
A. & J;iL Ne. 2770 

A.R°C. Technie~l k~epor~ 

I 
1 

.... t . . . . . .  ~ '  ".d--' ._. \ 
,i7 '~ , . . . ,  y- , ' - :  , . , / . -  . . .  - / .  '~ ,.~ 

't(, MXNXSTRY OF SUPPLY 

AERONAUTICAL RESEARCH COUNCIL 

REPORTS AND MEMORANDA 

A iVfethod o[ 

£ozc HeXicep~ers ~ "- 

By  

F. O'HARA, M.A. 

Ceowr~ Copyright Resezved 

LONDON • H E R  MAJESTY'S 

1952 

PRZCE 3s 6d 

STATIONERY OFFICE 

N E T  

: ' , A ' ,  I . ~" t 

o 

Xeducnon 

, .,,. ".; 

: ' / , ' ! " [  
i 



A Method of Performance Reduction for Helicopters 
By 

F. O'HARA, M.A. 

COMMUNICATED BY THE PRINCIPAL DIRECTOR OF SCIENTIFIC RESEARCH (AIR),  

MINIS ' rRY OF SUPPLY 

Reports azd Memorazda No. 277 o 

Octo/~er, 1947 
I - :I il }~ 'L ' 

Summary.--The equations for helicopter performance are derived in a form suitable for the development of per- 
formance reduction methods, and the equations obtained provide also a simple method of performance estimation. 
Formulm are determined for reducing observed performance data to standard temperature conditions and for estimating 
the effect of weight changes on performance. Charts of the relationships are given for typical values of helicopter and  
engine characteristics. 

The general equations are divided into two. groups dealing respectively with forward and vertical flight. Performance 
reduction methods are then outlined for the three cases of climbing, level and vertical flight and are applied to show 
the effect of weight changes in each case. 

1. I ~ t r o d u c t i o n . - - E x i s t i n g  methods of helicopter performance estimation do not appear to 
:~ be directly applicable to the reduction of measured performance data, because quantities not 

normally observed occur in the final performance equations. In this report, the performance 
equat ions  are derived in a modified form suitable for the development of reduction formula~ ; 
the form obtained provides a simple method of performance estimation. The treatment is for 

d a helicopter with a single main rotor and some torque-compensating device such as an auxiliary 
rotor. The assumptions about the helicopter are the same as those made by Squire in R. & M. 
17301 and the approach is similar to that  of Wald 2 but the final performance equations have 
been obtained in a form not containing the disc incidence. 

2. Ve loc i t y  E q u a t i o n s . - - T h e  helicopter is assumed to be flying with velocity V and the angle 
Of incidence of the rotor disc is i. The induced velocity v is assumed constant over the disc and  
is directed perpendicular to it. The velocity in the plane of the disc is V cos i and the velocity 
perpendicular to it is u = v + V sin i. The resultant of the components V '  is given by the 
equation : - -  

V '2 = v "~ + V 2 -v  2 v V  sin i . . . . . . . . . . . . .  (1~ 

The rotor thrust is assumed (R. & M. 1730 ~) to be 

L = 2 ~ p e Y R Y V ' v  

where e R is the effective rotor radius with allowance made for tip losses 2,3 

For the purposes of performance reduction it is convenient to work in terms of equivalent 
air speeds, which are denoted by the suffix i. Thus if p0 is the air density at sea level 

L - -  2 ~ p o e ~ R 2 V (  v~ 

For all practical aspects of steady flight it may be assumed that the rotor thrust equals the  
aircraft weight W. Introducing vo such that  2 a p o e Y R  ~ Vo '~ = W, then 

V,' v, = %2 . . . . . . . . . . . . . . . . . .  (2) 

*A.F.E.E. Report Res. 26--received 2nd December, 1947. 
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The  later analysis is developed in terms of VJvo and vJvo, which are written x and y respectively. 
From (1) and (2) the relation of the disc incidence to the velocity terms is given by 

2 2 

x sin i = ~ -- Y -- • . . . . . . . . . . .  (3) 

2.1. Performame Equat ions . - -The performance of the helicopter may be determined from the 
rotor power equation and the energy equation. The rotor power equation is derived by equating 
the rate of work done by the thrust  to the effective power at the rotor less that  expended in 
rotat ing the blades 3. If P is the total engine power and E P  the effective power when allowance 
is made for transmission losses, power to tail rotor, etc., 

E P  --- PR = W u  

P CnbcRX23R 3 (1 -~- ¢2) where PR = 

The tip speed ratio ,~ = x cos i/w, where w = t2~R/vo. 

Using (3), the power equation may be written in a form used later in performance reduction 

~poe2R2Voa @ y --  + r c w  z + X z 1 1 - -  - - 7 t  - - Y - -  . .  . .  (4) 

where r~ - -  Cn s w/Se 2. 

With  the torque coefficient qc--  P/(bcRH23R3), and putting p = (SEq~ /CD-  1), this equation 
becomes 

1 { 1  x 2 }  I 1 ( ~  ~ ) 2 ]  

The energy equation from R. & M. 1730 ~, is 

P 3R3 ~) E P  = V~W + v W  -+- -8 CvbcR£2 (1 + 3¢ -~-- 

where D is the body drag at 100 f.p.s. 
,Combination of the power and energy equations leads to 

V ~ ' D  
~/~1002  

. .  ( 5 )  

. .  ( 6 )  

where z = V~/a/Vo and dc = D/(2np0 e~R~1002). 

Equations (5) and (6) are in a form convenient for general performance analysis. Knowing the 
fixed constants of the helicopter, y is determined by (5) for chosen values of qc, x, w and a. The 
corresponding value of z (and therefore of V~) follows from (6). Performance estimates can be 
made  from charts of these equations in the forms given in Figs. 1 and 2. The main lines of the 
.chart in Fig. 1 are based on a typical value of re, but the effect of alteration in r~ is indicated 
b y  subsidiary lines. Similarly in Fig. 2 the effect of alteration in d~ is indicated by subsidiary 
lines. 

The mean blade angle 00 and the amplitude of variation 01 can also be determined, using 
equations (11) and (14) of R. & M. 17301. When y is determined it is possible from (3) of this 
report  to find .u = x cos i/w and 2 = (y - /  x sin i)/w ; then from R. & M. 17301, 

0 3 ICa--r~D w 1 - - ½ ¢ 2 4 ]  1+~-¢2 
° = i  + 

2 



0 o - -  ~ 

= 1 + 

2.1.1. Level f l ight . - -From the energy equation in level flight (equation (6) with z = 0) 

X~_y~_ 1 +y~_r_=y 1 + 4roy + ~ -  + 4r~y~-- - - 1  . . . . . . . .  (7) 

The sign of the root term depends on that  of (1/y 3 - - y  --  x2/y), which from (3) is 2x sin i. 
This is positive in normal level flight. 

The power equation (5) applies also to the level flight.i I t  is possible to eliminate V numerically 
from (5) and (7) and obtain a relationship between x, w~p, re and de. This is plotted in lattice 
form in Fig. 3 from which it is possible to find the level speed for given power and drag charac- 
teristics. 

Vertical f l igh t . - - In  vertical flight, neglecting the drag of the fuselage, equation (2) leads 2.1.2. 
to 

1 
= - - y . . . .  . . . . . . . . . . . . . . .  (8 ) ,  

Y 

The energy equation may be written 

z = - y .  

Hence using (8) 

2 
z = ½ r~w2p . . . . . . . . . . . . . . .  (9) 

rcw ~2~ 

This is the formula for estimating vertical performance in terms of the helicopter constants. 
The above analysis only applies where the assumed form for the thrust  equation is val id;  it  
does not obtain for the rotor operating in the vortex ring condition, that  is in rapid power-on 
descent . . . . .  

3. Performance Reduction Methods.--Current  methods of performance reduction for fixed 
wing aircraft are derived from the performance equation assuming laws of variation of engine 
power and propeller efficiency based on experimental data. Corrections to observed performance 
data are usually made at constant propeller speed and, in the case of climb, at constant airspeed. 
Helicopter reduction methods are obtained similarly from the performance equations assuming 
a law of power variation and that  the rotor thrust  equals the aircraft weight. 

The performance of a helicopter is determined by the power and energy equations (5) and (6). 
The induced velocity term y may be eliminated and the parameters of performance are qc, w, 
x, and z. These may be used to develop a height change method of performance reduction;  
the law of power varia~tion determines the height in the standard atmosphere at which the 
measured performance specified by w, x, z applies. The disadvantage of this method is that  a 
change in the true rotor speed is involved whereas in practice rotor (or engine) speed is one of 
the fixed flight conditions. A correction for the change in rotor speed could be used but, because 
the height range covered by the performance is at present often very limited, reduction methods 
are developed here for constant pressure height and constant rotor speed. 

3.1. Climbing Fl ight . - -The  method of analysis used for climb reduction involves finding the 
effect of temperature on y. The value of y in observed conditions may be found from (6) or Fig.  
2, at known x and z. The variation of y with temperature is found from (4) ; part of the final term 
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in this equation is small (of 0(~ ~)) in normal climbing conditions and may be neglected. Assuming 
the power law Poc T ~ then, taking d T = T -  T, (since conventionall3~ ~ T > 0 on a day hot ter  
than  standard), 

y, = y  (1 + av--~aT) 
Vi 

where 
X 2 

(K--0 .S)  ~ > + y - 7 - ,  + ( K +  1)ro~ 
. . . . . .  

- - Y - - y  

~v~/v~ is charted for K = -- 0.75 and mean values of T and r~w 2 in Fig.4.  

The value of zs may now be determined from Fig. 2 and the rate of climb in standard I.C.A.N. 
conditions, VZ is VoZ,/V'as. 

Alternatively the increment to the rate of climb may be obtained from (6) ; for reduction to 
standard I.C.A.N. conditions, 

( V~ s =  V2 1 + ~  +HvodT  

where 

H = -- 2V-~ + Y y y a v7 

H is charted for K = -- 0.75 in Fig. 5. 

(11) 

3.2. Level Flight.--The relationship between x and y for level flight (7) makes it possible 
to find the variation of x with temperature from the rotor power equation alone. I t  may be shown 
:from (5), with t ---- T/Ts, that  

v =  y ~ + y -  + ~ + ? ~  ~ ~ F - y -  .. .. (12) 

is invariant with t. 

Y is charted in Fig. 6 as a function of x and t using the x, y relation from (7). This chart 
provides a method of level speed reduction ; since the value of Y corresponding to given speed 
and  temperature conditions remains constant when the temperature is changed the speed appro- 
priate to the changed conditions may be determined. 

It  is also possible to obtain a correction in the form of an increment to the Speed but this method 
is evidently inaccurate for speeds in the neighbourhood of dY/dx = 0. 

3.3. Vertical Flight.--It follows from (9) ihat  

I { J =  V2g~'#-':+t°'5-~Vo 4+(V2-~/%\ Vo t + #+,~j 

s invariant with t. 

. . . . . .  (13) 

j is plotted in Fig. 7 in a form providing a method of vertical climb reduction similar to that  
-$or level flight. 

4. Effect of Weight Changes.--The only quantities in the performance equations (5) and (6) 
which vary with weight are v0 and to. It  is convenient in some of tile analysis to replace ro by 
vr/v0 where v~ is independent of W. The effect of changes in weight can then be studied through 
variations in v0 alone. 
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4.1. C l i m b i n g  F l i g h t . - - - I t  can be shown from (5) and (6) t ha t  for a change ~W in weight  a t  
constant  power  

O V a = - -  W V ~ + A  

where  
A = 2 3(1  - -  dr) y 3 - -  y~ - -  x2y  ~ . . . . . . . . . . . .  (14) 

Es t imates  show tha t  A is pract ical ly  independen t  of x for the  opera t ing condit ions considered.  
The approximate  curve for A as a funct ion of y only in Fig. 8 m a y  therefore be used. The  
appropr ia te  value y m a y  be found from Fig. 2. 

4.2. Leve l  F l i g h t . - - F r o m  (5) and (7) 

F 3 F :  1 ~'c2 dc~cN~l/2 --  1 - - y - - - - y 8  ( i s )  

is invar ian t  wi th  W in level flight. 

M is plotted,  using (7), as a funct ion of x for selected values of dc and v,. in Fig. 9. The effect 
of a weight  change on speed m a y  be de te rmined  b y  keeping M constant  in mov ing  from the  
init ial  to the  final value of v0. 

4.3. Ver t ica l  F l i g h t . - - F r o m  equat ion  (9) 

is invar ian t  wi th  W in vert ical  flight. 

N is p lo t ted  in Fig. 10 in a form providing a m e t h o d  of de termining the effect of weight  on 
vert ical  ra te  of climb. 

5. D i s c u s s i o n . - - I n  some of the charts  covering a wide range of opera t ing condit ions accura te  
assessment of performance is not  easy par t icu lar ly  at the higher speeds• In  pract ice  it m a y  be 
desirable to subdivide the  range of y and to plot  the par ts  on a larger scale wi th  the  appropr ia te  
va lues  of rc and  dc for the  hel icopter  concerned. 

I t  is necessary to note  tha t  the  possible range of y for a given airspeed is limited• This follows 
from the  fact t ha t  sin i ~ 1 and  also tha t  in normal  s teady  cl imbing or level flight x sin i > 0. 
I t  is possible in descending flight to have  i < 0 ; the  rotor  opera t ing condit ion is then  compl ica ted  
however  and  m a y  not  be accura te ly  represented  b y  the  simple m o m e n t u m  theo ry  used in this  
report• The condit ions quo ted  lead to boundar ies  on which 

x = 1/y - -  y ,  and x 2 = 1/y  ~ --  y~ respect ively 

The performance reduct ion charts  also apply  accura te ly  only for the  assumed values of the  
cons tants  bu t  the  var ia t ion  wi th  these constants  does not  appear  large• The effect of var ia t ion  
of body  drag and  rotor  character is t ics  can be de te rmined  from (5) and (6). 

No. Author 
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LIST OF SYMBOLS 

slope of blade lift curve 

reduction constant defined by (14) 

number of blades 

rotor blade chord at r = 0 .7f f  

blade profile drag coefficient at the mean effective lift coefficient 

D 
2apoe2R2.100~ 

fuselage drag at 100 f.p.s. 

tip loss factor 

ratio of effective power at rotor to total  power 

reduction constant defined by  (11) 

rotor disc incidence to the wind direction 

reduction constant defined by  (13) 

index of variation of power with temperature 

rotor thrust  

reduction constant defined by  (15) 

reduction constant defined by (16) 

8Eq~ 1 
CD 

engine power 

power required for rotor torque due to profile drag 

P 
bcRpP, 3R ~ 

CDs~2~R 
~'c - -  8 e  2V o 

C~s~,R 
Ys - -  8 g  2V o 

R rotor radius 

• b c  
s -- ~ R ' rotor solidity ratio 

T 
T, 

air temperature 

standard I.C.A.N. air temperature 

total  flow normal to rotor disc 
u~/~ 

induced velocity 
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Vi 

Vo 

= vw/a 

k,2~poe2R2J 

W o~'c 

aircraft speed 

rate of climb 

V r 

V 

v~ 

V~ ~ altimeter rate of climb 

Vj rate of climb in standard I.C.A.N. conditions 

V, = VC~ 

V' resultant air velocity at the rotor 

V,' = V ' C o  

.Q~R 
W - -  

Vo 

~isR 
W s - -  

Vo 

W aircraft weight 

v, 
X - -  

Vo 

Vi 
y - -  

Vo 

Y reduction constant defined by (12) 

vo~/~ 
Z - -  

V0 

zs value of z in standard conditions 

0 0 mean blade angle 

01 amplitude of blade angle variation 

V~ cos i 

vi + V~ sin i, 4 - -  
~2~R 

~2 rotor angular velocity 

p air density 

p 0 air density at sea level 

a relative air density 

as relative air density in standard conditions 
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