

'• tc. rs« = fi (,6) 
C       O.SPC^R)^ (bcR) 

i. 

1. 

A brief discussion of  the effect  of  the   type of rotor system on 
the  thrust   load   Limit  follows. 

Systems  that  use moveable control  surfaces  on the main rotor 
blade are  susceptible  to  partial   loss  of  control and blade 
torsional   instabilities when producing  high thrust.     A single 
rotor helicopter which uses  this  type  of  system is  the  HH-2C. 
Based on data  from Reference 8,   blade  stall may be encountered 
if  the  tc-^  curve  indicated  in  Figure  16  is exceeded.     Intentional 
approaches  to  or  inducement  of retreating blade stall  is  a 
prohibited maneuver as  stated  in  the   flight manual. 

Fully articulated rotors exhibit   large   flapping and  lead-lag 
blade motion and are susceptible  to  blade  torsional  instabilities 
(Reference  9)  when  subjected to  high  thrust.    Several  helicop- 
ters  use   this   type  of rotor  system.     For  the CH-3C  helicopter, 
blade  stall  may  be encountered  if  the   tc-f.   curve  shown  in Figure 
17  is  exceeded  based on data  taken  from Reference  10.     The  flight 
manual states  that  control difficulties will arise if  the  stall 
is allowed  to  fully develop.     For  the CH-53 A/D helicopter,   the 
tc-fi  curve  shown  in Figure  18 represents   the  flight  condition 
where  stall may be encountered based on data of Reference  11. 
However,   the  primary indication  of blade stall is shown on a 
cruise guide  indicator.    These values  indicate the degree of 
acceptable  vibration that will  sustain component  service  life. 
The  0H-6A  helicopter uses  this  type  of  system also.     The  tc-;.i 
curve  is  shown  in  Figure  19 for blade  stall on the 0H-6A helicop- 
ter based on data  from Reference  12.     The above data which were 
taken from respective flight manuals  are assumed to  be 
representative  data of the  particular type  of rotor system. 
However,   it  is  recognized that  the data may be conservative. 

The  thrust   load  limit of hingeless  rotor systems  has  not been 
very well  defined because of  limited  flight  test experience.     To 
date,   the   limit   that  is most  often  encountered is  a  structural 
load  limit   in  some  component  of  the  rotor system. 

Teetering rotor  systems may  induce  a vibratory response  of the 
fuselage  at   high  thrust.     These  systems  rely on a  rotor-pylon 
isolation  system  to minimize  this  vibration and show a high 
tolerance  for blade stall.     The maximum thrust achieved for  the 
AH-1J helicopter expressed in terms  of  tc versus \i   is  presented 
in Figure  20  (References  13 and  1^4).     The  stall alleviating 
effects  of  pitch rate  (Reference  15)  minimize the oscillatory 
thrust  excitation especially  for rotors with high flapping 
inertia.     Thus,   vibration has been  shown by  flight  test  to 
decrease with increased normal acceleration at advance ratios 
above 0.3 (Reference 16). 
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The above data on the different types of rotor systems indicate 
the average blade loading which should not  be exceeded for the 
various reasons stated above.    A tc-[i curve can be used as a 
basis for comparison of the  transient g-capability of different 
rotors and helicopters by taking the ratio of maximum tc,  for 
the  speed and type of rotor,   to the tc  in one-g  flight at the 
altitude of interest. 

Simplified Maximum Thrust Model 

The above data indicate  that  the thrust  limitations of different 
rotor systems are  based on  considerations of vibration,  control- 
lability,  and  fatigue   life.     In the event  that   flight   test data 
are not available to  identify this limit, a method is needed to 
give  a reasonable approximation.    An aerodynamically  limited 
value of thrust  coefficient  (tc) at  different advance ratios  (n) 
can be computed  if the variation of maximum  lift  coefficient with 
Mach number for the blade  section is known.     The mathematical 
model  for this  computation  is  illustrated in Figure  21.     In  the 
reverse  flow region,   zero  rotor lift  is assumed.     In  the retreat- 
ing  blade region,   the  blade  sections are assumed  to be at the 
maximum lift  coefficiet t   for  the  local Mach number.     The  lift  in 
the advancing  blade region  is  computed using  the  maximum lift 
coefficient out to  the blade station at which the resulting  lift 
moments of  the advancing and retreating blades  are equal and 
opposite.     The  lift  is   assumed  to be zero outboard of  that 
station.    The effect of  pitch rate  on the rotor  is accounted for 
by  increasing  the  pitching  moment which the  rotor must balance. 
This causes a reduction  of  stall on  the retreating blade and an 
increase of  thrust  on  the advancing blade. 

The  results of this  simplified mathematical  representation are 
shown in Figures 22 and  23  for the AH-1J helicopter and the CH-3C 
helicopter.     The results  of  this model  are not   satisfactory for 
predicting the maximum thrust  for a teetering rotor system such 
as  used by the AH-1J.     For  the articulated rotor,  a  higher thrust 
was  predicted than  was obtained.    Several explanations can be 
offered for the  lack  of correlation.     One such explanation is 
that   two-dimensional CL-Mach numbers were used.     Another reason 
is  that  the articulated rotor is  limited by  other problems 
before reaching its maximum thrust  capacity.     Unsteady aerodynamic 
effects are known to  increase  the attainable maximum lift 
coefficient of an airfoil.     The conditions under which this 
occurs,   i.e. ,   high rate of change of angle  of attack,  do occur 
on the rotor but are  not  considered  in this  simplified model. 
A derivation  of the equations used in the simplified math model 
can be  found  in Appendix  B    along with a copy of the computer 
program. 
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DETERMINATION OF  INPUT COEFFICIENTS 

The power equations were  developed  specifically for predicting the 
total power required for the AH-1G helicopter.     However,   these 
equations  are capable of predicting the total power required for 
different   single-main-rotor  helicopters within  the accuracy 
required  for flight path simulation.    A set  of  input   coefficients 
can  be  determined from the helicopter's  speed-power data at 
different  gross  weights and from certain physical parameters 
of  the  helicopter.    Below is  a  disscussion and example  of a 
method  to  determine the   input   coefficients for the power equations. 

Sensitivity of Parameters 

The   limitations  of  the power equations  in  representing  compli- 
cated rotor aerodynamics  for different  rotor  systems  should be 
appreciated.     In seme  cases,  the  equations  may not  be  capable of 
representing the  flight  test  data.     In general,   the  correlation 
between  flight  test data and computed data  is ^ood.     The  follow- 
ing  method  is only a tool to arrive at an  initial  starting 
point.     Care must be exercised  in  choice of  the  input coefficient 
if   the values  from the  INPUT program are not reasonable.     By 
making  small changes  in the  input  data,   correlation with flight 
test  data can be   improved. 

In order to make  the necessary changes  in the  input  data,   the 
influence  of  each parameter  on the  power curve must  be understood. 
A discussion of  each of the  input  parameters  is given  below.    The 
AH-1G helicopter parameters are used in  the graphic representa- 
tions . 

1. Equivalent  Flat-Plate  Drag  (f):     This parameter represents 
the contribution of the fuselage,   wing,  elevator,  fin,  and rotor 
hub  to  the parasite drag term.     The  change in  horsepower with 
speed and  f  is  presented  in  Figure 2k.     For example,   by  increas- 
ing  f  by  5  square  feet,   the horsepower curve can be  increased  by 
lk2 at  lUG knots  to match flight  test data while  increasing the 
horsepower at  60 knots by only  10. 

2. Constant Term in Rotor Blade  Drag Equation:     60  is  the  con- 
stant   in the  drag equation Cß =  ö0  + &2a   •    This term accounts for 
the profile drag  of the  rotor blade at  zero angle of attack. 
Increases  in  50  primarily result   in a constant   shift of  the 
power  curve.    However,  the effect  of  speed on  50  is  also 
important and  is presented in Figure  25.     If the calculated 
power  differs from the  flight  test  data  by an approximately 
constant   value,   then a  change  in  50 would  improve correlation. 

3. Angle of Attack  Term  in Rotor Blade  Drag Equation:     C2   i-8 

the  angle  of attack  coefficient   in  the  drag equation Cfi=£0+£>2a^' 

299-099-557 ^2 
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Figure  2k.    Variation of  Parasite Power with True 
Airspeed and  Fuselage  Drag,   f 
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This term accounts for  the profile drag of  the rotor blade with 
angle of attack.    The  speed effect on 60  ^s presented in Figure 
26.    The difference in power between different gross weights  in 
hover comes from the contribution of  62 and changes  in induced 
power.    If the calculated power between two different gross 
weights differs from flight test  data,   then a change in 62 would 
improve correlation. 

k.    Rotor  Induced Velocity:     The  variation  of  induced velocity 
with airspeed  is  presented  in Figure  27.    A weighting factor  is 
used to  increase the  rotor  induced velocity at   low airspeeds 
to  improve  correlation with measured data.     Usually this  factor 
is  equal  to  one  above a  speed of  60 knots.     This factor varies 
with airspeed and  is  valid  for several  single  rotor helicopters. 

5.     Compressibility Critical Mach Number:     Decreases  in  critical 
Mach number result  in  increased power  required at  high speeds 
as   shown  in Figure 28.     Choice of the   two-dimensional critical 
Mach number for a given blade  section may  be a good  initial 
value,   but  the  final value  may differ as a result of not  knowing 
the   lift  coefficient  at which the   blade   is operating and  not 
knowing  the  rotor's aerodynamic  environment.     If the calculated 
power does not   increase as  rapidly as  the  flight test data and 
the  tip Mach number is  high,  then  decreasing the critical Mach 
number will  result   in  improved  correlation. 

6. Stall: The prediction of stall actually require 
sophisticated analysis which calculates the angle of 
each radial and azimuth station. The method for pre 
stall in these power equations is empirical and is a 
a divergent value of tc versus h» The amount of sta 
given flight condition depends on the amount by whic 
cal value of tc is exceeded. Therefore, the critica 
becomes the determination of this divergent tc versu 
for each helicopter. From the flight test data, sta 
seen as a rapid rise in power required at high speed 
tip Mach number is not high and the flight test data 
suddenly at high speeds, then lowering the divergent 
I, curve would improve correlation. The increase of 
power is a function of the amount t« exceeds the div 
of tc as presented in Figure 29. The divergent tc v 
curve for the AH-1G helicopter is 

t =   .1  * '2 

Cdiv A   +  50^2 

s a very 
attack  at 

dieting 
function of 

11 for a 
h the criti- 
I question 
s [•  curve 
II is usually 
.     If  the 
increases 
tc versus 

stall  horse- 
ergent  value 
ersus  n 

(47) 

Very recent  data  have  indicated  that  blade  flapping  inertia 
significantly affects  the  divergent  tc versus  y. curve.    This 
effect  should  be  investigated further. 
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Methodology 

The INPUT program approximates the coefficients to  the power 
required equations  based on the given power required versus air- 
speed data.    The correlation between predicted and actual values 
of power is given  in terms of percent  error.     The calculated 
coefficient may be  refined  further  by the  user to  improve corre- 
lation.     It  is the   intent  of  this  program to  only approximate these 
values while  the  final  coefficients are  determined by the user. 

A flow diagram of the logic used for this program is presented 
in Figure 30. A copy of this program is in Appendix C. The 
required data for the program are: (1) Power required versus 
airspeed for two different gross weights at the same altitude, 
density, and rotor rpm; (2) hover power required out of ground 
effect for the same conditions in (1); and (3) physical param- 
eters of the helicopter: rotor radius, rotor chord, number of 
blades, rotor tip speed, and estimated value of equivalent flat 
plate drag area. 

Power  data at  three  speeds and two weights are  required  for the 
actual computation  of the   input  coefficients.     These are hover, 
minimum power, and maximum  speed desired,     ^t  each of these 
speeds a residual power is computed.    This  power results from 
the  subtraction of each component  of the power equation as  they 
are  determined from the  total power.    The remaining power repre- 
sents  the contributions  of the components not  yet  determined. 
First,  the  induced power  is  calculated and  subtracted from the 
total power for both gross  weights.    Now the  difference  in power 
at  hover between the  two gross weights  is due  to the 62 power 
term.     Knowing  this difference,  ^2  is computed.     The contribution 
of  t2 to power  is now subtracted from the  residual power term. 
Next  the  values  of  stall  power are  calculated and  subtracted 
from the residual  power  term.    At Vj^v,   the   difference  in power 
(üHP)  between  the  two gross weights will  reflect  the  amount of 
compressibility power through the  AM calculation which is a 
function of tc,(AM = Myip - Mcr  +   '75 tc).    Now a  slope of 
"HP/(£M2   -  AMj)   is  computed where   1 and  2  refer  to  the gross 
weights.     Then values  of M-r are swept  until the value of 
(HP„o   - HPci)/(AM2   -   AMi)   is  equal  to  the  computed value of 
AHP/ti-M2  -  AM^).     Knowing  the value of Mcrf   the compressibility 
power  is calculated and  subtracted  from  the  residual power term. 

The  value of  60  is  determined from consideration  of  the residual 
power at VMIN power  speed  for the  lighter gross  weight. 

The power  required  by the  input  value  of drajj area is  subtracted 
from the residual  power at  the speed  for minimum power for the 
lighter gross weight.    At  VMAX»  the power required by  50  is 

299-099-557 50 
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READ INPUT DATA 

GALCUUTE HP.   FOR ALL GW'S 

AND VS 

SUBTRACT HPi   FROM HP 

FOR BOTH GW'S 

CALCULATE t,  FROM DIFFERENCE  IN 

HP1 AND HP2   IN HOVER 

SUBTRACT HP>     FROM HP 

FOR  BOTH GW'S 

SUBTRACT  HPSTALL FROM 

BOTH HP AT V MAX 

CALCULATE M       BASED ON 
cr 

DIFFERENCE  IN  HP AT V MAX 

SUBTRACT HPc  FROM BOTH  HP 

AT VMIN
CAND V^ 

SUBTRACT  HP6     FROM 

HP, AT V^ 

CALCULATE f  BASED 

HPI AT VMAX 

CAICULATE  ERROR BETWEEN 

^INPUT AND HPCALCULATED 
USING NEW VALUES 

I Figure  30.     Flow Diagram  for Input  Coefficient 
Program 
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subtracted from the residual power term leaving the power 
required for £.    The equivalent  drag is calculated from this 
power.     Finally the total power required is calculated based on 
the computed  coefficients and compared to the   input value of 
horsepower. 

Items of importance to note when using the above method are 
discussed below. The value of the weighting factor used for the 

1. induced velocity strongly affects the value of  £2*     ^  t^6 values 
of ^2 are unreasonable, then the weighting factor Kj is probably 

, incorrect.    Some typical values  of K3 are given  in Figure 31 for 
different helicopters.    The method by which these values are 
chosen follows. 

) First 1   the  power is   computed  for hover using  standard  values of 
'■ input coefficients  such as^ the  ones for the AH-lG helicopter. 

Then the value of K3  is  increased until correlation  is   improved. 
However,  reasonable values of  b0,   62,  and   Mcr   must  be   used. 

1. This factor is used to  increase the  induced velocity to  improve 
power  correlation in  the  low speed range and account for download 

r on the fuselage in hover. 
I 

Also  some modification is  required in the angle  of attack 
expression for the different helicopters.    This   change yields 
improved  correlation while maintaining reasonable  values of 
60 and  62*    ^e average  angle of attack  of  the  rotor is approxi- 

/7CT\ 
mated  by \-r~l.     However,   for the CH-3C and  CH-53  helicopters, 

V oa / /9GT\ 
K 

better results were achieved  by  using (-05-)   •    In  the   input 

», coefficient program,  the  aflgle of attack is approximated by 

I   c     /.    Values of  K,  for the various helicopters are presented 

in Figure  31. 

The only parameter not  directly determined by the   INPUT program 
is  the amount of  stall power.     The user must  input  the  divergent 
to versus y  curve.    The value of  f is  influenced by the amount 
of  stall power.    For example,  if a small amount of  stall power 
is calculated at V^x,  the program will calculate a  large value 
of f to match the power at that point.    This f results  in too 

;. much power in the immediate  speed range and the percent error 
will be  large.    By increasing the amount of stall power, the new 
f will decrease and  result  in improved correlation. 

I 
To aid the user in determining the proper divergent  tc  versus [i 
curve,  data from Reference  18 are presented in terms of a tc 

r versus V- curve in Figure  32.    This data approximates the tc value 
u at which stall is encountered.    This region is  bounded by the 

lower line for light  stall  (a =  12 degrees) and the upper line 
(a =  16  degrees)  for heavy stall.     The divergent  tc versus n 
curve from Equation 47  is also shown. 
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HELICOPTER K3 K6** 

AH-1G 2.14 7 

UH-1H 2.30 7 

CH-3C 2.50 9 

CH-53 2.50 9 

0H-6A 2.14 i 

OH-58A 2.14 7 

K1   =   1   -   (^-.14) K, 

Figure  31.     Typical Values  of  K3 and 
K^  for Various Helicopters 
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Results 

Several  current  operational helicopters were considered  in the 
evaluation of the  equations.     The necessary physical  parameters 
for these helicopters are given   in Table  I.    A set  of  input 
coefficients foi   these helicopters  is presented in  Table  II. 

A comparison between predicted  data and flight  test  data  for 
the various helicopters  is presented  in Figures 33 through 38. 
The predicted data used the coefficients presented in  Table  II. 
This   comparison was made  using  representative level  flight 
performance  for the different  helicopters.    Based on  the flight 
test  data used,   the equations  yield  satisfactory results  for use 
in simulating  flight  paths of  these  helicopters. 

Example  Problem 

The AH-1G helicopter is  used to   demonstrate  the above  methodology, 
A sample  input/output  of the  input  coefficient program  (Appendix 
C)  is  presented in Figure 39.     Power  required versus  airspeed 
is  usually presented as  shown  in Figure  36 or Figure  38.     If 
the  data do not  extend to include  hover,   then hovering  out-of- 
ground-effect  power data   are needed as  is  the case  in Figure  36. 
The  data of  Figure  36  can be reduced to  dimensional  terms  using 
the  following equations: 

CT pA(ffiR)2 

CP 
HP 550 

PA(£R)3 

V- 
_   V - m 

(48) 

(49) 

(50) 

From Figure  38,   the power required data for the AH-1G helicopter 
for two  different  gross weights  can  be obtained.     It  shDuld be 
noted  that  the power data at  different gross weights must  be at 
the same flight conditions,   i.e.,   rotor rpm,  density,  and  Mach 
number. 

The order  in which the power required  data   are  input  is   important. 
A one-to-one correspondence must  exist  between the power required 
and velocity.     In addition,  the  first  point  must always  be the 
hover   point, while the second point  is  the power required  at  the 
velocity for minimum power required.     The  input value  of  m deter- 
mines  which input  velocity (vc)   is  Vj^^.     In the  example,  m = 7 
means  VMAX =  150 knots,  m = 6  would mean VJJ^Y 

=  li+0 knots,  etc. 
Intermediate velocities are used  to give  insight  into  the  degree 
of correlation obtained. 
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Helicopter Configurat ion f ^o f-1 62 M cr 

AH-1G Hog 19.5 .0075 0 1 .75 

0H-6A Clean 6 .0075 0 .59 .75 

UH-1H Clean 20 .0075 0 .59 .77 

0H-58A Clean 9.7 ,007 5 0 .59 .75 

CH-3C Clean 35 .0075 0 .59 .75 

CH-53A Clean 60 .0085 0 .59 .75 

Table II.     Input Coefficients  for Various 
Helicopters 
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0H-58A 
CLEAN CONFIGURATION 
MM - 354 

'DATA BASIS:    REFERENCE 19, PAGE 20 
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Figure 33.    Level Flight Performance for 
OH-58A Helicopter 
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Figure  35.     Level Flight  Performance for 
YUH-1H Helicopter 
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\   A   COMPUTED 

»-FLIGHT  TEST 
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Figure  36.    Level Flight Performance for 
CH-3C Helicopter 
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Figure   37.     Level Flight Performance for 

HH-53C Helicopter 
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The physical dimensions  required  (Table  I) are  rotor radius 
(feet),  rotor chord  (feet),  number of  blades,   rotor tip speed 
(feet per second), K3  and  Kg.   Also required are  altitude  (feet) 
and temperature   (degree  Centigrade)  for the  given  data.    The 
lower gross weight and the  upper gross  weight  are   the final  data 
required. 

The  input   data are  compared with the  computed data using the values 
of  f,   to,   ti,  and   Mcr   determined  in  the  program.     The actual 
error and percent error are  printed for each speed power polar 
at  both gross weights.     The  values of  f,   ^0»   ^2»  an^   Mcr 
determined  in  the  program and used  to compute  horsepower required 
are printed as  can be  seen   in Figure  39. 

The  sensitivity  of each of  the  parameters as  related to magnitude 
can be seen  in  Figures  2U  through 28.    Some  variation from the 
computed values may be  used with little  change  in  the power 
required.     This   is  the  reason for the  differences   in  the values 
of  Table   II  for the AH-1G and the  value  calculated  by the  INPUT 
coefficient  program.     Also   it  should  be  understood  that a  set 
of  coefficients  do not  define a unique  solution,   i.e.,  there 
could be  several  sets  of  coefficients  which  could  result  in 
approximately the  same  degree of correlation. 
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BELL HELICOPTER OMPANY 

APPLICATIONS 

Terrain Following 

The equations d v lop d bov an b integr t d into a t rrain 
following model to g nerate a n ac urat fli h profil . An 

xampl of such a t rrain followin mod l an be found in 
Referenc 25. In this model, th air raft's t rrain following 
abilit~ can b investi at d as a un · ion of (l) the aircraft's 

haract ristics, (2) rrain foil win ub ystem, (3) load 
actor limits, {4) command l aran altitude, (5) command speed, 

(6) terrain type, and other operational paramet rs . The pilot 
logic was d veloped f rom an r y vi wpoint lo~ with some 
logical deci ions about how pilot li s the helicopter. The 
pilot logic is shown in Fi ur 40. Th h li opt r will always 
be in one o f th six ar as o p d and powe r illustrated in 
Fig ure 40. Equation 1 (Fig ur 40) was d riv d from F = m~ and 
P = F·V r elationshi ps . It i s us d to d rmin th linear 

c l ration (or de l e ration). Th dif f r n betw e n the 
required and s t pow r d t r min P. Equa tion 2 (Fi rur 40) 
shows the u of the w ightin f un ion. This f un ction attempts 
to recogniz that pilots do not orr c t in th sam way for both 
larg and small deviations f roM th ommand spe d . The weighting 
func ion is compared to unit y b f or us in equation 2, and 
th small r va lue is us d. An e xampl of th lig ht profile 
gener ted from this t rrain followin mod l is shown in Figure 
41. 

Decel r a ting Turns 

question of pen r tion distan 
re urn at const nt altitud ar 

s o of di f er nt h li opt rs. The 
dev~ lop d o r pr die ion o f distan 
turn . 

and tim to xec ute a 180-
fr qu n t ly us d in compari

followin methodology was 
and t im for a decelerating 

The pilot can choose to d c l e rat const nt a ltitun in order 
to supply additional power f or a hi h - t ur n . The time history 
o the fli g ht path must be cons ru d of series of circular 
arcs since speed, radius, and g -1 v el are varying throughout the 
turn. The proc e dure is describ d b lm.;. 

( 1) Detennine the variat ion \vith pe d of the maximum 
transient thrust capabilit~ o f the rotor (see 
Maneuverability Limits). Divide this by the we ight 
to get the V-n curve . This maximum thrust capability 
may be limited by rotor instabilities like flutter or 
weaving, or by loads, vibration, or stall -- depending 
on the specific rotor system . 

(2) Detennine the powe r r e qu : r ed at the maximum rotor 
thrust using the power equations . 
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PWR REX; QUIRED 
i 

DECELERATE 
(1) 

DECELERATE 
(1) 

MAXIMUM 
AVAILABLE ACCELERATE 

(2) 
DECELERATE 

(2) 

MINIMUM 
1 

DESIRABLE" " ACCELERATE ACCELERATE 

(1) aP < MIN DES (1) 
(2) L? >  MIN DES 

i 

1 
COMMAND 

SPEED 

(1)     V   = -^ mV 

(2)     V AP /V " VromV 
' mV \    Vtol     / 

I 

I 
! 

Figure kO.    Pilot Logic for Terrain Following Model. 
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Computed Performance 
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Figure kl.    Terrain Followinj; Flight Profile 
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(3) 

CU) 

(5) 

Determine  how deceleration varies with   speed using 
equation 39. 

Select   the  time   interval   to  be  used, 
usually  sufficient. 

One  second  is 

Determine   the  average  deceleration  for the   first  time 
interval.     Then compute   the  average   speed  and  determine 
the  radius  of   turn   from 

V^g   ^  -   l) 

(6)     The amount  of  arc   traversed   in  the  first   time   interval 
is  given by d./dt   = V/R for a  It  of  one   second.      If 
computed  instead  of  graphically constructed,   the 
penetration  distance   is   calculated an   follows: 

penetration distance V..   cos   C ■        .. , ) t heading   change 

(7) For  the  next   time   point   the  entry  speed   is   the  exit 
speed of  the  first   time   interval.     Return   to   (5)  and 
continue  until   the   desired  heading  change   is  achieved. 

An  example  of a   180-dcgrco  decelerating  turn  is   shown   in  Figure 
1+2.     A  comparison  of   predicted  data  using  the  above   procedure 
and measured data  from Reference   7  for  the AH-1G   helicopter  is 
presented  in Figure  k2.     Entry airspeed  for  the  above  example 
was   150  knots. 

Low Speed Maneuvering 

The  helicopter  has  a capability  of  accelerating   in  any direction 
from  hovering  flight.     This  can  be  used to  increase   the   surviva- 
bility  at  very  low speeds  since  changing   the direction and 
magnitude  of  flight   path acceleration complicates   the  ground 
gunner's   problem.     Using   the methodology from  preceding   sections 
and  observing  physical   laws,   a  method  (Reference   26)   for  deter- 
mining   the capability of  the   helicopter to accelerate  both 
vertically and horizontally at  the same time is presented.    In high 
speed   flight  at  moderate  altitudes,   maximum ^-capability  can be 
used  since  the  power required can  be  supplied by  loss  of energy 
(altitude  or airspeed).     However,   rotor maximum g-capability 
cannot   be used effectively   in  low speed  flight   since  kinetic, 
potential and rotor energy   levels   are  low and  nearly  constant. 
Therefore,   low speed maneuvers  are  done at  constant   power. 
Horizontal acceleration   is  most   efficiently done   by  tilting  the 
rotor   thrust vector  so  that   the   horizontal  component  acts   to 
accelerate  the helicopter as   illustrated  in  Figure  k3.     The main 
rotor  thrust  must  be  increased  to  maintain altitude.     This 
requires   an  excess  of   power  above   that required   to   hover and  is 
the  means  by which excess   power   is  converted  to accclerative 
force. 
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DATA BASIS:     REFERENCE 7,  PAGE 55 
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HORIZONTAL  DISTANCE  TRAVERSED  DURING  TURN-FT 

Figure   hi  -  180 Degree  Turning   Performance   for   the 
AH-1G Hel icopter 
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Figure 43.    Thrust Vectoring  for   Linear Accelerati on, 
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Th pow r r quired by a typical high -performan e heli opter 
in forward flight is illustrat d in Fi ur 44. The effects of 
normal acceleration on pow r iitdi t d by the lines of con-
stant g. The pilot may 1 the normal acceleration 
apability to a c 1 ra te v rti all (in r eas rate of climb or 

arrest rate of d s nt) or lerat parall l to the ground 
whil mainta~n~n 1- v r i al ompon nt o th thrust vector. 
Th power-limit d g - apability may b d t rmin d from the data of 
Fig ure 44 by notin th - apabili y at c h sped at a constant 
power lev l. Turnin fl · h r quir s l ration normal to 
th lig ht path and the pow r r quir d that is associated with 
producing increased thrust. L v l fli ht a ce l e ration.requires 
power (equation 39). Thu s , t 1 ration, V, is 
determin e d by the ex nd the velocity. It 
should b noted that pr di to infinity as V tends 
to 0 which is a limi~ tion th A g raphical 
presentation o th V e quat i n is ure 45 for a 
helicopter of 12,50 pound gros 

The preceding di cu ion h sum d h t t is no ain or 
loss of altitude ( po en ial n ~ y) . Th required to 
climb is given b qu tion 28 . T a ount for limb and descent 
ef _ects, the power com put d by quation 28 is r. dde d o (descent) 
or subtracte d rom (climb) th maximum power available. A 
horizontal line is drawn a ross Fi ur 44 at he ne w power avail-
abl and the correspondin l r ti n apabilities are 
determined as before. For xampl , a 10 f / s rat of climb 
would require 267.4 horsepow r or h xample helicopter. The 
maximum powe r available th n would b 1830- 267.4 = 1562.6 
horsepower. Th normal ace l r a h v r would theft decrease 
from 1 .18 to about 1 . 05 in a 600 r i l limb. 

Th pow r-limi d li ar (fl . ht h) a ration at a .specified 
v lue o normal l ra ion an d d from th data of 
Figur s 44 nd 45. For xampl , i he h li opter is ~arked 45 , 
sustaining l.4lu g in l vel fl . ht, th pow r r equired at 60 knots 
is 1110 horsepow r from Fi ure 44. This iv s a~ excess of 
720 ho rsepot.;er which may be us d to increas li ht path velocity. 
Entering F: g ure 45 witl 720 horsepow r a 60 kno s gives about 
0.31 g (5 . S kt / sec) linear accel ra ion. This normal and linear 
accel ratioP is approximat ly orre t x ~ pt tha~ the vector sum 
of 1.414 and 0.31 is 1.447. S ine th power required data of 
Figure 44 refers to the total thrust produ d, the vector sum of 
the normal and linear acceleration must be used to obtain the 
power required. This involv s reente ring Figure 44 at the higher 
normal acceleration (1.44 7 ) and obtainin the power required. 
Figure 45 then shows a linear ace leration attainable of 0.29. 
This iterative process continues until accelerations are deter
mined which are compatible with pow r and vector summation 
constraints. Figure 46 is a combination of Figures 44 and 45 
which indica t es the approximate combined acceleration capability 
if the vector sum is not included. 
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To determine accurately the combined acceleration capability, 
the data of Figure 46 are replotted in Figure 47 at speeds of 
interest. The curves starting at th 1.0, 1.2, 1.4 and 1.6 g 
values of n are constructed from the g ometri relationships of 
a right triangle as indicated. Th values of n 11 and n.L. at 
the points where the parabolas interse t th speed lines obtained 
from Figure 46 satisfy both pow r ano~ om ri constraints. 
For example, from Figure 46 th india d lin ar ac eleration 
capability in level flight (n=l.O) at 30 knot is 0. 74g. This 
is point A on Figure 47. Th r st o th 30 - kno line of Figure 
47 is determined by reading orr spondin 1 valu s of nand n 11 
(linear acceleration) from Fi ur 46 along th vertical 30-knot 
line. Where the 30-knot line int rsects the geometric c rves 
previously described, both pow r and g om tri constraints are 
satisfied. Point B on Figure 4 7 indi ates a lev l flight 
acceleration of 0.56 g at 30 knots. Th normal and linear 
acceleration capabilit for t he xample h li opter is given in 
Fiflure 48. 

In hovering flight th abov m t hod fails since the linear 
acceleration equation is infinit . The man uvering limits near 
hover are det .rmined by he horizontal nd v rtical acceleration 
which results from directing a thrust ve or of constant length, 
1.18 g for the example cas~. Th magnitude of this thrust is 
determined by power availabl as indi ated in Figure 44. The 
result is a circular arc with a radius equal to the g capability 
with V = 0. Th above combin d ace 1 ration apability is 
graphir.ally portrayed in Fi ure 49 for l w speed flight. Figure 
50 is a similar present ion whi h hows data from hover to 
maximum speed. Th kinetic n r y v il bl at high speeds 
enables considerably higher -l v ls b su ain d for short 
period s to mak r pid in h fli ht pa h. The power 
r quir d for t h s m n i provid d b loss of speed 
(kin i en r y ) durin man uv r. Alti ud (potential 
ener y) ..; an be los t o b in pow r or man uvering at g-levels 
ou sid ~h envelop indi a d in Fi ur 50. 

At this ime, no l ig ht t t data are available to validate this 
t ory . 

Survivability 

Survivability studies r quir som t . pe of flight path deter
mination. The impac o h accura y of thes trajectories 
varies depending on the survivability model itself. This 
simpli ied method for de t erminat·on o flight trajectories offers 
accurate representa ion of th fli ht path trajectories for 
minimum computer run time and computer s ora e space. 
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Figure  50.     Constant   Energy Acceleration  Capability 
from  Hover  to Maximum Speed. 

299-099-557 80 



flb BELL HEUCOPTER OM-NV 

Flight Test 

The evaluation of the maneuv r capability of a helicopter in 
flight test often n~s ults in data whi h reflect pi lot technique 
more than the actual capability of the helicopter. From 
Reference 4. return-to-target maneuvers were performed by three 
different pilots using the AH-lG h li opt r. A standard devia
tion of 1.01 se onds was al ulat d for 1. v l turns. From a 
statistical vi wpoint, this is a v ry lar s atter band. The 
large variations observ d in th s r ul ts degrade precise 
quantitative comparisons of man uv rin performance. If one is 
faced with comparin the maneuv r apability o two different 
helicopters, the influ nc o pilot te hniqu may reduce or 
augment the helicopt r's per o rman For this r ason, a method 
is needed for lh cvalr tor o ompar maneuver capability of 
diff r nt h licopt rs ind pend n o pilot t hnique. The 
an lyti l methods to pr di t a l r ation , d celeration, and 
turni pcrform~n re pr s n in th pr ceding sections. 
Th s pa ramet r , ombin d \,•i t I nv n ional per ormance 
parame rs, d fin total perf rman pability of the 
helicopter. Almost al l man uvers ar co , binations of one or more 
of the abo basi nd n r y m-thods may be used to 
combin these basi maneuver . Th to al p rformance capability 
of dif erent helicopt rs may b quickly compared by the overlay 
o he energy dia , ram su h as Fi ur s 3 and 4. In addition, 
since power r equired at di ff r nt ltitud is calculated by the 
power equations or th n r y di rr m, h fuel flow can be 
determined d pendin on th ngin . Th n h r of specific 
ran e and ndurance may be d a a f un ion of altitude 
and air pe d as shown in R fern 27 . To r op rly consider 
di fer nc sin g ro s w i ht nd loadina on · itions with differ-
nt heli o pter , it wou ld ppear r asonabl ompar total 

r fo r ma ce at a ross wei h wh r both on ig urations can 
th · •· l oad. For xampl , cons ider a compari-
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DERIVATION  OF BANK ANGLE.   LOAD  FACTOR  RELATIONSHIP 

Equation  (7)  was  derived  from equations on  page   116 of  Reference 
17  as   follows: 

Assume.the  aircraft   is  turning about  a  vertical  axis.     Thus, 
Euler       and   ;  are   zero  and  the   body angular  rates   become 

p   =   - ♦   sin' 

q   =   v  cos •  sin I 

r  =   •   cos     cos* 

(A-l) 

where 

p   =  roll  velocity 
q   = pitch velocity 
r  = yaw veloc i ty 

=  pitch attitude 
;   =  roll  attitude 
>  - yaw attitude 

These  angular rates are   then  substituted  into  the  generalized 
equations  of  force   equilibrium: 

X -  mg   sin-   =  m(u+qw-ru) 

Y + mg cos     sin:   = m(v+ru-pwJ (A-2) 

Z +  mg   cos     cos;   =  mCw + pv-qu) 

where 

X =  force on  vehicle   in  X  direction 
Y =  force on  vehicle   in  Y  direction 
Z =  force  on  vehicle   in  Z   direction 
m = aircraft  mass 
u = velocity  in X direction 
v =  velocity  in  Y direction 
w =  velocity   in  Z  direction 

Assume,   for  coordinated  flight,   that.Y = 0.     Also assume  no 
change in  linear velocities  so   that  u,  v,  w are  zero.     Thus, 

g cose sin; 

if we  define 

ru pw = u-(cos- cosC +sin6 tana) (A-3) 

tana = — 
u 

I. and 

tanJ 
v_ 
u 
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uJ Now solving equation A-3 for — 

u*  tan 
g " I* 

(A-U) 

when 

K = tan*- tana cost 

Use equation A-l in the Z force equation and substitute equation 
k-k  for u'/g.  Equate Z/mg to -n: 

Then, 

n = -u t   sin' tan^ _ u > cos' sin; _ cosi( cos(.    (A_5) 

2 
2.     , sin ; .sin; tant sin^    ,.. ,-- n cos. = cos cos . *■ cos • T—T-p *   < ~ k     (.A-b; 

Consider the following: 

1. If a = |> = •) = 0, then the usual equation is obtained. 

n cos; = 1 

2. If  a  =  ,-   = 0,  then  1   + K is  unity and  the third  term of 
equation A-6  is  zero. 

Since 

then 

2 2 sin   :   + cos   '.   - 1 

n cos;  =  cos' 
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ENERGY  DIAGRAM PROGRAM 

"cTT 
Cll 

c9: 
e7! 

clft 

Mil 

i 

/•     ENinr.t   i.HNEUrft «»111 LITT     HV  DIAGRAM     •/; 
/• Innut itctlon«/; 
PUT   USTClf   i.Jil   ind   n>I.O.   del   I I n.   H   mtwl.^nlnl   'I. 
Oft   lISTfu.n); 
k-n.I; 

UECLAHl   >I21)   ,   •nUU)   ; 
IF   ,il luctlf I   HUN  FKEt   f.ran; 
AUUCA'f   fd^.l.riinlj.i.li  

"TJCCUHC   <  litCTT)   CONTROLLED 

Ifii 

r«n   DEC(()   CONTROLLED  ) 
JtCLAIIE   Jliülo   EIT     (NTRV; 
SET  II iKn.',c»or'l^iil«ddtipii^ilri 
GET   ll:.TIudt,*tl): 
SET   LI^TIvlncvlnl t.lilnc.hlnlt); 
/.•_'«'culjtlon  u>   pt   H   Mfit!   ir|tf   Bfl|nt'/| 
Uo J-I TO^TJT; 
IIU   1-1   TU  ii«li 
n»(l-l)«'ilive»iilnUj   

l>l«U>lt*l^].llli 
ti.en-l-.uuuuusjLJiillllJ  
• ((»•'Uld/thtt* 
(•th«ta*tll; 
.lvi-t)^.»llJo6»mrlltJi        ...„.  
«Irhü-ilcii'.OU.');»; 
¥el"vlnr#j»*lnlt-y)nc; 

 iKl   ^^l^n lrJ,lghurd.bl.rt..l.orf.Hr«tr...lthr..l| I >   rir»--   ■<—■«■■,■> , 
M"   I. .»iljij»   TilfH   GO   TO   cJU; 

GO   TJ   cU; _ .. _. . _          
c5 0: li,w"-,M«( ' -'.ÜUU)»lll)b; 
ell; ,»->'>u«< >p4-'lhn)/(«t<*Mlth); 
 tl IU) "i'lJ  

EMU i.l; 
EN,.   c2, 
/•   Hni  .irfainyn  tftlm af  AA At tich  yttloclty   InffMMntt/f  
W J-l   TU  t)»lj 
m  1-1   TO  >••!; 

 «(I) ■' (Uiii  
EHU   c/; 
CALL  orderljt.O; 
rind.j).«!.!); __   
ra,Ai,i )•«(!); 
ENU   r.1; 

 L* _'i»t<!r ii-miwri af nnn af m«/i  
Cl0: UU   j-1    TO   n; 

«n(j)«ran(l,j); 
END   clU; 
CALL c»r.ler(«n,n); 
kJSi iax*xn( n) ; 
.nJiTr,inrl.nnJM«.S«»lTn(n.n.J.ll ■ 
UU  j'l   TO   n; 
•n(j)«ran(2#j); 
EN:I cli; 
CALL  orrlef(«n,n); 
|i>iiln>>n( 1); 
»iiln.triinrliitriln».^»«lTnln.mlr»ll; 

ÄrtaÄ«trijnc(*rij«/5 )*i; 
iitiln>tranc(xmln/S)«S; 
«n*(And<-xmln)/S; 
an*an*l; 
PUT   L IST( an# jimax« K'nln); 
IF allocaditc) THEN FREE ptc.vchc; 
ALLOCATE p«e(an)#vc(an,n),he(«n#n); 
PECLAME luc IIECCt) CONTROLLED , vc DEC(6) CONTROLLED 
p>c-0; -   - 
vC/hc^O; 
p>c(l)-«nai; 
PO lt-2 TU 4U_ 

he DEC(6) CONTROLLED i 

etc!ik)-p»c(l6-l)-5; 
fNU elb; 
/• psc sweep*/; 

cWl    DO lb-1 TO anj 
/• veluclcy grid sweep*/; 

«li    UU J-l TO.Ui  
1-1; 
IF ran(l,J)>-psc(l6) THEN GO TO dlj 
IF ran(l,J«l)>>ulc(m THEM GO TO dti 
GO TO clU; 

d2i    IF ran(l.J«l)>p«c(l6) THEN GO TO djj 
 »c(lii,J)-vlne«{J»iJ«»laUr»inej  

hc(IO,J)-U; 
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<)>: 

ML. 

"di: 

• 2: 
CUI 

e»i 

ciüi 

eSl! 

eSfc: 

cJ5: 

ell: 

ori1«ri 
bi: 

bS: 

-bki- 

00  TO  cl«; 
»e(l6.|).vlne«(u«elH)-f(l.Jll/tm«lrJ«ll.HIJl^..r|nf.i.T||,n.T|nt. 
lic(IO,JI"0; 
CO   TU   Clli 

»c( 16,} )»»lnc«J»»lnl fvlnci 
hc( ll!,j»«U; 
6ü  TU  cl«; 
00   I»2   Tu n; 
|F   fl l,J leptcdt)  THEN GO   TO 4S; 

JW   TU   ii;  
|f   f ( I, i )<D»c(ll>)   THtN  GO   TO   dti 
»c(lb,J)'»lnc«J»¥lnlt-»lnc; 
hc(l6,JC(l-l).hlnc»mnlli 
OU  Tu  cUj 
vc(lb#j)"»tnc«J»vlnll-vlr>c; 

■JicHwil-lilnflfU-l.Jl-niflUII/tfll-l.jl.fd.jn.Mmni.i)«!»!!!!!! 
3U   Tu   cl»; 

NU   .Ik; 
INI)   dl: 
|NII   cUi 
DU    lb-1   Tu   „t»; 

(f  i>»c( lb)<.f(l,J)»ntc(U))»f(l(J»l)  THtM 00  TO c50; 
00  Til  cbl; 
yc( ii',j«u-»irii:«ifa.4J-ai£.(Hii)/t«a,;)-fa,>»ijj««»««ti«**«i»-»i«i#» 
QU   TO   c^i«; 
|f   Hie   ll>)>-f(l,J)*iiic(U)<"f(l,J«l)   THEN  00  TO  c5Jj 

-flu   TU   tiii^ 
»e(l6,J).ylnc«(pic(l6)-Ml/J))/(f(l,J.l).f(i/j)).v|nc.j.v|n|t.v|ne. 
INÜ T'J'J; 
(tju cib; 
/•     uutnut*/. 

'); 
-01- _«£- hc'li. 

^UT   LI jTI ' 
POT   tlilf. 
110   lb-1   TO   «nj 
(JO   J "1   Tj   n; 
IF vc(u,jj-g.ihciiLil*i> mot so TO cUi . 
»UT   inAdK.iicdSj.vcTlb.il.hcdb.JOdn:); 
IHAfii:; 

tNU C2i; 
tNU Clkl 
/•  ci>l> »utrcutlm trrant»» * caluim *rr»* into «•>«•• •! 
»MUCEDUHE   (du,dm); 
00   I2«l  TO  dn; 

00   dl»l5   TO   di; 
IF   dJi(l2)<>dJl(dl)  THEN GO TO  bk; 
6»ltip«i)«t>Ht      
4ii(t2)>di(dl); 
dxCdl )"t«fip; 

t»D  Mi 
IHb  ordtr; 

••)010i   PIIUCEIIUHE  (r.c.b.wr.fl#ji«l,»l,n),rho,¥i,hp)} 
/•     THIS  SUBROUTINE CALCULATES   POMER  REQUIRED  FOR  ENERGY MANEUVERAtlllTY  •/) 
 ^*    i«i «Bwnaim for iiunml inlttunnn H m Hfti    »/; 
•ISi rfe|U>.007S; 

•lei?"!; 
•-».21)  
rtcro-, 7S; 
kl*l; 

 M«if  
/•                compute torn«  conltantl     •/; 

• 0!             Rl>}.lun926l>3S; 
-      «r««"ol«r««J)   

»li»i)«c/(i>l«r); 
nondf•rho«area*wr««2; 

 wndf>-HBwH>«wr/SSB| 
ete-'/t«1«*«!) 
f-fl; 

       »•»•Swll  
V*«l*l.ri878; 
rHJ«v/wr; 
 li>«l-<WM-.lb)«i.l»|  

IF   >w>.U   THEN   kl-1; 
muj-i Hi*«2; 
>imr*( )*nu)/vi;  
n»nl; 
/•     cunputo  »oriß r^ioro  constant!     •/; 

-i»*^; 4 *rtto-y*»*f; —  
cl«n»fiw/nünflf; 
ctn-»nrt(xi*»ÄW(nondf »nondf )*ct*ct); 
jil»xii«v/(ctn«nondf); 
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• 171 
•Is 

ilfi 

•Hi 

«2*cti»>ioiMlf/(]«rlio«ari*)) 
/•    coiinul«  inHuc»(l viloclt» fron nonwnium Ihmry Muattom •/) 
«■in»«) -^——^——^_^—^^^^^—^^——^ 
IF   «>li/.8   THEN GO  TO IW; 
>r>l.U5/«tqrt(«2); 
tf »•« intn oe TO nix         -   -   ■ -   
vlnaK2/v; 
vl»l«a]/(v»v*,m»vln«vln)",S! 
>f mm*i »hiXiMi tww ao TO itri  
count"count*!; 
IF   count>liO   THEN  GO  TO     '.flj 

-   - »ln»,k»»l«.»»vln; -     -■-     
GO   TU   .9; 

• 10i PUT IIST('calculation non-convartant, ln<lucad valoclty  to O'l) 
»I'm 
GO TU  tl2; 

•111 «I'vl->1; 
/•    conmita pomr raqutrait tarrtan 
/•  flat  iil<ita drag nonnr    •/; 

• III hpl«>li«v/SSU; 
—f* ■ I mlucgrt iJuwai—*tj 

*n 

•/j 

np)>kl*clii*nonilf*vl/SSil; 
/•    l>lad>  prüf lie drag nowtr  at  laro  lift 
t>Pl"'lal«Mlc*nomfn»<l»».0»?noWtJ "  
/•    blaila  prüf I la >lra| rmwar cauiad by angla of attack 
tc*2*ctii/>lc; 
teert».t».t/»i|iiH»>Owiul>j 
hpa«0j 
hnk«dal2Ml|«nond|i*(l*t,6*mu])t(ct«ctc)*<I/l; 
IF  tc<tcert  THEM 00 TO 111;   
daltc'te-teert; 
lip)«20auO»1*ltC"l.S; 
/•    conpraialhlllty (»war    •/; 
IF   >J>iicro   THEN 00  TO  ll); 
dcp-U; 
00 TO lit;  
d*tii*a}Ticro*.7S*(2*ctn/^l(); 
JCB*d«lm«>)«(,O0S>-daln*(.ü22-,n*dalm)); 

•/; 

»I»I      ii>>»m»inii«iiuiiiiin 
•>P«|ipl»hpJ«hpJ»hp»«hp5«hp^; 
IND aaJOlO) 
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MANEUVER  DIAciRAM PROfJRAM 

cii 

»ill 

c9: 

/•   l!il'lt,r   r(AM(ii   [»«HUlTr     MlNfilVFU   HUIiHAH •/; 
_J •   luiiut   keuliuaty^ .   —    __  

P   I   ll.n'll     ■■/!   <n,l   .  .1,J,   ilrl    111«   19   il(n),«n(n)    '); 
r.l I    ll.Ti    ,■,), 

.-I ci »-i  .1;: i , «••! »ij)  , 
U   allu^allJ   llim IJUi. J.fjn; . .  
Au   ran   »,n,»),r*>iw,")i 
JlCIA   l    >      IClli)   C-INTJUlLtU   ,   rjn   UCC<6)   CÜNTROLltO   ; 
UtCl*HI    jslülU   £11     CNTHI. 
CitT   t l'»T( ruAfC'tat 1, Min«, nnd#()r«j,w«l fh, h); 
S£T   L I ,'i.,.K,eial; 
ii?  Ll^Uilolwiat ftijfcij 
/•     ^.11 r ,' .i t' u11  o'   .>»  «t   <*«€'»  irld   iiolnt«/j 
.; 1      •!   T ;     Ljj 
jg    1-1   Tj     ,«;;                                                  __     . 
I»»i.( 1-1). .I.Kt) 
lit '•( I-.- ■■■ - -H'   ! .•"/••S.2SH; 

-t»l»u*l«i.'.i,iW  
f •*vl-. auau ",a ;•. w»h; 
* i u ■■ :sl '/ t     -t.t; 

:.»■•.■. n i ' Jtjtj-isir 1(1), 
ir n.•■,!,, i*. Uu / ^ / * : 

CALL   ,it,^-I.(^«f1,c'i()r'1,(il«'1t#nn'i,i1ri|#«*Ijh,v»l,'f,(1rho,dw|,f1hn); 
11       ■•! ...   THt'l   30   TO   cJO; 
104-11--, -  -_--    -       _   -- 

i;. 
- iu00)»U00; 

--toJj-^HIim-illilii/ljm»«!»!!); 
> ( I 

II. 
II.., 

***   i ■ 
«( u- 

,i«l   LC-    *al«*   of   pi   at   racli   velocity   I ncr«nt«nt •/; 

'II, j), 

i)f   fanj*  of   m», ; 

Cl6! 

<1: 

CALL   ur J«r 1 A,,-,J ; 
ra-.( l,; )-.l    ); 
r.ir-( J, . I ••( 1 ' ; 
*K.,   ..it 
/ • In', pr     instil; 

1     j "1     '" , 

«Ml j ) 'fAni I, ) ', f 

E'..:  rla; 
CALL     ,r.lfr (,,,,-.) ; 

«■ 'a* "t 'u"C (:»»*'*«•. ''"s I i»n( nsnai) ); 
M    j-1    I'J   •>; 
«fit I ) «rarit i, i i i 
luu els; 
CALL    ur't^r ( ir,n; ; 

- #*^»i«"»«<i** ■  
«• .1 n -t ' jnr. { ;)S'>I n* . j«$ I gn( psrl n ) ) ; 

«' ia«" t Tunr ( x Mä/'J )*b ; 

«nln-triinc ( *r>ln/k>*k» 

afi-( «M.i «-* if n )/i; 

an-an*1; 

PUT   LIST! ,iii.«Ma»,«nln); 

IF   ,»llooi(usc)   ™lN  F,irt   ü»c,vc,nc; 
ALLOCATL   i>sc(dn)#vc(an,n),nc(an.n); 

DtCLAHK   mr  l)tC<(>>  C(WI«üll£6  ;   y«  t»€C(*» «OHTUOii»» , «• BiC(»>  COÜII 
pscaU; 
vc, nr.'O; 
!♦♦«< 1 >« wmj w »  
UO   11.-2   Tti   an; 
psc( l(i)'.)sc( IS-D-S; 
€HI)   ell.I 
/•   use   swnep*/; 
OU   Iti-l   TO   an; 
y»     v<»>«gtty  gl'l't  «»iBB«^)  
UU   j-1   TO   n; 
1-1; 
If   rand, j >>-!>»«( Ik)   THtN «0  TO <«l» 
l^   ran(l,J«J>>"tMe(16)   THEN   (iO   TO   rt2j 
GO   T',   r.U; 
tf   fnnd,}*^»^««^»»- TMtN  60  T8  d») 
vc {llj,j)"vtnr*(j*l)*vinlt-vlnc; 
nc<Id.i)'l; 
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£ 

-ittr- 

•tt 
eil! 

-rttr- 
cS5i 

eiOi 

eil: 

rtti 

Clil 

"ein 

"SI i 

bJ: 

M TU elti   
dli «c( 16,1 »•»!««•( B«e(li)-f(l,J))/(ft(«l#J»J)-f(l,J))»»li««J»»lnl«-»l>>«l 

ne(»k,])-lj 
 ii-#» «H> 
dli IF  r<n(l<J)>pac(li)  THtN 00 TO d»j 

vc(Ib.J)»»lnc«J«»lnlt-vlne; 
nt(l»,J»-I> -   -    -  
GU TU cllj 

dkl 00  IM  TO mj 
tf-WrJH ■■»«<!*>  TIIIW 0» 1» Ml   
GU TU «2; 

Hit IF  fd.IXptedf)  THCN 00 TO 4») 
ve(lb,j)«»li»«*>*»*»»«-»*««» - . _ .   .   _  
neUb/JW^d-IMnlne) 
GU TU el»j GU TU cl<) 
■*«« 1*. j >TllHl'J'»l"l«  »l»«> 
ne(lb,J)""l»e«(f(l-l.J)-Pie(l6))/(MI-l>J)-*<l,J)Mnloe«<l-l)»l) 
00 TU dl; 
IND üb) 
[ND •!) 
ENU  -'7; 
BO t*»l To mm 
no J«l   TO  n-lj 
IF  i.iie(l6)<-f(l,J)«Pie(lli)>»f(l,J«n  TM£N GO TO cSO; 
Oll TO e*ll .-       . 
ve(li.,J»l)»vlne.(f(l,j)-iiie(ll))/(»(l,J)-»(l,J«l))«»lne»J,vli'lt-»lne) 
»e(li.,J»l)'l) 

lf l)ic(lb)>W(l,J)*r>ic(m<-m,J«l)  THtN 00 TO eSJ; 
GO Td ci*; 
vcllb.J)-*lne««p«e<t*>-*0<j »>/<♦< Ifi*»»-*«*^*»*''1««*)**1«1 

nc(IO,J)-l; 
ENU cSS; 

thd        pithd   '); 
/•    outMut*/; 
PUT LISTC      i»       «c       i 
00  l»"l   T« »nj 
DU  j«l   TO  n; 
IF   vc( Ib.j )*0«nc(lb,J)<«l  THEN 00 TO  ell) 
inii»»i.i'mn(iH.«it<llM«H«>J>'>>«>lil^<»«<ll,j»«l.iHl>< 
ptthd-fftcC l(>)«thd/(W,]*S].l)) 
IF  ncdb.J )>1  THEN  thd»«; 
m  »«»01 (p»c<♦«>,▼«<♦♦<}>;<«<+♦#; 
IHAr.E; 

END  C2J; 
ENU  eik; 
GET   LliTd.tlne.tlnlt); 
DO   '-l   TO   t»lJ 
|hd«tlnc*(l-l)«tlnlt; 
DO  j'l  TO  "M; 

■ (J'H»ftiitt;  »IT »»lne«Tj'H»»t 
if*((tii<i*vei*.uuo«U)»2*l)".S; 
PuT   IlUGf<tliil#y«l,lf)(lnJ)j 

riiiJi       in«ntj _ - - 

EMU h»; 

blO| 
bS: 

lmt| 

TWB «II  
UU IM TU ifll 
UO J'l TO n«l; 
lf»l«(l-l)«ntnc;    
vtl*«lnc<( J-D^vlnl tj 
thd»lU92,l«(IT«lf-l)««.S/»tl; 
pul im>uttif.»oi,t"inH"«>)— 
IMAGE; 

mo b»;  "  ■ ■  
FNU blU; 
/• this •ubroucln« arrant» a column •/) 

gyayn—maeraan iat,mn 
b«i 00  I2-1 TO dnj 

IS-I2*1; 
*6Tr TJITdl-IS  ID »I)  

IF d«(l2)<-d»Cdl)  THEN 00 TO b»j 
tunp'dud») 
ainTT—fwrn 
d«(dl>«t«npj 
END b); 

-rmrw]  
END ordarj 

I 
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(Ql BELL HeUCORTER t OMHANV 

SIMPLIFIED THRUST MODEL 

Below is a derivation of  the  equations used  in  the  simplified 
math model. 

The  thrust  for a given number of  blades  (b)  can  be calculated by 

/R R 

bqCL cdr  =[    j  ^vn
2c

L 
c^ (B-^ 

0 0 

where CL is the  section   lift  coefficient  and Vn   is  the velocity 
normal to  that  section.     The  velocity normal  to  the  blade  is 

Vn   =   ^Rx   ♦ V  sin   •   =   (x  ♦ ,1  sin   • )   R (B-2) 

where  x =  r. R and  r   is   the  distance  out   the   blade  and  ,.   = V/SR. 

Substituting equation   B-2  into B-l  and notins;  that  dr  = Rdx, 
the  expression  for thrust   becomes 

r1 
J     (x  ♦ ,1  sin   -;' T  *  b "Rc

2
( *)2 J     (x  * (i  sin   -;2  CL    dn (8-3) 

x 

Expressing  equation  B-3  in  terms  of  coefficient  of  thrust,  we 
have: 

CT=  ^—f = -^f /    (x*^sin  .)2CL dx (B-U) 
r>A ( ^R ; JQ X 

From equation   B-4 we  are  ready  to  calculate   the   thrust 
coefficient as  follows: 

or 2bcR       1 
T 5A / 9 

=  /      (x  + -  sin   02CT   dx (B-5) 
J0 

Then to calculate  t_ for each u we would  use  the  maximum cmax 
lift coefficient at each blade station.  This can be expressed 
as  follows: , 

c.„.. 7 - ^ ^ — - -ihmi 
t = I     (x  + H  sin   O2  C, dx (B-6) 

max 
0 
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From Figure 21 the retreating side ot thp blade is partially in 
the reversed flow region. The locus of this region is defined 
by 

-,*   sin 

Then equation B-6 would bo integrated from x 
to x = 1. 

(180"   S   *   ^  360") 

--  sin 

(B-7) 

The  effect of pitch rate  on  maximum rotor thrust  is  determined 
as   follows: 

M =  2I.U}   sin   f 

or nondimensionally  as 

CM„ 
M      _  2q  sin (B-8) 

The  total  rotor moment   of   the  advancing blade   if   expressed as 
follows: 

Stp, 
OTAL Ä(/lu 

♦ ,i  sin   ■)    C, 
max 

x  dx I ♦ 2q s
s
in :     (B-9) 

where  y = —=   ,   I,    is  the   blade   inertia and  a   is  the   lift 
1b D 

curve  s lope. 

299-099-557 95 

■■-- -^ - ——- -   ■ ^—^-^ 



Sgsqwn, 

(Q) BELL HEUCOPTER COMPANY 

■ 111 
til 

SIMPLIFIED MAXIMUM THRUST PROGRAM 
/•   TC-I1U   UT   MUHtmCAt   INTEGIUTION  «NO  TAIK   LOOK-U^  FOR  Cl'MMACN) 

.B«l*llt «K»)   ■   HOJU   ■   IH)   ■   elmClll   ■  
•/) 

■hCD.alilD-l; 

GIT  LlbHOPT); 
If   UPT-U  THE«  00  TO   »2; 
GET USKtiuJi 
GET  l\iHiiuntt,i}r,U,onn»r,c,rt\o,i»,»,lh}*(ttii 
GET  LIST««); 
PUT   llST(")i   ...   _._  
IF   Kd-l   THEN   PUT   lISTC'FUll   UPLOU)   IN  REVEKSC   FLOW  REGION1)! 
IF  til.—I  THEN PUT  II :T(*fUll  DOWNLOAD   IN REVERSE  FLOW REOICN'»; 

. IF   tH.Ü   TlltM   PUT   LIS.l'MO   LOAn   IN   mttUI   Flow   RtCION'll  
PUT  IISTC); 
PUT   USTCTHt   FOllOWINQ   IS  A  LIST OF  THE  CL  DATA TAUE USED  FOR  COMPUTATION')) 
PUT  LliH'MACM MO*..   CUUUL'li  

ill DU   >.*U  TU   2U; 
PUT   IIIA('.F(^i.US<clm(Z«l))(tM)- 

"" iMAr.t-  

«im 

*i«t 

i   I 
•u 

F.»II  11; 
PUT   I ISU"); 
PUT   I liTC); 
I NU•. ; 
(»,.,-.r[„,...«U.«l.;lhlJrf,. 

oi>i«aaaofn«g«r/R; 
pr*pr/i7.J; 

tli DO   ll*l  TO  11; 
nu-,l«lU-llJ 
 u imiiuiMiiHm GO in gjj 

tcO; 
DU   I2>1  TC   1Ü; 
a»l»dp»l«(l2-l); ...       
nil't-lO'dJ-l): 
tijo"1 tii*sl n( i)il ); 
>.!■...    r... I „I ^. I Wl^^wy ».,»«.>. 
<l(l)><li<2)>>l<))>>h(k)«<«p) 

tit I1U   13*1   TU   kl 
Inl'U; — _  .  
IF   (lC0IM)*2|l)«k  THEN   GO  TO  tiki 
■ I |.«HlJ)i 
 lUlmhlUI; 

.i«'.l'(«hli-«ll)- 
UU   U-l   TU   11; 
»•«I I«JJI«(III-IJJ     -   
«1-1; 
IF   I 5>2   THEN ql-a; 

.4E   li-2mili  IMBU ^UnltMl 
ci2»«-'isn; 
nacl<*.l>>i('l2)*M0H; 
CALL TAULElmrh.rl.rlmlj  
Int*int*cl*dl*ql*nl«q2; 
END   »6; 

-Jtlll'InL;  
END   t'Jl 
lnti-O; 
Intli'Ui 
l)l>-l(]|»Utl»ICi 

t9t DO  lh-1 TO  11; 
«.,i«m-i»( 
4l*x*ii»|t; 
nacti-Mllll'ill; 
CALL   TAm£(M*ett,«»»«+«»H- 
H2".l«cl»i»l«illj 
Illli"tnt5««j2! 
imfc-imtt^a««) 
IF   lntl/>IH   THEN GO   TO   «10; 
END   it; 
lnt5»lnti-<|2t -      — 
Intb'lntt<-g2««; 
ql'IH-lntt; 
■»■«-ill  
«olrt-xU; 
«■xU«(|5/(i|2«»«lU); 
IF   «-«U-U I HEM «O TO »i*» 
i|lax*ntp; 
i.iacli-HUIW'd; 
 CALL   T«BLI(il««llttl,«l«l>— 

ii2-(<-<u>*el«Ml*nli 
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llSt        tln{li«lnt6»q2««j 
-—     i|)oli1*i|I| —  

q}>IJl|-tlnc6; 
IF  »biCqJX.00001  THEN 00 TO tUl 

 <»•«) 
»•x-(«-xold)«qS/(q3-q5old)) 
>ol<la>|iij 

-40 TU tll> 
•111        I(ü)*lnt6*q2*aj 

l(S)-lntS*ql; 
 q*-»l 

IF   I2-1112*10 THEN q<l-lj 
tc*tc<ql»(t<l)*l(2>*l(S))< 

^F   )NÜ-l  TIICW fUT   IM*9HnU|ii><l»l 
■MAGE; 

.«•-.-  to b«)inet 
IF ll-l THEN Wl  T> tltl 
END »»J 
GO TU »16; 
-tc»tc«l»r- 

(1(1   te«te/56; 
PUT IM*GE<mu,tc)(l2)j 

-tti M*«t;  
fwa. te»-.—-- 

FUT LIST<"); 

00 TO t2; 
MILE:    PROCEDURE  <diiwch,dcl,dclm>; 
 I)'liuin(i*n«eli'i>'l>i 

IF 15)21 THEN IS-21; 

del-Uclm(ll)«(te'il—cli llill'»delw(l»-<«lw<ll>)»- 
END TABLE; 
ENU ; 

L 
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© BEUL. HELJCOPTER COMPAIVV 

INPUT 00EFFICIE3IT PROGRAM 
/• INPUT rOEFFICICNT DETCRMINATION fOR «Fi* CONTRACT 
DECLARE hp'.m , hp2(7) , hptK?) , hpIKH , yc<») , 
li|iU,fc»H,liii«l,Nnl->> 

•/J 
hpcK?) •ipeKT) ) 

OET  llST(n); 
OET LI$T(h|il,hp2,ve>j 
6IT innr,t,lt,ir,l;ki,k»ti 
OET USTdi.uac); 
OET llST(iHl<|H2)j 
<■!<■« >-.>miy«tinn«»i««ii mil 

Chtt«'C/2l«.16j 

»llP'Hltd/thtt«) 
rho«ileP*>l)V2S2l| 
pi-i.»>imi»> 

•ii 

i-(.2«; 
•rti»pl»r««2j 
tl»«l»»e/(pUf >»  
nondf»rho»irt»»«r«»2j 
nondfi«nondf«wr/SS(fj 
«t«-kt/(»l|««l» 
ctl*|wl/nondfj 
ct2«gH2/nandfj 
/• CALCULATtUN «f- 
cti>*ctl; 
00  ■•! TU n; 
»■»«(l»«litll>»|  

IWBMOf» WWH  t/l 

CALL «Ind; 

IF nu>.U  THEN kl-1) 
hplI(l)*kl*ct[)*nandf*»l/SSO; 

•21 

ENU «1; 
CllfCll! 
DO  l»l TO in; 
»•ye<l>«l.Mf»j 
mu'v/wr; 
CALL vlnd; 

• Jl 

M-l-d'iu  .l>>«ti»;  
IF mu>.U THEN kl-l> 
hpl2(i)-kl*cti>*nondr«vl/SS0; 
fHU «2;   
DO  l"l  TU m; 
hpcKD-hpKU'hplKI); 
lim.t(l)-lip»(t>->iBHH»;  
END «); 
/• CALCULATION UF DELTA 2  •/; 
l-lj  
dhp'hpc2(l)-hpcl(l); 
v*vc(i)*l.l>«7«; 
nw»/i»i I  

kl'ile<nondii*(l*ii.6>nu2)*<etc*etI>**2/lj 
li2'ilg'nondp»<2»».««wirt>«tLtL«H2>"I/l;  
d«12Mliji/(k2-kl); 
/• CALCULATION UF HP STALL  •/; 

-twir  
»•»c(n>*1.6*7»J 
inu»v/wr; 
mu2*nu*iHi;  
hpd-diiU«ilc'nondp*(l*li.(*mu2)*(ctl*ete>«*I/l; 
hpcl(n)«hpcl(m)-hpdj 
hpd-d«l2Mle*nondp*(l*k.6miu2)*(et2*ete)**2/l| 
hpe2 d i) •Iipc2 (M ) -hpd; 
tcl-2*ctl/ilE; 
tc2*2<ct2/lle;     
tecrc>.l«.2/>qrt(l*S0*mu2); 
IF tcKlcert THEN GO TO »k) 

L 

 dBtti.'Hl'ieerL)  
lipt«20UUU*dtlte**l.S; 
hpel(i,i)»lincl(n)-hpij 

 00 TO «S;        — 
«ill lvpt»U; 
•Si IF  tc2<tccrt THEN 00 TO ««J 
 mtTt'icE-teert)  

hp»"20UI)U«d«Ue*«1.5) 
hpc2 (n) »1^02 (ii)-lipt) 

-    "   GO TO nil   
•ti hpi'Oi 

/• CALCULATION UF mcro •/; 
-in tin«nne2(n>«niiettnir)  

IF   h|>>U  THEN  Gil   TO   «2}) 
incro«./   ■ 
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 00 TO lit; ~  
•ill         dn>.7S<(tc>-(cl)l 
 dH'hmllWIOO/nondP)  
 BnaMiwani 

iiKro>.7t;   
' «li     '    incro^ncro-.OOSi       '        " 
til d«lnl»(l*Mu)«Hr/v*-mcro*,7S*teli 

d*ln2«(l*mu>*Hr/vc«icro*.7S«ceI; 
 »epiiMlwl»»>»<.U»>»«aHwl»t.tll-.U»ü»lwm) 

dcp2*'1*ln2«*]«(.IIO)S-d«lml*(.021-,ll«d*lml>)t 
dciil*dcpl*10l)0l)0i 

"    -  aep2«dep2«nroocoj 
dcprfn>(dep2-dcpl>/(d«lm2-d*lml>; 
IF   k'l  THEN 00 TO  t<u 
i» rniawaegwn» THU BO TO m— 
00 TU t2) 

111 dcpdnl'dcpdnj 
mero«itcro*.OOSj 
k-1; 
OU TU »J; 

miMn*apiim!*,uu9/luiiiilnl'ULiHfti)>m.iui 
dcplxIcpl'nondp/lUOOOU; 
hpcl(n)-hncl(i<<)-dcpl; 
/•  CALCUl«TIOM OF  rt«10  •/) 

•2*1 v«vc(2)M.C»7l; 
inu^v/wr; 
«S-(l«nul*wf^vl'J  
IF   liOicro THEN  GO TO |21; 
delii*«5-ncro»,;S*(2*ct2/il()) 
dep>'l<!liioO*(.Oa])-<l«Tn«(.D2Z-.IlM«Tmr> 
dhp^ilcn^nondp; 
hpcU2)-hpcU2)-dhp;  

•III muJ»iiu«™j; 
lipd2-'laU*tlc,nondp«(l«k.l«mu])*(cte«Ct2>**i/ll 

'                                                                              «ll           hpf •.5*rlia*v*v*v«fo/SiO« 
; I  hpe«lipclt2)-lipf-hpdlj          

kl'»lt*nand|i*(lH<t*nu2>^t| 
d«IU-lipc/kl; 
/* wicummm uv T ■;>   
■vc(ni)«l.ei7l; 

muav/wr;          
—nHi2"inu»(flu; ' 
hpd-dt10*tl|>nondp*(l*ii.t<imj2)/ii 
hpfe'hpelimT-hpd) 
kl».5«rho«y«v«y/S50) 
f«hpfc/klj 

CALCULATION OF  TOUL  POWER  «/l 
•111 k>0; 

ct*ctli 
•li 00  1-1 TU mi 

T^arrrsTTÜrmr 
nHj«v/wr; 
mu2«iiu,i".;  
«li«,l)"iiiu«y«v"f) 
etp>tiirt(iili>>:ii/(nondf«nondf)*cl*et>4 
lindl'«ltilO«tlB«nondp«(l«li.twiu2>/l<  

hp»-ali'v/SSI)i 
te-2«et/ilt;   
teert».l».2/iiirt(l«$0»nuir» 
IF  te<t<:crt THEN 00 TO «11« 
d«ltc'te-tccrt. 
hpf2UU0U«d*1te**l.»l 
GO TO «U; 

Jill ^hp.-U;   
«J"(1»MU)«WI7»»; 

•I2|    IF «3>ncru THEN CO TO alkj 
 «ICP-U; 

QO TU ilSl 
•Ikl d«lm"«5-mcro».;S»te) 
 dcp«d«lm««5«(.BOI3-dtln«(.02a-.ll«d^liii>)< 
•1S| hpc*dcp*nondp7 

CALL vlnd; 

>L 

kl.l-(mu-.ll.)«k}j      
IF IIU>.1II THEN kl*l; 
hi>)*kl<ctp*nundf*vUSSO; 
huf hpdl«lipd2*iini«hpii«hpt«hpe;  
IF   k-1 THEN GO TO «16; 
• rror>lipl( l)-hpt; 
u«rc:.«rror«lUO/hol(l)i  ,,,.,,, 
PUT   IMAUEdHl.ycCD.hpKll.hpt.i-ror.p^reninuu 

I ml | I MARE; 
• --r*. K»  ---,--    ho" --»--.--     hpc* 

GU  TO «17; 
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• Hi •rror>hpi(l)*hpci 

ÜPTTTTT W,»fw.nrinmii) 
lall 

"•wr 

WT   IMAOE<t«i«vc( 
IMAOEj 
-•-,"    ho» ——.--    hoc» »--«-,"    «rror« 
INI) «I I 
IF  k«l THIN 00 TO tlO» 
k'll 

—   »«r«« 

Ct>ct2j 
00 TO ••) 

-■Ui PUT iHAotdrtu^Aimiaila 
lull IMAOEj 

d*lo>       «II« -.— 
mi uuBiimBuUiiaäii  

Mi IMAOEl 
inero» .— 
_ ITOf j 

PHUCEOUHE ; 
count«0) 
if »•» mm »•i.il7U 

tilt 
■«I 

«»•.S«rho«v«v«fo) 
al*ii««v/(etp«nondf)j 

.«2«ctR>Miidf/(X!tba£«UI)i  
IF  y>U.I THEM 00 TO tl7| 
vl*1.0]7*sqrt(«2); 
IF v*0 THEN 00 TO ill; 
«In»«!/«) 
vl»«l»«I/(»«»»,IM»»lii*»lnJ*«.Sj 

rtttrtUriali am Tiny nn TO «lli 
eount*count*lt 
IF counOtO THIN 00 TO llO| 
.i«.«.i.l».n«lm  
00 TO If) 

sill PUT  LltTCCALCUlATION DON CONVEMENT  INDUCED VEIOCITY TO 0'); 

00 TO III« 
■111 »l«»l-«l) ■« -.i ma Tu»« mi 
■m INO vlnd< 
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