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SUMMARY

A method of calculating the performance of a helicopter rotor in the hover
is presented. The method combines the downwash velocity distribution induced by
a contracting spiral vortex wake with strip element-momentum theory. The shape
of the wake takes a prescribed geometry developed from an extensive series of

model tests made in the USA.

The predicted thrust and power is in good agreement with measurements made
on model and full scale rotors provided that the aerofoil data is sufficiently
well defined. The calculated load distribution along the blade is also compared
with measurements made on Wessex helicopters. The load distribution is shown to
be very sensitive to a light wind but theory compares well with experiment

when this effect is eliminated.

The hover performance predicted using only the wake induced velocity
distribution 1is also discussed. The rotor performance is shown to be too
sensitive to the geometry of the wake for the method to be used as a design tool

with confidence, and the mathematical representation of the wake needs improving.

* Replaces RAE Technical Report 74078 - ARC 35652.
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INTRODUCTION

The modern turbine powered helicopter is more often limited by the thrust
capability of the main or tail rotor than by a lack of available power. This
limitation in forward flight is due to the blade stalling on the retreating side
of the rotor disc, and is the reason for the growing trend towards aerofoil
sections designed specifically for helicopter rotors] instead of the NACA 00
series aerofoils which have been used for so long. However, the potential bene-
fits of using new blade profiles, or making other changes to the rotor geometry,
can only be exploited effectively if the blade load distribution can be

accurately calculated in all flight conditions.

The ideal blade geometry for high speed forward flight is unlikely to be
ideal for efficient hover and the designer must reach a compromise solution.
The final configuration will be achieved by giving different weightings to
hover performance according to the tasks which the particular helicopter is
expected to perform. A heavy lift, or crane helicopter, is likely to have its
forward speed capability sacrificed for a more efficient hovering performance.
An aerofoil section with a high usable lift coefficient at a Mach number of 0.6,
a typical value for the blade tip in hover, would undoubtably be advantageous,
but such an aerofoil is likely to have a low drag rise Mach number and shock
induced separations would limit the Mach number of the advancing blade and hence
the forward speed capability of the aircraft. In addition, the best twist
distribution for hover is likely to be too large for high speed forward flight.
However, the essence of the helicopter concept is its high efficiency as a
hovering vehicle and a method of predicting the hover performance of a whole

range of blade geometries and rotor configurations is essential.

The main problem in calculating the performance of a helicopter in hover
is determining the induced flow velocity through the rotor. The simplest mathe-
matical model of a rotor is the actuator disc in which the rotor is replaced by
a disc having a pressure difference between the upper and lower surfaces. This
concept can be used for forward flight or hover calculations but suffers from
the disadvantage that the effect of changing the rotor parameters such as blade

geometry, aerofoil section, solidity and tip speed cannot be investigated.

An improved model of the flow combines blade element and momentum theory.
The radial variation of the induced velocity and hence the forces on the blade

are better represented in this model making it suitable for initial design



studies, but the thrust to power relationship is not correctly predicted as the
disc loading, tip Mach number, or solidity are increased. An excellent review

of this method is given in Ref.2.

The simple methods fail because neither the wake from the blades nor the
wake contraction are represented and these are particularly important in hover
because the rotor is continually in the influence of its own wake. The most
important feature of the wake is the strong tip vortex which contracts rapidly
and passes just below the following blade. A large upwash is induced outboard
of this vortex which opposes the mean downwash through the rotor to produce a
high angle of attack in the tip region which can be sufficient to stall the

blade at higher thrust levels.

Calculation methods using vortex wakes have appeared quite frequently in
recent years and vary in sophistication from 'free wake' methods, in which the
wake is allowed to distort under its own induced velocity fie1d3’4’5, to simpler
methods where the wake takes a prescribed geometryS. The 'free wake' methods
have the disadvantage of needing long computer runs making them unsuitable for
parametric studies, and some of the results do not always compare favourably
with experiments. The prescribed wake approach uses much less computer time and
can be made to give consistent results provided that the wake geometry has been
determined accurately, and the mathematical representation of the wake is
realistic. The method in this Report uses the wake geometry obtained by
Landgrebe5 from experiments on model rotors and is described in section 2.3. The
downwash distribution induced solely by the vortex wake could not be used to
determine the rotor performance for the reasons discussed in section 4, and it

has to be linked to momentum theory. The method employed is similar to that used

by Rorke and Wells6 and is outlined in section 2.2.

The results of the theory are compared with measurements made on full scale
rotors in free flight tests at RAE Bedfordg’lo and with results from model tests5
and whirl stand test56 made in the USA. The comparisons presented in section 3
show that the theory gives accurate performance estimates for a wide range of

configurations.

2 DESCRIPTION OF THE METHOD

2.4 The mathematical model of the flow

The basic method used in calculating the hover performance of a rotor is

similar to that described elsewhere3’6, and uses lifting line theory. The blades




are represented by bound vortex lines divided into a number of segments each

having a different circulation strength corresponding to the variation of the
radial load distribution. A trailing vortex filament must originate at the
ends of the blade segments to satisfy the Helmholtz law of conservation of
vorticity. These trailing vortex filaments, which represent the wake, take a
prescribed contracting helical path below the rotor and are approximated in the
theory by a series of short straight vortex elements. The strength of the
trailing vortex filament is constant along its length and is equal to the

difference in the circulation between two adjacent bound vortex segments, Fig.l.

The flow at the blade is assumed to be two-dimensional and the aerodynamic
characteristics are evaluated at the midpoint of each blade segment using

measured two-dimensional aerofoil 1ift and drag coefficients.

2.2 The wake-momentum analysis

The determination of the inflow angle or downwash velocity distribution is
the major difficulty in predicting rotor hover performance. Landgrebe states5
that the velocity induced solely by the wake may be used, but section 4 shows
that this is unsatisfactory in practice. The wake induced velocity often over-
estimates the magnitude of the downwash distribution leading to high induced
power factors, especially for rotors with a high disc loading. The predicted
thrust to power relationship is improved if the wake induced velocity is
factored by the ratio of the momentum value of downwash to the mean of the wake
induced velocity, but this tends to overestimate the blade load distribution near
the tip. A much closer integration of the wake induced velocity with momentum
theory is required and is most easily obtained by using the wake-momentum
analysis of Rorke and Wellsé. Strip element-momentum theory is combined with the
wake induced velocity to ensure that the thrust produced by each element of the

blade is consistent with momentum theory.

The thrust, ATi » produced by an element of the blade of length Ari
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from strip element theory, where n; = t.em-1 (ui/Q;i) is the inflow angle,

and Vs is the downwash velocity. This velocity is positive contrary to the
usual definition which is employed later. The value of n; can be found at
all radial stations by equating equations (1) and (2) and solving by iteration.
An iterative solution is necessary because CLi and CDi , the two—dimensional
aerofoil lift and drag coefficients evaluated at the appropriate Mach number,

depend on n; since the local angle of incidence of the blade a; is

where BR is the collective pitch and ei is the blade twist. The solution of

equations (1) and (2) represents the usual strip element-momentum theory without
‘ a tip loss factor, and this downwash distribution is used as the starting point
in the present calculation. For this reason it will be referred to as the

initial momentum downwash distribution.

The wake induced velocity distribution v, is introduced as an inter-
ference velocity Yi defined in the present method as the difference between

the wake induced velocity and the initial momentum downwash velocity,

The negative sign appears on the wake induced velocity because it is calculated
in the conventional sense of downwash negative, whereas Y, is defined in the

same sense as V.. Defining

the thrust given by momentum theory is modified to
ATi = p(2ﬂriAri)(Yi - wi)2wi (3)
and for strip element theory

AT, = 1p &Q;i)z + (Yi § wi)z)bciﬂri CL. cos (Bi + ¢i) - CD sin (Bi - ¢i) (4)
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The new value of the momentum downwash velocity W, is found by solving

equations (3) and (4), and is not to be confused with the initial momentum

downwash used in the definition of the interference velocity.

There will be exact agreement between the thrust from momentum theory and

strip element theory when equations (3) and (4) are equal, i.e. when

bc.l [?Li cos (Bi - ¢i) - CD. sin (Bi - ¢i) e, 5 )

i,

The value of ¢i can be found from this equation by an iterative solution
since the aerofoil lift and drag coefficients now depend on both Bi and ¢; -

The local blade angle of incidence is

o = By * 0 < R+ g)

but the collective pitch is not the same as in the initial calculation without
the interference velocities since it is adjusted so that the total rotor thrust

is the same in both cases.

5 The total downwash velocity distribution along the blade u; , now

bECOmeS, il’l the COnUentiOnal sense
u. = SZI". tan B- tan ¢. -
( )

2.3 The wake geometry

The most comprehensive investigation of the wake geometry from a hovering
rotor is that reported by Landgrebe in Ref.5. Tests were made on model rotors
with up to eight blades with varying twist, aspect ratio and rotational speed,
over a range of thrust levels up to blade stall. Overall thrust and power was
measured, and the wake made visible by injecting smoke from a rake. A set of
parameters relating the wake geometry to the rotor thrust coefficient, solidity,
and blade twist was obtained from photographs taken of the wake against a
reference grid. These parameters or coefficients allow a wake to be quickly
established for any given rotor conditions. Comparisons of the wake generated
by this method show good agreement with measurements made on wakes from full

scale rotors and those predicted by some 'free wake' calculations.
P y



The model rotor used in the experiments had a radius of 0.679 m. All the
blades had a NACA 0012 aerofoil section, a chord length of 37.3 mm or 49.8 mm,
and a rectangular tip. The flapping hinge offset was 6.87 R and the root cut out
of the blades was 14.87 R.

The main rotor parameters investigated in the experimental programme were:

Number of blades s 45 5518

Linear twist 0, —80, -16°
Solidity ratio 0.035 to 0.1867
Tip speed 160, 183, 213 m/s
Tip Mach number 0.46, 0.525, 0.61
Blade aspect ratio 18.2, 13.6

Combinations of all these parameters were not tested but sufficient configura-

tions were used to produce a consistent set of generalised wake coefficients.

The wake from a hovering rotor can be divided into two distinct parts, an
inboard vortex sheet, and a strong, rolled up tip vortex. The vortex sheet,
which is approximated in the theory by a number of vortex filaments, moves down
rapidly below the rotor disc, the vertical displacement varying linearly with
radius. The tip vortex rolls up very rapidly and remains close to the tip path
of the blades until the following blade approaches when it moves down more
rapidly though still not as quickly as the outer part of the vortex sheet, Fig.2,
Landgrebe therefore gives different wake coefficients for the two parts of the

wake .

The tip vortex vertical displacement, z is given by

<y <
Klw 0 y wb

N
i

- =
Klwb + Kz(w wb) ¥ wb
where ¢ is the azimuth position measured from the blade, and wb is the

azimuth separation of the blades. The wake geometry coefficients K1 and K2

are

K] = - 0.25(CT/5 + 0.00191)
K2 = = (1.41 + 0.01419])JCT/2




where 91 is the blade twist in degrees. The tip vortex radial coordinate

r is

0.78 + 0.22¢ MV

H
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>
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with 0.145 + 27 CT 5

The vortex sheet vertical displacement varies linearly with radius and
can be imagined as part of a line extending from the axis of rotation r =0 ,
to a cylinder whose radius is equal to the rotor radius, r = 1 . The vertical

displacement at the ends of the imaginary line is

0 0 ﬁiw < 7/2
TS
[ Kyo @ = 1/2) P > 7/2
( Y-
Kllw 07 Yy
Z;=] = <
LK%, + Ky (0= ) y > U

where K, = 6,/128 (0.456, + 18)/C /2
Ky, =~ 2.2 /.72
Ky == 2.7 /¢,/2

The radial displacement r of a point on the vortex sheet originating

from a point «r say, on the blade is found by evaluating the vertical displace-

A
ment of the sheet using the expressions above, then

where T is the radial location of the tip vortex at the point at which it

has the same vertical displacement as the point on the vortex sheet.
The generalised wake coefficients generate a wake on the form shown in
cross section in Fig.2. This figure shows one revolution of the wake for a six

bladed rotor at a moderate thrust coefficient.
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The roll up of the tip vortex is simulated by allowing all the trailing
vortex filaments that originate outboard of the blade segment with the largest
value of circulation strength to merge after one azimuth interval, typically 30°,
This is clearly shown in Fig.l where four vortex filaments merge to form the

tip vortex.

The rotor performance predicted using the generalised wake geometry was
shown in Ref.5 to be very sensitive to small changes in the position of the tip
vortex. This sensitivity is not so apparent in the present method because the

induced downwash velocity is locally matched to the momentum velocity.

The wake produced by the wake coefficients neglects tip vortex instability,
vortex dissipation and asymmetry of the wake, all of which are likely to be
present when the rotor is operating in its real environment. Some recent
experiments7 have shown that adjacent tip vortices interact and eventually

e ; 6
dissipate by mutual interference, and others °’

using theoretical methods have

found that the far wake can be unstable. These phenomena generally occur some

distance below the plane of the disc and do not invalidate the argument that the

most important effect of the wake on rotor performance is the close passage of

the tip vortex from the preceding blade. Wake asymmetry occurs because the -
loading on all the blades is not the same., This is almost bound to happen in
practice because of small differences in the manufactured blades, atmospheric
turbulence, and light winds, all of which will distort the wake and degrade the
performance of the rotor by increasing the blade load near the tipslo. The
rotor performance predicted using the generalised wake can therefore be regarded
as ideal since it cannot represent real conditions but such calculations are

still of great importance to the helicopter designer.

The range of the model tests was quite extensive but all the blades had a
constant chord, linear twist and rectangular tips, and the range of blade aspect
ratio was quite small. The wake geometry does not appear to be sensitive to
aspect ratio and most of the full scale rotors for which comparisons are made in
section 3 have aspect ratios which lie outside the range of the model tests.
Accurate performance estimates for tail rotors have also been obtained using the
generalised wake geometry although these rotors have higher solidity ratios than

the models and are operated at greater thrust coefficients. It seems likely that

the generalised wake is applicable to a wider range of parameters than those




tested, but excursions outside the range of the test programme have been

approached with caution. The use of the wake geometry for tapered blades,
blades with non-linear twist distributions or peculiar tip shapes has not been
attempted, and the present wake model is unlikely to be suitable for these

configurations.

2.4 The performance calculation

The sequence of operations in the performance calculation as implemented
on a digital computer is shown in the form of a flow diagram in Fig.3. It is
an iterative process which is converged when the radial load distribution changes
by less than a certain tolerance between two successive iterations. Convergence
of the load distribution implies that the bound and trailing vortex strengths,

and the interference velocities have also converged.

The data required consists of the geometry of the rotor, i.e. the twist,
chord and mass distributions, the rotor rotational speed, the air density, the
local speed of sound, and the required rotor thrust. The two-dimensional aero-—
foil data is supplied in the form of tables listing the measured lift and drag
coefficients at angles of attack up to the stall for a range of Mach numbers.
Other input variables define how the wake is to be set up in terms of the
number of wake revolutions, and the number of short vortex line elements

representing each revolution of the wake.

The blade is specified at n + | radial positions, roo with r, at the

root cut out, and r o at the tip. These points define the ends of the bound

vortex segments and are spaced more closely in the tip region of the blade
where the loading changes most rapidly. The midpoints of the segments, ;i 5
are then associated with a value of the blade chord Cs o and twist ei 5

obtained from the input data by linear interpolation.

The first iteration loop starts by evaluating the initial momentum value
of the downwash distribution using equations (1) and (2). On subsequent
iterations, the interference velocities will be known and equation (5) is
used to calculate the downwash distribution. The appropriate lift and drag
coefficients at the midpoints of the blade elements are evaluated using either
equations (1) and (2), or equation (5) so the thrust and torque distributions

Ti s Qi can be calculated immediately,



Ti = o fL.er ’ CD.ul Vlcl
1 i
. = . - C. u.|V.c.r. ;
Ql to CD.er L.u1 Vlclrl
L+ L

where Vi = V(Q;i)z + ui , and uy is the downwash velocity evaluated in the

conventional sense.

The thrust and torque distributions are integrated and multiplied by the
number of blades to give the total rotor thrust and torque. The calculated
thrust is compared with the required value and, if necessary a correction is
made to the collective pitch. The calculation is then repeated until the

calculated and required thrust agree to within a specified tolerance.

The coordinates of the blades and wake are set up in a Cartesian coordinate
system to facilitate the calculation of the wake induced velocity components.

The blade coning angle a, is,

. —1{ i, =i }
a = siln

0 Qz(Ib + eMb)

where MA is the aerodynamic moment about the flapping hinge, Mb and Ib are 5
the first and second moments of inertia of the blade about the flapping hinge,
and e 1s the hinge offset length. The coordinates of the points defining the

blades then become

(e + (ri - &) cos ao) cos wk

5

Vi (e + (ri - e) cos ao) sin wk
Z = (ri - e) sin 2
where wk = G 2udbis] B = Ly i | BV and r. 'is the radial position on the

reference blade at ¢y =0, y =20

The near wake is set up using the generalised wake geometry described in
section 2.3. The number of vortex filaments that merge to form the tip vortex -

will not be known for the first iteration, but this number can be specified in

the input data if it is known from a similar calculation, or can be crudely
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calculated in the computer program. Normally the spiral wake is only allowed to
develop for about four revolutions when it is nearly fully contracted, and the
far wake for each vortex filament is represented by ten inclined vortex rings

separated vertically by a distance equivalent to one revolution of the wake,

There are two main methods of using the radial load distribution to
calculate the strength of the bound vortex distribution. The simple method is
to set
r. = &QriCLici
but this has the disadvantage that the maximum value of circulation strength,
and thus the peak value of the blade load, always occurs on the last blade
segment, typically at 987% radius, which is not observed experimentally. The
method used in the present calculation is similar to that of Piziali and
Du Waldt8 and has the advantage of calculating the shape of the vortex distribu-
tion, though not its final converged level, almost immediately because the
equations contain terms that depend on the wake geometry. Thus the blade
element with the maximum circulation strength calculated even with the initial
radial load distribution is in approximately the correct position. In this
respect, the calculation anticipates the induced velocity distribution which is
used for the next iteration. The basic method of Ref.8 has to be modified,
however, because the downwash velocity distribution has two contributions, the
wake interference velocity Yi , and the momentum velocity W instead of just

the wake induced velocity in the original method.

The general relation between the strength of the bound vortex Fi and

the 1ift on the blade segment is

]

. i
1
pﬂriFi zp(Qri) CLc.1

, = .6 2,
i.e r %er LS

The 1ift coefficient CL is expanded in a form which makes it possible to
separate the terms depending on the wake geometry so they may be combined on the
left hand side of the equation with the vortex strength. The lift coefficient

in the above expression is replaced at each radial station by


http://4fir.Cc

BCL ui
& = &, % lg bp + 8 o + 55
1 i L

where CLi is the calculated lift coefficient and the term in square brackets

(which is nominally zero if the previous calculated value for uy is taken) is .
to be split up. The lift curve slope of the aerofoil (BCL/Ba)i is evaluated

near o, at the Mach number appropriate to the ith point on the blade. The

downwash velocity uy is

. = - Qr. .+ ’
u, er(tan Bl tan ¢l)
and
-V,
B = tan_] R n
i or. i
i
thus u, = v, o+ Qr. (tan n; - tan ¢i)

and substituting gives

CL _ BCL
= X - = I i = =
Fi 2¢; |35 ) Ve 2ﬂrici CLi + o ) [?R - ei a + tan n. tan ¢ﬂ} .
i i

1

The important step now is to express the wake induced velocity Ve s in
terms of a function depending only on the wake geometry and the values of the
bound vortex strength (which have yet to be evaluated) since the strength of
the trailing vortex filaments Yj is equal to the difference in the value of

the adjacent bound vortex segments. Thus,

but Yo = T - T

therefore v, = (o - d..)Tj “
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where Uij is an influence coefficient which depends only on the wake geometry
and when multiplied by the trailing vortex strength is the total velocity
induced at the midpoint of the ith blade segment by the jth vortex filament

from all the blades. A system of simultaneous linear equations can be written

down
oC
L 2
I‘i 5°i(§€')i : (cij+l 1])FJ P
j=
i BCL
1 = - - i =
2Qrici CLi 2 5 ! [SR H Bi ai + tan ni tan ¢i:| 1 | S T
which can be solved for the unknown vortex strengths Ti . The present method

uses matrix inversion and multiplication to solve the equations.

A very rapid calculation follows from using this method of solving for
the circulation strengths combined with the collective pitch iteration to ensure
that the rotor thrust is nominally the same for each iteration. The wake
geometry, for a particular rotor configuration depends only on the rotor thrust
coefficient and will not therefore change significantly between iterations. The
only feature of the wake that may change is the number of vortex filaments that
roll up to form the tip vortex. The method of calculating the vortex strengths
gives the shape of the distribution and in particular, the radial position of the
blade segment with the highest value of circulation strength during the first
few iterations. The wake geometry therefore remains virtually unchanged through-
out the calculation and the more time consuming computations can be omitted.
When the wake geometry has converged, there is no need to set up a new wake on
each iteration, and new influence coefficients are not calculated as these
depend solely on the wake geometry. A new circulation matrix has to be formed
and inverted during each iteration but this uses the set of influence
coefficients calculated when the final wake was set up together with the latest
calculated values of the aerofoil 1lift curve slope. There will also be a new
set of variables on the right hand side of the equations but the time required
for these matrix operations is small compared to that required for calculating
the wake geometry and influence coefficients. The other saving in time occurs
because the wake induced velocities can be simply calculated from the existing

influence coefficients and the latest calculated values of the trailing vortex
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strengths. Normally only two or three iterations are needed for wake convergence
and subsequent iterations can be made very rapidly. A check however is always
made during every iteration to ensure that the blade element with the largest
circulation strength has not changed which would then require a new wake

geometry.

The interference velocity distribution is calculated from the wake induced
velocities and the whole process repeated until the load distribution converges.

The rotor performance is then printed out.

A typical calculation for a six bladed rotor with two main iterations to
give wake convergence and a further twenty five iterations for a converged load

distribution require about 35 seconds on a CDC 6600 computer.

3 COMPARISON BETWEEN THEORY AND EXPERIMENT

The rotor thrust and torque predicted by the theory have been checked
against experimental results obtained from model testss, whirl stand tests6,
tethered helicopter tests and free flight helicopter testsg. The calculated load
distribution has also been compared with some measurements made on Wessex heli-

copters in free flightlo’]].

All types of experimental techniques for investigating rotor hover per-
formance require steady atmospheric conditions with little or no wind. Wind
speeds of up to 4 m/s do not appear to have a large influence on the power
required to produce a given thrust, but the blade load distribution can be
significantly changed by even a very light wind. Model tests suffer least from
unsteady conditions as the rotor environment can be carefully monitored and
there is normally no difficulty in repeating suspect data points. The test
room, however, must be large enough to avoid recirculation effects, and the low
Reynolds number of the flow may not always be ideal for aerodynamic purposes.
Results from whirl stands have to be corrected for ground effect and whirl stand
interference; calm atmospheric conditions are essential. The problems associated
with light winds can be partially avoided in free flight tests by flying the air-
craft near a puff of smoke or observing the motion of a ball suspended on a light
string below the helicopter. The tethered hover technique can also give accurate »
results since a range of rotor thrust levels can be covered quickly. Individual
data points can be measured in carefully controlled tests with an accuracy of .

about 27 using good quality instrumentation, but a series of data points

generally show a large scatter.
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The source of the two-dimensional aerofoil data required by the performance
calculation is important especially when the advantages of changing to a new
aerofoil section for the blades is being investigated. The experimental data
for the different aerofoils should ideally be obtained from tests in the same
wind tunnel with the same amount of transition fixing on the aerofoil. The
aerofoil data sometimes needs to be corrected as there can be some difference
in the aerodynamic performance of the smooth aerofoil surface tested and the
actual rotor blade which may be fitted with anti-erosion and de-icing strips or

trailing edge tabs]5

The usual method of testing a two-dimensional aerofoil in the UK is in a
transonic wind tunnel with slotted or perforated walls, and with transition fixed
to ensure that the boundary layer on the aerofoil is turbulent before the shock
wave. The aerofoil drag coefficient is normally measured by a wake traverse.
Results from wind tunnel tests made in the USA have often shown unrealistically
low drag coefficients at low angles of attack because transition has not been
fixed. Other results obtained by strain gauging a floating section of the aero-
foil can also be unreliable because of poor sealing around the slots of the
measuring station. The source of the aerofoil data used in the calculations is
quoted for each example, and the details of the rotor geometry are also given as

these have not always been easy to obtain.

Bl Two bladed model rotor

The experimental data for the two bladed model rotor was obtained by
Landgrebe5 during the tests to derive the generalised wake geometry. The rotor
chosen had blades with an eight degree linear twist and a chord length of
49 .8 mm giving a solidity ratio of 0.0466, and a blade aspect ratio of 13.6.

The tip speed was 213 m/s corresponding to a rotor rotational speed of 3000 rpm.

The other geometric details of the rotor are given in section 2.3.

The two-dimensional aerofoil data for the NACA 0012 aerofoil used in the
calculations has also been taken from Ref.5 (Fig.90), and are based on measured
low Reynolds number data which has been synthesised to provide a correlation
between the test results for the untwisted, two bladed model rotor and the
results predicted by blade element-momentum theory. The resulting data has a
high value of lift curve slope and are rather sparse. The variation of 1ift
coefficient with angle of attack is shown for only three Mach numbers and the

data required in the tip region, where the Mach number is about 0.6, falls
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between two of the published curves making interpolation unreliable. These
were, however, the only data available at the Reynolds number appropriate to the
model tests, and any error introduced by reading from the small scale figures

should not be too important for a rotor with only two blades.

The predicted thrust and torque is compared with the experiments in Fig.4. .

Agreement is good over the whole range of thrust levels and differs little from

the results predicted by strip element-momentum theory. This is not surprising

as the tip vortex from the preceeding blades lies well below the path of the

following blade, and the angle of attack distribution shows very little distor-

tion in the tip region. The correlation of thrust with collective pitch is not

very good for this example and is about the same as that shown in Ref.5. This

is probably a consequence of the higher 1lift curve slope of the synthesised

; : Tr ; 5
aerofoil data rather than errors in the original data on which they were based™ .

3.2 Wessex main and tail rotors

The experimental results presented in this section have all been made on
a Wessex helicopter. The predicted thrust and power for the main rotor is com-—
pared with measurements made in free flight at RAE Bedfordg. The load distribu-
tion on the blade in the tip region was measured using another modified Wessex
also at RAE Bedfordlo, and along the complete blade in tests made in the USAII.
The data for the tail rotor was obtained from wind tunnel tests12 and free

flight testsg.

The four bladed main rotor of the Wessex has a radius of 8.53 m. Each
blade has a linear twist of eight degrees, a NACA 0012 aerofoil section and a
chord length of 0.417 m, giving a solidity ratio of 0.06216. The root cut out
is 167 radius, and the flap hinge offset is 0.3 m. The tail rotor has a radius
of 1.448 m with four untwisted blades of chord length 0.1865 m and again, a
NACA 0012 aerofoil section. The flap hinge offset is 0.067 m and the root cut
out of the blades has been assumed to be 31% radius. The tip speed of both
rotors varies slightly throughout the flight envelope and a value of 205 m/s

has been used when the actual value is not known.

The two-dimensional aerofoil data for the NACA 0012 aerofoil was measured

in the NPL 36in x l4in transonic tunnel on a model with a chord length of
13
0.254 m :

carborundum extending from the leading edge to 2% chord. The lift coefficient

Transition was fixed on the upper and lower surfaces by a band of

was calculated by integrating the pressure distribution measured at 43 chordwise

stations and the drag coefficient obtained by a wake traverse.




The thrust and torque coefficients for the main rotor measured in flight

by Brotherhood9 are compared with the theory in Fig.5. The experimental results
were obtained on three different days with the rotor thrust coefficient varied
mainly by changing the altitude of the aircraft. The theoretical results were
also calculated by altering the density altitude and are shown with and without
a vertical drag correction. If vertical drag is assumed to be 47 of the rotor
thrust at low thrust increasing in proportion to the square of the mean value

of downwash velocity at higher thrust levels, then excellent agreement between

theory and experiment is obtained.

Another Wessex helicopter at RAE Bedford was used to compare the perfor-
mance in flight10 of the new RAE (NPL) 9615 aerofoil section designed for the
Lynx helicopter, with the standard NACA 0012 profile. Two opposite blades were
fitted with balsa wood and fibre glass fairings or gloves over the outer 127
of the blade, one glove shaped to the NACA 0012 section, the other to the new
profile. The chord length of the gloves was increased to 0.47 m to retain the
correct thickness/chord ratio of the aerofoils. Pressure tubes connected to
tappings in the gloves were led along the blade to a scanivalve mounted on top
of the rotor hub. The drag of the aerofoils was also measured at two radial
stations by rakes fitted behind the trailing edge of the blades. The time
averaged pressures measured at four radial positions on each of the blades were

integrated to give the aerofoil 1lift coefficient and the blade load.

The load distribution on a helicopter blade is very difficult to measure
in true hovering flight. A small amount of cyclic pitch will always be present
to keep the aircraft in trim, and a slight wind will distort the path of the tip
vortices and give asymmetric loading which itself changes the structure of the
wake’/. In the RAE tests, a few pressure transducers were also mounted in one
of the gloves to give instantaneous pressures near the leading and trailing
edge of the blade, and these show large variations, with azimuth, in local
incidence near the tip. In some cases the loading was almost doubled and the
aerofoil was operating for some of the time beyond the steady state stall
boundary. Rileylo has developed a simple analysis to estimate the change in
the blade angle of incidence that occurs when the tip vortex is displaced from
its expected position by a light wind. The analysis predicts the change in
the angle of incidence quite well, and one example, using a wind speed of only
2.5 m/s showed a positive increase in incidence for over 280° of the disc with

an increase of over 2° near the 90° azimuth position. Thus the blade load
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distribution measured near the tip using a time averaged technique is expected

to be higher than predicted. This is the case with the comparison shown in
Fig.6. The theoretical curve is the correct shape near the tip but the loads

are too low. The difference between the measured and calculated load, however,
is the correct order of magnitude if it can be solely attributed to a light

wind. A change in the angle of incidence of about 1.5° would be sufficient to
raise the predicted load at 957 radius to the measured value, and this is similar
to the mean of the incidence change from Riley's analysis. The comparison is
further complicated by the geometry of the blades used on the helicopter. Two of
the blades had an increased chord which cannot be represented in the theory, but
a calculation with all four blades having the same geometry as the two helicopter
blades with the increased chord, has been made and the results are also shown in
Fig.6. The theory now predicts a higher load but it is still less than that

measured in flight.

A better comparison between theory and experiment can be made using the
results from some flight tests made in the USA on a S-58 helicopterll which has
an identical rotor system to the Wessex. The helicopter was again hovering in a
light wind and the blade load at 95% radius varies by over 50% from 3.75 N/mm to
5.85 N/mm, but instantaneous pressures were recorded and the azimuthal variation
of the blade load is known. Riley's analysis shows that the increment in the
angle of incidence near the tip is zero at azimuth positions of about 40° and
320° when the wind is blowing from an azimuth angle of 180° with a speed of
2.5 m/s. The actual wind speed is not specified in Ref.ll but it is probably of
this order, and Cook14 has shown that the wind is coming from an azimuth angle
of 210°. The increment in incidence due to the wake distortion would therefore
be zero at 140° on either side of this angle, i.e. at 70° and 350°. An examina-
tion of the blade cyclic and collective pitch angles show that the measured
blade pitch is equal to the calculated collective pitch at azimuth angles of
58.9° and 356.30, quite close to the positions where the increment in incidence
is zero according to Riley. The calculated load distribution has therefore been
compared with the mean of the load measured when the measured and calculated
pitch angles are the same. This comparison, Fig.7, shows much better agreement -

especially in the tip region of the blade.

The above interpretation of the measurements is only one of the several

possibilities. Hovering in a light wind, which is probably the situation most

commonly encountered in 'hovering' flight, is a difficult situation to analyse
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satisfactorily. It is unlikely that a wake cross section that is truly represen-
tative of the hover condition will coincide with the azimuth position where the
effect of the wake distortion is zero. However, it is encouraging that the
theory always predicts a blade load that is close to the mean of the measure-
ments even though the load distribution may be varying by up to 100% near the

tip.,

The performance of the Wessex tail rotor has been compared with measure-
ments made in the 24ft wind tunnel at RAE Farnborough12 and with free flight
tests made at RAE Bedfordg. The wind tunnel tests were made on a complete air-
craft fin assembly and the thrust measured was the resultant force on the fin,
i.e. pure tail rotor thrust degraded by fin blockage and interference. A check
on the performance of the tail rotor in isolation is not therefore possible,

A comparison of the results, however, does give a measure of the fin blockage
effect. Fig.8 shows that the additional power required to produce the extra
thrust to overcome the blockage varies from 107 at low thrust levels to over 207%
at higher thrusts. The power increment is expected to increase in this manner
because the tail rotor mounted on the fin is working more into the drag rise and

stall region of the aerofoil than the tail rotor in isolatiom.

The free flight tests show, Fig.8, an even greater power required to
produce a given resultant thrust, or alternatively, a larger loss of thrust at
the same torque as measured in the tunnel experiments. This can be due to
several effects such as the main rotor wake impinging on the tail boom, or a
light wind increasing the force on the fin or interference between the main
rotor wake and the tail rotor flow, though it would be difficult to separate
these effects. It seems unlikely that the tail rotor itself is behaving very
differently especially as the measured collective pitch agrees so well with
theory, Fig.9. These results suggest that tail rotors should be designed to

have a large reserve of thrust to compensate for interference effects.

3.3 Sea King main and tail rotors

Tethered hover tests have been made on a Sea King helicopter by Westland

Helicopters Ltd., and are used in this section for comparison with theory.

The main rotor blades of the Sea King have a NACA 0012 aerofoil section,
a chord length of 0.463 m, a linear twist of eight degrees and a radius of
9.449 m. The tail rotor has a radius of 1.574 m with untwisted blades of chord

length 0.186 m and a NACA 0012 aerofoil section. The flap hinge offset and
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and root cut out of the main rotor are 0.32]1 m and 1.039 m and the corresponding
figures for the tail rotor are 0.101 m and 0.488 m. The normal tip speed of the

rotors, both of which have five blades, is 207 m/s.

The separate contributions to the total aircraft power were not measured
and the following procedure, recommended by the manufacturers, has been adopted
in calculating the total power demand. The torque required by the main rotor
for a specified thrust was calculated using the aerofoil data of Ref.13, Fig.10.
The tail rotor thrust required to counteract the main rotor torque was increased
by 9% to allow for fin blockage, and the tail rotor torque calculated, Fig.ll.
The values of torque were converted to power and the total increased by 4% to
allow for transmission losses. The power required by the electrical and hydrau-
lic systems was represented by an additional 56 kW, independent of the rotor
thrust, and, finally, the rotor thrust was reduced by 4% for vertical drag to
give the aircraft weight. The total power and aircraft weight were then
reduced to coefficient form using the main rotor radius and rotational speed.
The comparison of the measured and calculated hover performance of the aircraft
is shown in Fig.12. The agreement is exceptionally good throughout the range of

weight coefficients for which data is available.

3.4  Sikorsky S5—65 main rotor

The main rotor of the Sikorsky S-65 helicopter has been extensively tested
on the firm's whirl stand. The results have been presented in Refs.3, 5 and 6
and these are supplemented by some more recent unpublished data made at higher

thrust coefficients.

The main rotor of the S-65, normally known as the H53A rotor system has
six blades with a radius of 11 m. The blades have a six degree twist, a chord
length of 0.66 m and a modified NACA 0011 aerofoil section. The root cut out of
the blades is 267 radius and the normal rotor tip speed is 213.3 m/s giving a

tip Mach number of 0.626.

The data for the NACA 0011 aerofoil was obtained from Sikorsky but was
only available at two Mach numbers, 0.6 and 0.7 making interpolation near the tip
difficult. The aerofoil had also been tested with free transition in a wind
tunnel with solid walls. A small correction has been made to the drag
coefficient to make the drag level at low lift comparable to transition fixed
tests but no correction has been applied to the lift coefficient although the

lift curve slope of the aerofoil is rather high. Sets of data for Mach numbers
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of 0.4 and 0.5 were made up based on past experience of aerofoil characteristics

and the available data.

The results for the rotor presented in Ref.6 have been corrected for ground
effect and whirl stand interference and a similar correction has been applied to
the more recent results. The calculated performance of the rotor is compared
with the experiments in Fig.13, which also shows the results predicted by strip
element-momentum theory. The effect of the wake is expected to be quite large
for a six bladed rotor, and Fig.13 shows that the simple theory underestimates
the rotor power by between 6 and 157. The present method is much closer to the
experiments and could possibly be even better if the aerofoil data had not been
so sparse. The accuracy of the whirl stand facility is quoted5 to be +27 of
thrust at a given value of torque and the present method gives results just out-
side the lower bound at high thrust. No adjustments to the coordinates of the
tip vortex were necessary to get this agreement whereas the tip vortex had to be
moved 0.57 radius away from the blades in Ref.5. The variation of the thrust
coefficient with collective pitch predicted by the theory is compared with the
measurements in Fig.l4. Agreement is good at low thrust but diverges as the
thrust is increased. This is probably due to the high lift curve slope of the
aerofoil as measured in the solid walled wind tunnel. The radial variation of
the blade angle of incidence predicted by the two theoretical methods is shown
in Fig.15 at a high thrust coefficient. The effect of the wake is to increase
the angle of incidence at the tip by nearly 507 and the blades would obviously
reach the stall much earlier than predicted by the simple theory that neglects

the wake,

4 HOVER PERFORMANCE USING ONLY THE WAKE INDUCED VELOCITY DISTRIBUTION

The results presented in section 3 show that the combination of momentum
theory with the wake induced velocity distribution leads to a fairly accurate
and reliable calculation method, but the question remains as to why it is neces-—
sary to introduce momentum theory at all, when the wake induced velocity on its
own should be sufficient to determine the rotor performance. Some of the reasons

for this will be discussed in this section.

The hover performance of the Wessex main rotor measured in free flight9 is
compared with that predicted using only the wake induced velocities and the
standard wake geometry in Fig.16. The Wessex rotor has been chosen because of
the high quality of the experimental data and the aerofoil data for the NACA 0012

section is well definedlB. The predicted rotor power is about 107 too great over
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the complete range of thrust coefficients. The contributions to the induced and
profile torque calculated with the wake induced velocities relative to those
predicted by the wake momentum theory are shown in Fig.17. The induced torque
is overestimated along most of the span of the blade and is mainly responsible
for the poor comparison with experiment. The relative profile torque is also
increased in the tip region because of the high angle of attack predicted using
the wake induced velocity distribution. The blade loading predicted in the tip
region for this case, which is the same as that shown in Fig,7 (Ref.11, Table 4),

is 5.99N/mm and is higher than that measured anywhere around the azimuth in the

flight test,

The rotor performance predicted using the wake induced velocity is shown
in Ref.5 to be very sensitive to the geometry of the wake, particularly to the
vertical displacement of the tip vortex from the preceding blade. The accuracy
of K] » the relevant wake geometry parameter, is *0,01 for a four bladed rotor
; °of 0.018 for a thrust
coefficient/solidity of 0.08 and a blade with an eight degree twist. The tip

which should be compared with a typical value of K

vortex can therefore be moved *1}% radius from its standard position of
approximately 347 radius and still remain within the accuracy of the model data
from which the wake geometry was derived. Clearly, for the Wessex main rotor,
Fig.16, there is no point in moving the tip vortex nearer to the blade as this
would make the comparison even worse, and actually leads to blade stall for the
whole range of thrust coefficients. The effect of increasing the magnitude of

K] by 0.01 on the calculated rotor performance is shown in Fig.18. The compari-
son with experiment is now very good, perhaps slightly better than the wake
momentum theory which is also shown in Fig.18. Other examples have been calcu-
lated, though the results are not shown here, which demonstrate the same features
as the Wessex, that the power is always overestimated when the tip vortex is in
its standard position but the agreement with experiment can be improved if the
tip vortex from the preceding blade is displaced further from the rotor disec,

The change in rotor power due to moving the tip vortex can be very large; for the
Wessex a change in the displacement of the tip vortex by *1iZ radius leads to a
variation in power of about +20% to =10%Z, and for this reason a calculation
based solely on the wake induced velocity distribution cannot be used as a

design tool with any confidence.

A change in the displacement of the tip vortex below the rotor disc using

the wake induced velocities alone produces a change in the integrated induced




velocity and hence to the momentum through the disc. This of course leads to

changes in the predicted power and the shape of the radial load distribution.
Introducing the wake induced velocity as a perturbation to the momentum downwash
and ensuring that the thrust on each element of the blade using strip element
theory is consistent with momentum theory appears to reduce the sensitivity to
tip vortex location considerably and to keep changes in the radial load distri-

bution to a minimum.

The variation of rotor performance with changes in the rotor geometry is
to be expected as both model and full scale tests generally show a scatter in
the power required to produce a given thrust, but the observed variation is
much smaller than that predicted using the wake induced velocities. The wake in
its standard position, as used throughout section 3, would be expected to give a
reasonable approximation to the mean performance of the rotor, whereas in all
the cases considered, the rotor power was overestimated and the tip vortex has
had to be moved further away from the blade. This suggests that the representa-
tion of the wake, and in particular, the tip vortex by a series of trailing line
vortex elements is inadequate. Cook16 has investigated the structure of the tip
vortex from a rotor blade using a hot wire anemometer and has shown that the
effective size of the vortex core was larger than simple theory suggested
although the vortex core was significantly smaller. The velocity field induced
by the tip vortex was also considerably different from that represented by a
vortex with uniform vorticity in the core. The mathematical representation of
the tip vortex, and possibly the rest of the wake would seem to be oversimplified
and this may be the reason why some of the 'free wake' methods as well as the
prescribed wake methods fail to achieve the expected results. The wake momentum
theory appears to overcome these problems by its treatment of the wake velocity

as an interference velocity and leads to a more reliable calculation.
5 CONCLUSIONS

A method of predicting the performance of a helicopter rotor in the hover
has been developed. The calculation combines strip element-momentum theory with
the inflow distribution induced by a contrécting vortex wake, The wake takes a
prescribed geometry developed from a comprehensive series of model tests made

in the USA.

The theory has been compared with measurements made on model and full

scale rotors and has always predicted the rotor thrust and power accurately
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provided that the two-dimensional aerofoil data is adequately defined. The
calculated blade load distribution has also been compared with measurements made
on two Wessex helicopters. The comparison with the time averaged measurements
is confused because the geometry of two of the helicopter blades was different,
and the effect of a light wind could only be estimated but the radial position
of the peak load was correctly predicted. The other comparison showed good
agreement between theory and experiment because the azimuthal variation of the
blade load was known, and the effect of the wind could be eliminated to a

certain extent.

These comparisons highlighted several aspects of hovering flight in the
real environment. The effect of a light wind may have a negligible influence on
the power required to produce a given thrust, but may have a significant effect
on the blade load distribution and wake stability. The blade load near the tip
is increased over a greater part of the disc, and may lead to premature blade
stall, This has important consequences for the helicopter designer who must
provide an adequate margin between the lift coefficient predicted near the tip
in ideal hover and the aerofoil separation boundary. This is especially true
of tail rotors which can also suffer a large loss of usable thrust due to fin =

blockage and the main rotor wake affecting the forces on the tail boom and fin.

The wake geometry employed in the present method is only applicable for -
untapered, rectangular tipped blades operating within a certain range of para-
meters. Small excursions outside the range of conditions on which the wake
model was based seem permissible but a new wake geometry will almost certainly

be required for blades with complex tip shapes.

The rotor performance predicted using only the wake induced velocity
distribution has been compared with experimental results for the main rotor of
a Wessex helicopter. Agreement with experiment was only possible if the tip
vortex from the preceding blade was displaced further below the plane of the disc
than indicated by the standard wake geometry although the displacement required
was within the accuracy of the experimental data on which the wake was based.
However, it is believed that there are other fundamental difficulties in using
the wake induced velocities which only a better understanding of the real flow
would resolve. There is still plenty of scope for workers in this field to find

a satisfactory solution to the problem of predicting rotor hover performance.
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SYMBOLS

blade coning angle

number of blades
blade chord

blade chord distribution

torque coefficient, c¢ = Q/TrpRSQ2
.. 4 2

thrust coefficient, Cr = T/mpR Q
3 5 4 2
weight coefficient, L W/mpR 'Q

flap hinge offset
acceleration due to gravity

second moment of inertia of blade about flapping hinge
wake geometry coefficients

wake geometry coefficients

aerodynamic moment about the flapping hinge

first moment of inertia of blade about flapping hinge

total rotor torque

blade torque distribution

radial coordinate
non-dimensional radial coordinate, r = r/R

radial position defining the ends of the blade elements
mid points of blade elements

rotor radius
rotor solidity ratio, s = be/7R
total rotor thrust

blade thrust distribution
total downwash velocity distribution, u, = - (Yi + Wi)

aircraft weight

momentum part of downwash velocity distribution
wake interference velocity distribution

vertical coordinate

non—-dimensional vertical coordinate, z = z/R
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SYMBOLS (concluded)

o, blade incidence distribution

Bi wake interference angle, Bi = tan-] (Yi/Q;i)

Y; trailing vortex strength ~
Y. bound vortex strength

BCL/aa aerofoil 1ift curve slope

» Wl d 5 =] =

n; initial inflow angle n; = tan (vl/ﬂri)
Bl blade linear twist

Gi blade twist distribution

SR blade collective pitch

A wake geometry coefficient

vy initial momentum downwash distribution

P air density

i3 wake induced velocity influence coefficient
9; momentum inflow angle, ¢i = tan_] (wijﬂ;i)
] azimuth angle
wb azimuth separation of blades

Q rotor rotational speed
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