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The analysis and estimation of helicopter performance is dependent upon
the accurate assessment of rotor induced velocity.,  An empiricel curve relating
the flow thrcough the rotor to the flight speed is used for vertical flight and
the momentum theory is sufficiently accurate for a tip specd ratio groater than
about 0.1, but no simple method has been generally availaoble for the intermediasry

speed range., |
! o

Setg of empirical’curvea covering this specd range and based on the
anolysis of low speed flight performance are given in this Report, The charts
give volues of the rotor induced velocity varying smoothly from the vertical
flizht state to the forward flight region in which the momentum theory becoues
accurate. The charta arc presented in forms suitable for determining steady
flight perfornence and also for estimating rotor thrust during accelerated

moticn in, for example, take-off flaight.
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1. Introduction

The analysis and estimation of haelicopter performance depends upon aecursabe
asagsessment of the induced flow at the rotor, Por flight speeds where the tip
spaed ratio, M , 1s greater than about 0.1 the momentum theory (Ref.1) is
fairly accurate; for vertieal flignt an empiracal curve of rotor coefficients
(Ref.2) is now commonly used. There is, however, no generally accepted simple
nethod of estimation for the intermedisry range of airspeed.

Theoretical curves relating rotor induced velocity, flight velocity and
rotor disc incidence in & form derived from the momentum theory but modified to
f1t the accepted empirical data for vertical flight, were proposed for this
intermediary speed range by Hafner (Ref.,3). These curves, however, are
insceuratc in the low speed range and 1t was thereforc decided to cstablish
meon empirical curves, of samilar form, which would fair into the momentum
theory curves ot the speeds at which this theory beccmes valad,

A list of symbols 1s given at the end of the report,

2. Theory of tnalysis

2,1 Genersl, The basis helicopter theory (Ref.1) 1s developed for a
single rotor machinc with some form of torque reaction; 1t is assumod that the
main rotor blades are untapered and untwisted and that the induced velocity is
normal to and constant ocross the disc. A formula for the rotor thrust is
adopted from the momentum theory in the form

2

T o= 2w RTwv V! Creanee (1)

where v, is the 1nduced velocity and V5! the resultant airflow at the rotor, *
The induced velocity is fthus related to the main carstrecm velooity ond the
rotor disc incidenoce, and may be used in conjunction wath the cquations of
motion to determune helacopter flight performance,

The momentum theory, however, gives optimistic resulés for vertical flight
conditions, ond in 1ts place an empirical curve of rotor cocfficients, (Fig.1)
reloting ithe induced velecity to the main airstream velocity, is now gencrally
used,

It is apperent that the somentum theory cammot produce results in the low
forward goced ronge which are consistent with those obtained for vertical flight
from the empirical curve, A way of avoiding this discontinuity has been suggested
by Hafner (Ref.3). He points out that the momentum thrust equation wny be written
in the form

T - -
Vicosil 2 Visim vy !2 1/ {V:L-l 2 (2)
-—n{r_—w1 + _—.n-—.vn—.._..‘ + -.F- - ) .Gn-i * % a8 £ ¥ "% B W
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whers v = T
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Thus, for any given value of v /vg the plot of V, sini/vp against ¥ cosi/vgp

1s & circle, Hafner, however, proposes that the centres and radii of the
family of curves be derived from the established data for vertical flight, and
not from the theoretical basis. The curves are therefore accurate in vertical
flight and they approach the momentum theory form at high speed but they have
been found to be unreliable in the lov speed region. Accurate assessment of
performance is particularly important in thais region - for example, for the case
of vertical take-off at different wind speeds - and an attempt has been made,
therefore, to establish mean empirical curves which are of the type suggested by
Hafner and which, in order to achieve continuity over the whole speed range,

are fairdd into curves derived from the momentum theory at the speeds at whach
this theory becomes valid.

/The. .

*In order ?hat the theory may be applied to any atmospheric conditions 1t 1s
convenient, as mn performance reduction (Ref.l), to work in terms of equivalent
alrspeedn; these speeds are denoted throughout the report by the suffix i.
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The analysia of measured steady low speed performance data ig made using
the rotor power and energy equations (Ref,lL). The equations may be written

u = %{m&/‘& ~ Ié_ (POODs?l.:?_RS (1 +f~2)} evrnenes (3}

and EP/ o= = WV, /O + Tvy + %;.eo CDSﬁ_z R (1 + jfaz) + %%h -Vigj AR CY:

Subtracting (3) from (L) we get

5]

555 2 D /
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For proctical steady flight conditions it is reasonable to assume that the rotor
thrust is equal to the axrcraft weight.

Knowing the performance and design characteristics of %the helicopter, the
airflow at the rotor can be caleulated and empirical charts constructed., It
has been found convenient {for reasons dascussed in parsa,2,2) to establish curves
relating ui, V, and i, in addition to the basic chart relating vy, V; and u,

For the presentation in terms of u; the momentum theory curves into which the
empirical curves are feired have the family form

i 2 = At itk Pe— + —— LR BN BN BN IR Y )
o ( o v151m> W 5

Vp Vo
The factor e is introduced to account for rotor tip losses, ond is assumed to be
equal to 0,95,

2.2 Analvegis of experimental results, The {light dato used in the analys.is
were obtained rrom test flights on varlious helicopters, including the Hoverfly,
Dragonfly, and Sycamore types. Allowence wag mede for rotvor blade taper by
using & mean volue of the blade chord; none of the rotors had twisted blades,

The effects of compressibility, blade stalling, reversed flow ond redial flow
were neglected becouse estimatos showed that these effecss were small ovse the
low =peed range,

The results of tests made on any one circraft in various operating conditions
were divided intc groups in each of which the atmospheric conditions were approxi-
mately the same, and smell corrections for temperature made using the methods of
Ref.L, Medn performance curves were then drawn becouse definition of the empirical
curves depends on determiming the relationship between speed and disc incidence atv
particular volues of vi/vp and v3/vp , and isolated performance points wall not,
in general, give one o% these values, The tests covered only climb ot low forward
gspeeds and autorotative glides; no results were obtained in the power-on deucent
flight condition,

Analysis of the performonce curves for w; and i devenés on knowledge of P,

E and Cp. P was obtalned from the maker's power curves, corrected where necesszary
for terperature veriations by the methods of Ref.5; E was determined from cstinotes
of the power to the tail rotor, gear losses, cooling ete; Cp was token from blode
design data, Both E and Cp were checked by correlation with flight test data an
vertical flaight end in flight ot medium speeds, and values were obtained for the
low speed range by interpolating on curves of E and Cp plotted ageinst speed,
Equations (3) and (5) were then solved by successive epproximadion since initially

M wos not known, and ui/vp, Vysini/vp, Vicos%/vT and VL/VT were calculoted
ond plotted against speed. The values of vy/vp or uj/vp were thus obtained and
are plotted in Figs.2 and 3,

Fig.2 gives the fundamental information concerming rotor induced velocity,
but the form of presentation of Fig, 3, using the axial velocity at the rotor, hes
been found to make fairing into the momentum cquotion curves easier than does the
form shown in Fig.2., On the other hand, mony more experimental points are obtained

/in terms, .
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in terms of vy/vn, than oare obtained in terms of u;/vn.  The shape of the curves
was therefore established more fiymly ab the lower end of the speed range using
the prescntation in Fag,2 and at the upper end of the range by Fig.3; cross-
plotting was necessary to ensure thot both forms of presentation were consistont
over the whole speed ronge.  Establashing the curves was assisted by the fect
that there 1z no discontanuity in airflow conditions at the rotnr from forward
to backward flight, so that all curves of both vi/vp and u;/vyp are normal to the
line V10051/VT = 0, Both charts have been extended fto cover the vertex ring and

low speed autorotetion regions, the extrapolations being shovm by dotted lines,

3,  Application of empirical curves

3,1 Gencral, The charts shovm in Figs,2 and 3 prescnt inforuation
concerming the rotor airflow velocities in fundomentol forms, Thesc forms oro
not, however, the most swtable for direct application to performance estimation
or anzlysis, and other forms of presentation have cccordingly been considercd,

It should be noted that the curves represent the case in whach there are no
effects on the rotor from blade taper or twist, conpresgibility or blade stelling
and reversed or radial flow, In applying the curves %o performance estimation
separate allowance should be made for any of these effects which 1s thought
likely to be sagnificant.

3.2 Batimobion of ateady performance. In stecady flight conditions the
performonce at a grven aarspeed for known rotor speed and enmine conditions is
normally required; it is thereforc neccssory to detcrmne the rotor dise
incidence, 1, Fig.hk prescnts a chart for the estimotion of stcady low speed
power-on perfermence; it has becn derived from Fig.? and shows the varzation
of u,/vp with Vy/vp for spoeific velues of i,  In usine the chart, u /vy is
calculated for selected wvalues of Vi/VT from equation (3); as o first
approximation the effect of f\z on u, nay be neglected when Vl/VT ig small.
1 follows from Fig.lL, and the truc rate of elimb V, is then determuned fron

equation (5),

3.3 Estimation of rotor thrust, In steady flight the rotor thrust is
approxanately equal to the aircraft weight, but in accelerated notaons - durng
take~-off, for example ~ the rotor thrust oy be appreciably preater thon the
welght, The empirical curves may be presented in a forn frem which the rotor
thrust ot any stage of such a motion can be determined (neplecting unsteady
acrodynamic effects) provided that the power conditions, flizht specd and disc
incidencc are known, The disc incidence depcnds on the disc attitude to the
horizontal as well as the flight path angle and is therefore a function of the
fiying technique.

The form of presentation follows from the fact that the rotor power ecquation
(3) mey be written in the form

v, 13
2 - 501 T N 2.1 ‘
;;ij = V) 2n @ Rz/{EP /o-_--? fOCDoJ‘LlR (1 +p )J‘} ve s (7)

—

v

e
The empirical curves in Fig.h give uy/vp as o function of Vs/vyp
and i; the left-hand side of equatzon (7) may therefore be considered to be a
function of Vi/vT and i, Henece, if vy, /2;;(70 R? }/Vﬂf (= VL/VT) is ]
charted as a function of i and v, . 2;16033/ {EP o= -.%% (?ochilg 35 (1 +;A2ﬂ] 5
it 1s possible, since P, /L4, V4 ond i arc known, to find T. & chart of this
form is given an Fig.5 in two ports, the scale for values of the speed funetion
from 0 to 2,0 being four tames that used for the range from 2.0 to 20,0

My Further developments

The curves given in this report will be used to develop performance rcduction
methods for the low speed region of flight,

The analysis of flight data will be continued when torqueneters are available
to measure the effertive pcwer at the nein rotor in flaght, and it 1s alse proposed
te analyse any rotor tower test data which moy become avarlable,
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List of symbols~

number of main rotor blades

rotor blads chord at r = O, 7R

blade profile drag coeffucient
helicopter fuseloge drag ati00 f.p.s.
tip loss factor ; e = 0,95

rotio of effective power at rotor to total power
rotor disc incidence to the sirstreom
engine power

rotor radius

rotor solidity ; s = be/T R

rotor thrust

total flow normal to the rotor disc
u/o

induced velocity ot rotor

v/

airspecd of helicopter

v/

true rate of climb of helicopter

resultant airflow at rotor; V' = (u2 + V2 cos?1)?

v /o
/ T
27 ¢ OR32
helicopter all up weight
tip speed ratio ; /‘* = VlOOSiﬂ L 4R
atr dcnsity
mr density at sea level I.C.,4.N,
relative air density
rotor angular velocity
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INDUCED FLOW COEFFICIENTS FOR VERTICAL
FLIGHT.
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COEFFICIENTS OF INDUCED FLOW AT A HELICOPTER
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CHART FOR ESTIMATING ROTOR THRUST
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