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NTAL STUDIES OF TWO TIP-SWEPT BLADE
VERSIONS

The paper presents some basic results of analytical studies and flight tests for two swept-tip blade
versions: for a swept tip having no twist without anhedral, and an anhedral swept tip. The target
objective of the anhedral swept-tip blade development is to find a way o reduce pitch link load and
control loads and, at the same time, 10 improve aerodynamic characteristics of helicopter main rotors
hover and in level flight. The contribution to the reduction in the pitch link load was theoretically
substantiated by Yu. A. Liss (Kazan) in 1984. The tapered tip shape tested on full-scale the main rotor
blades for the Mi-28 attack helicopter and its possible alteration to have an anhedral blade tip were

offered by V.A. Ivtchin (Moscow) in 1985 and 1993 respectively.

Within the framework of a research programme the Mil Moscow Helicopter Plant (MMHP) developed
all-composite main rotor blades for the Mi-28 attack helicopters and conducted comparative flight tests
of two versions of the swept-tip main rotor blades.

. NOTATION

main rotor radivs, m

rotor angular velocity, s*

blade chord at 0.7R, m

design cross section radius, m

number of blades

rotor solidity ratio aleng 0.7R

coning angle, deg

swashplate kinematics coefficient

blade rotation axis in feathering hinge
relative to blade nose coinciding with axis
of spar stiffiiess, m.

equivalent rotor angle of attack in blade tip
plane, deg

rotor blade azimuth, deg

tip length along blade longitudinal axis, m
radius of tip center of pressure relatively to
rotor axis of rotation, m

tip inboard chord, m

tip outboard chord, m

tip sweep angle along leading edge, deg; +
sign mean backward

tip anhedral, deg, + sign means downward
tip angle of attack, deg

average anhedral tip angle of attack, deg

tip angle of attack versus blade azimuth and
airspeed, deg

tip area, m’

location of tip pressure centre along blade
longitudinal axis relative to beginning of
tip, m

location of tip pressure centre relative to
blade axis about feathering hinge, m
location of tip pressure centre relative to
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blade chord plane, m

swashplate radins, m

blade pitch arm radius, m

atrfoil maximum lift coefficient

profile drag coefficient

angle of attack airfoil lift coefficient
derivative

angle of attack airfoil, deg

blade section lift-drag ratio

lengitudinal moment coefficient at airfoil
zero lift

airfoil aerodynamic centre relative to blade
nose, m

air density, ke/m’

blade tip speed, m/s

Mach number

airspeed, knv/h

radial component of flow velocity along
blade longitudinal axas, km/h

constant portion of collective pitch sleeve
loads, n

total swashplate constant moment, Nm
constant portion of swashplate longitudinal
moment, Nm

constant portion of swashplate lateral
moment, Nm

amplitude of main rotor blade pitch link
load, N

amplitude of constant portion of main rotor
blade pitch link load, N

coefficient of cosine component of main
rotor blade pitch link load l/rev, N
coefficient of cosine component of main
rotor blade pitch link lead 1/rev, N
amplitude of main rotor blade pitch link



load 1/rev, N

Vn compoenent of flow velocity normal to blade
chord plane, kavh

AP amplitude of variable portion of main rotor
blade pitch link load, N

2. INTRODUCTION

Helicopter high aerodynamic performance is
achieved by improving the aerodynamic configuration of
the main rotor helicopter blades. The most effective
trend here is to develop new blade airfoils possessing
high lift coefficient and L/ ratio. However, the
introduction of new airfoils in the conventicnal
rectangular blade planform results in quite a significant
increase in control loads. Ref. 1 presents criteria to be
used in estimating helicopter control loads versus the
main rotor figure of merit for Mil helicopter rectangular
blades. At the same time it shows that better
aerodynamic performance of rotors having rectangular
blades results in a considerable growth of control loads.
This problem becomes more acute when critical loads
are found out in the process of full-scale flight tests
(when the blades themselves and the required tooling
have already been manufactured). Therefore a proper
selection of the blade geomelric and aerodynamic
configuration on the design stage is of paramount
importance.

Ref. 1 presents the results obtained from
studies devoted to a new component in the blade
configuration, i.e. the “glove” on the Mi-28 full-scale
rotor made of composite materials. The “glove™ is a
change in the blade root configuration due to which the
centre of the blade root section has bee moved forward
in relation to the feathering hinge axis. This feature has
allowed the pitch link load and control loads to be
reduced by 25-40%.

The main objective in the development of an
anhedral main rotor blade tip is also an attempt to find
new ways of reducing the pitch link load and control
loads with improved helicopter main rotor performance
in hover and level flight. This blade tip was developed
and tested by the Mil Moscow Helicopter Plant in
several steps to be used in the Mi-28 attack helicopter
all-composite blades.

A favourable effect of the aphedral tip on the
rotor relative figure of merit in hover was obtained from
the Mi-26 eight-blade main rotor whirl tower tests
conducted at M.N. Tischenko’s initiative in 1978 [12].
The aerodynamic effects caused by the tip of this type,
from the point of view of reducing the cosine component
of the pitch link load, were theoretically proved by
AYu Liss in 1984. These were followed by parametric
studies of the anhedral tip angle by using a four-blade

model rotor conducted by M.G. Rozhdestvensky [2].

The tapered tip shape testes on the full-scale
main rotor blades of the Mi-28 combat as well as the
possibility to replace this tip shape by an anhedral one
were proposed by V.A. Ivchin in 1985 amnd 1993
respectively.

The results of the analytical studies presented
in the paper show the main principles lying in the effect
produced by the helicopter rotor blade arthedral tip.

The results of the flight tests conducted by the
Mil Moscow Helicopter Plant on the Mi-24 flying test
bed fitted with the Mi-28 rotor system in which both tip
shapes, i.e. a tip having no twist and an anhedral tip, are
presented. They substantiated the concept of the
anhedral blade tip in real operating conditions of the
main rotor.

The reduction in the pitch link loads caused by
the application of the anhedral rotor blade tip leads to an
increase of the helicopter control system service life. It is
well known that the service life of any component is
proportional to the value of the component loads to the
sixth power. Therefore, a reduction in the control system
loads by 10 % in cruise can lead to an increase in the
service lives of the rotating parts of the swashplate by 3-
4 times and those for bearings, by 6-8 times.

3. MI-28 EXPERIMENTAIL _ MAIN
ROOTOR BLADE AERODYNAMIC
CONFIGURATION AND CHARACTERISTICS OF
PITCH LINK LOADS

While designing the main rotor for the Mi-28
attack helicopter, the Mil Moscow helicopter plant in
collaboration with the TsAGI developed a new
aerodynamic configuration for that main rotor. It was
conceived at the very beginning of the work that the
main rotor having that new aerodynamic configuration
could be used to upgrade the Mi-24 helicopter, that was
why the diameter, tip speed and the number of the
blades were taken as those of the prototype helicopter.
The general arrangement of the blade is shown in Fig. 1,
while its geometric twist, in Fig. 2.

These blades featured a high twist with a
gradient Ap =-9.7°, new airfoils TsAGI SB(-6*6) and
K8(-4.5%6), composite matedials. As the new airfoils
have trailing edge plates, the blade chord became wider
by 0.04 m (the width of the plates) as compared to that
of the Mi-24 rotor blade. To improve the rotor
aerodynamic performance in hover, the blade tip starting
at 0.9R was twisted by 0.9°, as shown in Fig. 2. The
same figure shows the Mi-24 production main rotor
geometric twist for comparison.
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M=0.6, especially the SB lifting airfoil. A little higher
value of Cyp for C=0 and C=0 for the SB airfoil can be
attributed by its 1.7% higher thickness ratio. However,
this airfoi! is a lifting one and it funs up to R=0.9 of the
blade, and even at maximum helicopter speeds Mach
number of such values will never occur. The application
of these airfoils as well as a higher geometric twist of

2 ‘ __\- the blade have contributed to better figure of merit and
] L/D. It should be noted here that a favourable effect of
o] — — the KS tip airfoil starting at 0.9 R is a significant
‘\ reduction in the dmg/dM derivative at a critical Mach
2 \ number of 0.83. As can be seen from Table 1, the ma,
\ value for the NACA-230M airfoil reduces by -0.035 with
4 the increase of Mach number from 0.6 to 0.85, while
0 2 4 6 2 T that for the new airfoil, by -0.014,
Fig. 2 To investigate the new main rotor, a flying tested
T based on the Mi-24 was made. It was fitted with an
Table 1
Airfoil K./ Kanaca Cimax/ Cyp &m,,/oM Mo Mz SCi/eo Xt
Ci=0.5 Cumaaiaca Ci=0 Ci=0 Ci=0
=0.4
M=0.6 M M=09 | M=06 | M=0.6 | M=085 | M=0. | M=0.7
6
NACA-230M 1 1 0.042 0 0 -0.035 6.1 0.21
SB(-6*6) 1.21 1.05 (.055 -0.03 -0.002 -0.049 7.0 0.25
K8(-4.5%6) 1.26 0.94 0.038 -0.01 +0.014 0 6.8 0.23

The new blade was fitted with a tip faining
featuring the leading edge with a 30° sweep and a
relative width equal to 2.5% of the radius to reduce the
noise level and wave drag produced by the blade tip. The
rotor blade on the prototype was fitted with a rounded
tip of conventional shape, but of lesser size (by about
1%).

New airfoils developed by the TsAGI in
particular were used in the new rotor design. Their
acrodynamic performance was obtained in the TsAGI T-
104 wind tunnel. The main data are presented in Table 1
in comparison with the NACA-230M airfoil with a 10%
thickness ratio, which was used in the Mi-24 production
main rotor blade. The new airfoils feature quite a wide
plate running along the airfoil trailing edge to adjust the
value of longitudinal moment. The plate parameters are
shown in the airfoil designation in the brackets (the first
digit refers the plate bend angle in degrees, the minus
sign means upward bending), and the second digit, the
plate size in the main chord percentage, For the
experimental set of the composite blades, the metallic
leading edge plate was used to change the bed angle in
the process of flight tests. The plate is made of
composite materials for the production blades, and it
does not change its the bend angle in operation,

As can be seen from Table 1, the new airfoils
with the reference bend angles of the plate have a 21-
26% better L/D ratio. The value of the longitudinal
moment coefficient for airfoil KS is higher by
Amz=+).014, while that for lifting airfoil SB is lower by
Amg=-0.005 than for airfoil NACA-230M. The new
airfoils have a much greater derivative 8m,/dM at
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experimental set of composite main rotor blades from
the Mi-28 and its wing consoles were removed.

The first test results of the initial version of the
experimental blade set showed that the main rotor
control loads had substantially increased as compared to
those of the Mi-24 production blades. The level of
constant forces of control system was so high that an
mstallation of more powerful hydraulic actuators
/boosters/ had to be made and new design features had
to be found to reduce pitch link loads.

Fig. 3 shows comparison made for blade pitch
link loads versus airspeed for two sets of blade [3].
Pitch link loads for the Mi-28 composite blades are
presented for one of experimental sets that later on was
used with non-anhedral and unheard swept tips. The
curves demonstrate that the gradient of the constant
derivative of the new blade pitch link moment versus
airspeed has a negative sign. The value of the sine
compornent of the pitch link load per revolution for the
new rotor gas a much higher dive gradient with airspeed,
that that for the Mi-24 production rotor. These changes
in the components of the pitch link load fore the new
blades can be attributed to 2 more inboard and stable
location of the SB and KS airfoil aerodynamic center
relative to the NACA-230M airfoil, as well as to a2 more
substantial dependence of the my, value upon airflow
Mach number. For the Mi-24 production main rotor
blade, the positive gradient of the sine component of the
pitch link load per revolution with airspeed is
determined by the aerodynamic center of the NACA-
230M airfoil shifting forward with Mach number
increasing on the advancing blade.
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As can be clearly seen from the curves in Fig. 3,
the sine component of the 1/rev and the vagiable portion
of the pitch link load differ quite substantially. For the
experimental blades, the values of these parameters have
increased by 2-2.5 and 1.7 times respectively at a the
maximum speed of 300 km/h. The increase in the cosine
derivative of the pitch link load l/rev is attributed by a
higher geometric twist of the experimental blades
increasing this compenent of the blade pitch link load
when the blade sections are in the slipstream.

The geometric twist of the new blade is 1.67
times higher than that of the Mi-24 production blade,
Another reasons for increasing the experimental blade
pitch link loads is as follows: they have a wider chord
and lower torsional elasticity. This is due to the
application of composite materials as well as the
requirement to develop blades of minimum weight. The
application of composite materials leads to an increase
in the thickness ratio of the blade root end sections by 7-
8%, which, in its tum, contributes to a growth of the
blade pitch link loads.

Blade manufacture, and that of composite blade
in particular, is a sophisticated and expensive process. It
requires a long-term pre-production stage, manufacture
of special tools, fixtures and equipment, development of

Fig. 3
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inspection methods, etc. Therefore the results obtained
from the flight tests raised an issue of finding relatively
cheap and fast means to alter the experimental blades
(without manufacture of expensive and sophisticated
tools and fixtures) to reduce the flight control system
loads.

To study the possibility of a reduction in pitch
link loads, a programme of introducing design changes
in the experimental set was drawn up under Professor
M.N. Tischenko, General Designer. It resulted in solving
the above problems at the lowest costs and with
maximurm reliability, as the test results were obtained
from tests on full-scale blades. A series of design,
analytical and experimental studies on the instruction of
the Mil Moscow Helicopter Plant was carried out in the
TsAGI Helicopter Division within the frame of the above
programme. The were omented to study possibilities
leading to reduce pitch link loads in the blades with a
new aerodynamic configuration provided the main rotor
aerodynamic performance remains the same or even
improves. In those studies, both conventional methods of
correcting blade pitch link load characteristics (control
of the airfoil mass characteristics by selecting a rational
spanwise distribution of the tail trimming plate bending
angle, varying the blade cg position, etc), and an
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absolutely new method developed by the TsAGI and
related to the application of a new root end fitting shale
were considered. The results of those studies were
presented at the 1996 Ewropean Fornm [1]. Further
studies conducted in the direction of reducing pitch link
loads within the framework of the above programme
involved changes in the blade tip of the experimental
composite blades.

4. THEORETICAYT ANALYSIS OF THE
EFFECT PRODUCED BY THE MAIN ROTOR
BLADE SWEPT TIP ON ITS PITCH LINK 1.OADS

The analysis of the flight test results has shown
that the blade tip portion occupying about 10% of the
radius produces about 40% of the cosine component of
the pitch link load in flight at cruise and maximum
speeds. This is attributed to the design features of the
blade tip portion, airfoil varable geometry, as well as
the features of the flow around them at high speeds. The
simplest and meost widely used technical means to

M, =M2, + M2 =k P +P:

mic mls

P =P 4P

b mo mls

* Sin¢ +‘Pm}c * COS@D + -42}131
where ; _ R.,Z: is a constant depending upon

the control system geometry and number of blades.

The Pmis component can be easily affected by
changing the value of the blade airfoil lateral moment
coefficient cme. It can be achieved, for instance, by
bending the trim tabs running along the blade trailing
edge. Similar simple means of affecting the Pr.
coefficient at 1/rev cosy in the Pn. Furrier-series
expansion are unknown yet. Therefore in some cases the
attempts at reducing the constant of the moment acting
on the swashplate failed and the blade design already
developed and manufactured had to be rejected
{composite blades for the Mi-28 developed in the 80s).

The blade tip shown below is swept and bent
downward relative to the chord plane (of a wing
anhedral type), it is an effective maenad to affect the

Mue value, thus the constant portion of
the swashplate moment. Fig. 4 presents
a version of this blade tip. At first, the

other author of this paper, V.A. Ivchin,
suggested another flat tip planform. It

\
\ Ytipp §
e was selected proceeding from the

analysis of the experimental results

obtamed in studies for the main rotor
Botip blade tip shape that had been conducted
both in Russia and abroad. The main
objective of the development of this type
of the blade tip was improvement of the
main rotor aerodynamic and noise

Xtipp

R
tip center Q
of pressure e
- -’_‘_‘..F-"—
* tip center
of pressure
bﬂp
114 chord | + /
1 tpp
{
lﬁpp !
rﬁpp ----:
Fig. 4

improve blade pitch link load characteristics in the main
rotor control systern is upward bending of the trim tabs
running along the trailing edge. However, this has not
produced the desired effect as this action provides
correction of the constant portion and sine component of
the blade pitch link load 1/rev only. Besides, it leads to
quite a substantial deterioration of the blade airfoil
aerodynamic performance and, thus, 0 a lower figure of
merit and efficiency of the main rotor.

A search for new design features aimed at
reducing the blade tip hinge moments is an important
task whose solution can help to lower loads in the main
rotor contro] systern, increase its service life and widen
the helicopter flight envelope.

One of the new designs was conceived and
theoretically proven by one of the authors of this paper,
A.Yu Liss, in 1984, The main concept was to use a
swept tip bent downward. As has been stated in [Ref. 1],
main rotor blade pitch link load l/rev defines the
swashplate moment constant:
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performance and some lowering of blade
pitch moments. The blades with these
tips were tested at the Mil Moscow
Helicopter plant [6]. Let us consider the
principle of operation of a swept
anhedral tip. Let the helicopter flyata V
speed the main rotor of attack oue
relative to the blade tip plane The radial
component of the V speed along the blade axis equals
V=Vcosacos(y-y), and the airflow component normal
to the tip axis is Vi=Voosacos(y-)sin(Esgp-a,). The
above statements are illustrated by Fig. 5.

y=0’ et

Fig. 5



The airflow velocity in the main rotor tip plane
and normal to the blade tip 1s defined by the value
Vi=or+Veosa*sm(w-x). Then the angles of attack in the
design cross-section of the blade tip o for level flight at
the V speed could be roughly defined by the following
equation:

dloidr

H

Cpp = Xy + g, = A, +

V*cosa*sin(é—a,)*cos(y—y)
ar+V *cosa,, *sin(y—z)

= aotr]p

Taking into account only the constant portion and 1l/rev
of the aerodynamic forces, the blade tip lift could be Fig. 6
roughly defined by the following equation:

x4

™
‘Y;ipzc;z(aotip-i-%ﬁp 2 Stipx
Veosasin(é—a, )cosfy— ,
=C:Ls o + €—a,)costy—z) x[(a-. +Vcosa:sm(y/—;g)}’ =
¥ 2 Hp tip V - _ tip

ar,, +Vcosasinfy —y)

- . . kd
= C;’g S,,.P{Vcosasm(é —a, Jeosfy—y) x[ar,,-p +Veosasinfy -~y )]-{- @y x[arﬁp +Vcosasin(y - z)]' }=
=c£s {Vcosaar sin(é—a, Jcosfy— )+ x[ +V cosasin(iy — ]2}
vy 2 tip Hp ® Z) aotip a];r‘p 0SS ”('!/ Z)

As can be seen from the equations obtained, the
while drag could be roughly defined by the following application of a swept tip without any anhedral with the
equation: design sweep angel equal to ysp changes the constant

e e P . : portion and the tip sine component of the blade pitch
X =C S,“,—Cx,ES,,,x[ar,,,+Vcosasm(w-—x)]' B link load l/rev to negative pitching, while the cosine

component to positive pitching. If the blade tip is bent
downward by an angle Esp, only the constant portion and
sine component of the blade pitch link load l/rev
change. The cosine component of the blade pitch link
load 1/rev could be changed to negative pitching only if
the blade tip is swept and bent downward at the same

-c, ‘3’ S, xl(ar, ¥ +0.5(V cose ¥ + 2ar,, * sinty— )}

As can be seen from the above equation, Lift for
an anhedral swept tip with the blade cross-section
constant setting changes mainly under the cosine law,
while drag, under the sine law with the main rotor speed

(i.e. under 1/rev). In addition, the blade tip drag has a tune.
constant portion. These components of aerodynamic The equations obtained contain the centre of tip
forces applied to the blade tip will result in an pressure. As it has been mentioned above, the blade tip
appropriate torsional moment made simple conversions: operates in a 3-d airflow and therefore it is necessary to
AM. =—AY. x. —AX. v. a theoretical basis to determine correctly the centre of tip
tip tip™ tip !Ipy 1ip pressure in compliance with the suggested method of the
Simple conversions can give us equations tip pitch link load estimation. Taking into account the 3-
determining the value of the constant portion, sine and d airflow effects is quite a challenge, and it requires
cosine components of the blade tip appropriate torsional calculations to be made by using special analytical
moment: methods. To make a preliminary estimation of the blade
MM, =—LS, | (@r,) + L cosa)? |x(C,p,, +Coat, %)
tipo 2 tip tip 2 xoytfp ¥ “otipTtip
__P L
AM == ) Veosaxar,S,, 2x(Cy,, cos x +C)x,. @, cosy )
— p @ : [24 :
AM ., = -5 V cosa x a)fgipS@ x(C)x,, cosy siné —2C 3 X1y ST )
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tip efficiency, we shall use calculations of the blade
spanwise distribution of the linear acrodynamic force
with the help of the main rotor blade vortex theory
method developed by M.N. Tischenko. Fig. 6 shows
dt,/dr for the Mi-28 main rotor blade in cruise at a speed
of 260 km/h. The blade tip under consideration starts
from 0.93r, as shown in the diagram. Having integrated
thrust distribution over the tip area, an approximate
value of the tip pressure centre is obtained. The point of
application of the tip lift xsp will be located at an
outboard distance 0.4lg,. Let us take 0.7 of the tip span
as the point to which drag is appled, as the blade tip
drag is mainly affected by friction and velocity of the
free stream.

Taking into account the above assumptions, the
location of the centres of aerodynamic forces and area
for a swept anhedral tip can be found from:

X =0 dly, xlgxy
Yy =071, xtgl,
_ by thuy,
L2 2 o

To make a quantitative estimate of the effect of
the swept anhedral tip on blade pitch link loads, let us
consider, as an example, the Mi-28 blade tip tested on
the Mi-28 test bed y the Mil Moscow Helicopter Plant.
The geometry of the blade tip is a s follows: R= 8.6 m;
Cy* =6.2; Cycto =.21; Cyo =0.02; 15;=0.6 m; Si;=0.32 m*,
xp=0.11 m; yp=0.05 m; %6p=23.8% &g=7°. Assuming
that p=0.125 kef¥/m* costtmn =1; o =210 m/s, the
values of the constant portion and components of the
biade pitch link load 1/rev for a swept, swept anhedral
and non-anhedral tip can be obtained for speeds of 270
kmv/h (735 mv/s) and 320 kmv/h (89 m/s):

Table 2 shows quantitative estimates of the
effect produced by the blade tip shape on the constant
portion and components of the torsional moment 1/rev.
For the swept tip without anhedral, the changes in the
components of the torsional moment 1/rev are given in
relation to a rectangular tip without anhedral, while for
the swept anhedral tip, in relation to the swept tip
without anhedral. The estimates presented can lead to a
conclusion that the swept tip without anhedral for the
main rotor blades affects mainly the constant portion and
sine component of the torsional moment l/rev, all other
things being the same. For comparison, the Mi-28 main
rotor blades at speeds of 320 km/h obtain additional
negative pitching Pro = -1070 N in the constant portion
and Pmis = -780 m. In addition the sine component of the
torsional moment l/rev increases by Ppie = +340 N

(about 10%).

Thus, the swept tip with a 7° anhedral does not
actually change the constant portion and the torsional
moment 1/rev, as the presented estimate show. But
anhedral does affect the cosine component of the
torsional moment 1/rev.

In general, it should be noted that the swept
anhedral blade tip while producing a favourable effect
on the cosine component of the blade pitch link load
1/rev results in a significant nose down in the constant
portion and sine component of the blade pitch link load
i/rev. But this unfavourable effect can be eliminated by
bending the trim tabs running aleng the trailing edge and
consisting 7% of the chord.

The equations presented in this paper are quite
simple and take into account the basic physical essence
of the swept anhedral tip, but they do not account for
some effects related to 3-d airflow around the blade tip
that produce a favourable influence on the blade pitch
link load of the swept anhedra] blade tip. These effects
include the influence of the variable induced wake at the
blade tip for azimuths w=0° and y=180°, airflow around
the end surface of the blade tip at an azimuth =180,
flexible blade twist, etc. Their consideration requires
numerical methods fo be used and labour-consuming
calculations, which are beyond the scope of this paper.

5. FLIGHT TEST RESULTS SHOWING
THE EFFECT PRODUCED BY THE SWEPT TIP
OF THE MAIN ROTOR BLADE ON ITS PITCH
LINK LOADS

To verify in practice the resulis obtained from
the analysis, as well to continue the search for further
reduction if the blade pitch link loads of the main rotor
composite blades for the Mi-28 attack helicopter, the
flight test programme went on for an experimental blade
set that had been and initiated under M.N. Tischenko
[1]. At first the blades were modified to have untwisted
tip without anhedral. The geometry and size of the tip
were offered by one of the authors of this paper, Mr. V.
Ivchin, proceeding from a theoretical analyse, as well as
the analysis of research inte different blade tip shapes
done by the TsAGI, Mil Moscow Helicopter Plant and
foreign researchers. A swept tapered blade tip ensuring
the best aerodynamic performance in hovering and cruise
in level flight was chosen. The view of the blade
planform thus modified is shown in Fig. 7, and its
geometric twist, in Fig. 8. This was done to reduce the
interaction of the airflow slipping along the blade and

Table 2
Speed 270 kmv/h 320 kan/h
Blade tip AMmo AMmzc AMmis AMo AMite AMans
Swept, without anhedral -21.6 +5.8 -22.6 +6.9 -15.8 -13.3
Swept, anhedral -0.9 -24.3 0.9 28.+8 0.8 0.7
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SWEPT TIP CONFIGURATION

z - oy
WITHOUT ANHEDRAL TIP
= —
WITH ANHEDRAL TIP
Fig. 7

the twisted blade producing in the end an increase in the
cosine component of the blade pitch link load.

All the flight tests of the three blade tip
configurations were conducted on the Mi-24 test bed
equipped with the Mi-28 all composite main rotor
blades. As soon as the flight tests of one configuration
were completed, the blades were modified to have the
next blade tip configuration. The untwisted swept tip
was attached to the main blade by means of a special
adapter having an untwisted shape. The author of this
presentation suggested that new angular adapters should
be manufactured which made it possible to manufacture
an anhedral tip with low labour consumption. In addition
to an improved cosine component of the blade pitch Iink
loads, the anhedral tip improves the aerodynamic
performance of the main rotor which was shown by the
experimental research dome on the Mil Moscow
Helicopter Plant whirl tower.

Blade pitch link loads were measured during the
flight tests of the swept blade tips, and later an analysis
of their harmonic content was made. In this case the
constant portion, l/rev sine and cosine components as
well as the amplitudes of the blade pitch link loads were
compared. The results obtained are given in Fig. 9.

As can be seen from the diagrams, the flight tests
have shown that the swept blade tip without anhedral
resulted in nose down in the constant portion of the

blade pitch link loads by -970 to -730 N depending on
the airspeed. These results are in disagreement with the
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quantitative estimate of the constant portion of the blade
pitch link loads made above. The Pro versus V in Fig. 9
shows that the difference in the constant portion of the
blade pitch hink loads for the rectangular blade tip and
swept blade tip without anhedral decreases with
airspeed while according to the calculations it should
virtually be the same. This can be attributed to the fact
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the above equations do not take into account the blade
torstonal flexure. According to the analytical and
experimental data, composite blades have half the
torsional flexure as compared to that of the Mi-24
duraluminivm blade. At the same time, a higher value of
the negative pitching moment produced by the swept
blade tip will lead to a substantial change in the blade
geometric twist, to the redistribution of the aerodynamic
loads applied along the blade and, thus, to a change in
the blade pitch link load. This is substantiated by the
comparison of the constant portion of the blade pitch
link load versus airspeed for the swept tip with and
without anhedral. The diagrams of Pr, versus V in Fig. 9
for these blade tips are almost equidistant in airspeed, as
the distribution of the twisting moment applied along the
blade, and, thus, elastic twist is the same for them.

The value of the sine component of the blade
pitch Hnk load 1/rev after fitting the blade with a swept
tip without anhedral has change to nose up APms =+970
N at a speed of 320 kn/h. The numera] results cbtained
above give a value equal to =770 N. This difference can
be caused by a few reasons. The first one was given
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above and attributed to low stiffness of composite
blades, which had been ignored in the numerical
estimate. The second one lies in the fact that the blade
cross-section airfoils have trailing edge tabs whose
consist equals to 7% of the blade chord running along
the whole span of the blade. These tabs are intended for
adjusting the level of the blade pitch link load by their
bending that is why they are made of metal. These tabs
were tecent by using special templates in the process of
modification of the blade to accommodate different tips
and during the flight tests. However, due to insufficient
supervision and poor accuracy of the templates, no
reliable information on actual table setting is available.
Yet another reason lies in the fact the swept blade tip
without anhedral was also fitted with a tab but no fixture
to use for adjusting the tab and checking its setting was
made. Therefore, it may happen that a change in the tip
tab setting can lead to a change in the sine component of
the blade pitch link load 1/rev.

These conciusions are substantiated by the flight test
results. The twisting moment measured at the cross-
section: located at 0.9R of the reference blade with a



rectangular tip was 280 Nm at a speed of 320 kmv/h. The
same moment for the blade with a swept tip without
anhedral was 30 Nm [6]. It means that the swept tip
without anhedral resulted, according to the analytical
predictions, in & change in the sine component of the
blade pitch load 1/tev by - 250 Nm.

As for the cosine component of the blade pitch load
l/rev, the flight test results were opposite to those
obtained analytically. The flight test results showed a
decreases in the cosine component of the blade pitch link
load 1l/rev by 290 N, while the analysis had shown its
increase by +340 N. The reason for this phenomenen is
the effect of the interaction between the slipstream
flowing around the blade tip and a change in the blade
geometric twist. MUN. Tischenko predicted the presence
of this effect in the process of flight tests of the Mi-28
new rotor system on the flying test bed.

Reference [7] shows that, for a twisted wing, the
equivalence hypothesis is not valid, and the airfoil
performance obtained in 2-D airflow are not acceptable
in this case. Therefore in calculation of the helicopter
rotor twisted blade it in necessary to consider the effect
produced by the slipstream on the airfoil aerodynamic
performance in case the blade has a geometric twist.
Equations required fo obtain comections for the
aerodynamic performance of airfoils obtained in 2-D
airflow when they operate on a twisted blade under the
slipstreamn  effect were derived in Reference [8)
proceeding from the lifting line theory. The following
equation is suggested for calculating the airfoil vaiue of
Anlz in Reference [8]:

am, =292 [10.7 - 5ym® —0.0625¢2 ]2 V5 a1
or R w
290

]ﬁ Veosa,,
ar

0.7-x,ym’ —0.0625¢%
ko7 -xm s

np

Taking into account that for the considered blade
mS=-1.6, %/b=0.21, bR=0.07, de/dr=-026, the
following equation for the cosine component of the tip
torsional moment can be obtained:

AM 1, = Am0.5% plar, )’ S, b, V cosar,,

mlchg ptip

For a speed of 320 km/h, the value of the cosine
component of the torsional moment 1/rev obtained by
using the equation will be +110 Nm. For a swept tip
without anhedral and geometric twist the total value of
the cosine component change is determined by the
following value:

M, =M, +M,, =+69—136=-67[Nn]

mlcy mlcAgp

That is, the value of the cosine component of the
torsional moment l/rev for a swept tip without anhedral
when compared to that of the initial blade with a
rectangular tip is close to the total value obtained from
flight test results (Fig. 9) which equals -70 Nm.

This is also substantiated by flight test results. The
measured torsional moment Mp: at the blade cross-
section at 0.9R of the initial blade with the rectangular
tip was 370 Nm at a speed of 320 knvh. The value of the
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swept tip without anhedral was 300 Nm [6], so that the
difference was - 70 Nm.

Thus, the effect of a reduced Mp,. obtained in flight
tests is determined not by a swept tip, but by the fact
that the tip has no geometric twist.

Fig. 10 shows changes in I/rev components of the
torsional moment obtained by measuring it at 0.9R In
flight tests for a rectangular tip and a swept tip without
anhedral. The relations presented substantiate well the
effects produced by the swept tip on the blade pitch link
loads obtained analytically.

Let us consider the effect produced by a swept
anhedral tip. As can be seen from the diagram in Fig. 9,
the flight tests have shown an occurrence of an
additional negative pitching in the constant portion of
the blade pitch link load by -1220 Nm. Qualitative
estimates show that this should not take place. An
analysis of potential causes has shown that when the
blade was modified, the trailing edge tab settings were
adjusted in the shop by using protractors. Those settings
should have been in complisnce with the seftings
established for the swept tip without anhedral, but our
attempts to obtain reliable information on actual settings
on the modified blade failed. The following has actually
been found out. The tab setting on the blades with swept
anhedral tips that were intended for adjusting the rotor
blade track and implemented on three sections on each
blade, were reduced by 1° in average. The result was an
additional negative pitching moment in the constant
portion of the blade pitch link load by —-195 N. Bending
the tip downward leads to an additional negative
pitching moment in Pp, produced by resistance on the
am yep by another -30 N. An increase in the tip moment
of inertia produces an approximately the same value of
the negative pitching moment due to a longer distance
between the blade rotation axis and the tip centre of
mass. Thus, these data can explain an occurrence of a
25% additional negative pitching moment in the constant
portion of the blade pitch link load. The comparison of
the relations P, and Pmis presented in Fig. § for tips
with and without anhedral shows that this nature of the
curves is inherent in the change of the value g of the
blade sections. Therefore it is most probable that the
blades with and without anhedral tips had different tab
seftings due to which an additional negative pitching
moment was produced for the blades having anhedral
tips.

The tip anhedral has affected most effectively the
cosine component of the blade pitch link load l/rev at
airspeeds higher than 270 km/h. As can be seen from the
diagrams in Fiz. 9, at a speed of 320 km/h the M. has
reduced by 20%, and at a speed of 340 km/h, by 35%,
although these values are lower that those obtained from
the qualitative estimates. Now let us consider the effect
of the blade tip shape on the amplitude of the variable
portion of the blade pitch link load. As can be seen from
the diagrams in Fig. 9, at airspeed up to 280 km/h the
rectangular tip and the swept tip without anhedral
virtually have the same dPy,, but at airspeeds exceeding
320 kmvh this value for the swept tip without anhedral is
970 Nm lower. At the same time the tip anhedral
reduces the amplitude of the amphitude of the variable
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pertion of the blade pitch link load at airspeeds lower
than 280 km/h and increases it at higher speeds. For
mnstance, the dP, value reduced by 20% at a cruise speed
of 260 km/s and increased by 10% at a speed of 340
knv/h. As cruise makes up about 50% of the helicopter
life cycle, it is quite clear that a reduction in the variable
portion of the blade pitch link load can result in quite a
substantial extension of the service life of the helicopter
rotor and flight control system components.
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To illustrate the change in the blade pitch link
load in azimuth, Fig. 11 shows dependencies Py{wy) for
the tips being considered for speeds of 250 kmvh and
320 kmv/h obtained from the flight tests. As can be seen
from the diagram, there exists quite a considerable
negative pitching moment within the azimuth range from
90° to 130°. The Py, value becomes as high as 1270 Nm
for the blade with the swept anhedral tip at speeds of
320 kmv/h. At the same time, the amplitude of the blade
pitch link load for the swept anhedral blade tip does not
practically differ from that for blade s without the
anhedral tip within the azimuth range from 180° to 360°,
It means that the my, values of the cross-section airfoil of
this blade are more negative than for the previous tip
version. In accordance with the analytical data [9], as
well as the flight test results {3] a change in the my,
value of the airfoil caused by bending downward trailing
edge and trim tabs results in a change only in the value
of the constant and sine components of the blade pitch
link load l/rev. Therefore, using the expressions from
Ref. 9 to determine the m,, versus the trailing edge tab
setting, we shall obtain that to half the My value at a
speed of 320 kmv/h, it is necessary to bend downward all
the tabs running along the blade trailing edge by 1°. At
the same time this will lead to an increase in the
constant portion of the blade pitch link load (+1700 N).
The result would be some degradation of the main rotor
aerodynamic performarnce, but it would be negligible.

6. EFFECT OF A SWEPT ANHEDRAL TIP
ON HELICOPTER PERFORMANCE

During flight tests of different blade tips, the
effect of the swept anhedral tip on the helicopter
performance was studied. To do that, comparative tests
were conducted in hover and in level flight for several
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versions of the main rotor blades. The results obtained
were reduced to standard conditions at sea level by using
the procedure developed by Mr. Ivchin, co-author of the
paper. Fig. Il presents maximum relative TOW in
standard conditions at the engine takeoff power rating
versus hovering height above the ground. The data is
given for the Mi-28 main rotor with the swept anhedral
tip (for three versions of the trailing edge tab setting, the
Mi-28 main rotor with the rectangular tip [10] and two
versions of the Mi-24 production main rotor [11]. The
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relative TOW was determined in relation to the
maximum TOW of the Mi-24 equipped with a
production main retor obtained in the above conditions
while hovering out of ground effect. The diagram shows
that the thrust characteristics of the main rotor having a
rectangular tip were virtually those of the Mi-24
production main rotor. The swept anhedral blade tip in
combination with the most favourable trailing edge tab
setting leading to an increase of the helicapter TOW by
4% and 5% when hovering out and in ground effect
respectively. However, it necessary to take into account
the fact, that for this version of the main rotor the blade
pitch links load components would be much higher as it
has been discussed above which is presented in Fig. 8.
Therefore, to reduce the blade pitch link load the tabs
running along the tailing edge of the blade with the
swept arthedral tips were bent downward. The result was
a reduction of the trust characteristics of this main rotor
to 2.5%-4%, as shown in Fig. 12.
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- To assess the effect of the swept anhedral tip on
the power required for level flight, comparative tests of
the Mi-24 main rotor were conducted. Fig. 13 presents
the test results in the dimensionless form. The presented
relations were obtained by establishing the relation
between the Powerplamt power required for the
helicopter equipped with different sets of main rotor
blades and that for the helicopter having an Mi-24
production main rotor. As can be seen f{rom the
diagrams, the power required for the Mi-28 helicopter
equipped with 2 main rotor with a rectangular tip has
increased by 7.5% at higher speeds and decreased by
2.5% at lower speeds when compared with the
helicopter equipped with an Mi-24 production main
rotor. In hover, there is almost no gain, which is in a
good agreement with the diagrams 1n Fig. 11. The swept
anhedral tip makes it possible for the power required in
hover and in cruise to be reduced by 9.5% and almost
14% respectively. It is of interest to note, that the power
required for all the blade sets under consideration does
not actually change at the best economy cruising power.

Proceeding form the data presented in the paper,
the following conchisions can be made,

7. CONCLUSIONS

1. The swept anhedral tip allows the cosine
component of the blade pitch link load to be
reduced due to the fact that it has no geometric
twist. However, quite considerable negative
moments occur in the constant and sine
compenents of the blade pitch link load 1/rev.

2.  The swept anhedral tip allows the cosine
component of the blade pitch link load to be
reduced by 20-35% at speeds exceeding 300
km/h.

3. The swept anhedral tip allows the amplitude of
the variable portion of the blade pitch link load
to be reduced by 20% at cruise speed of 260
km/h.

4.  An additional negative pitching moment
occurring in the constant and sine components
of the blade pitch link load l/rev for blades
having a swept anhedral tip can be attributed
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to a change in the setting of the tabs running
along the blade trailing edge.

Blades having a swept anhedral tip allow the
blade thrust characteristics be increased by 4-
3% in hover or the power required to be
reduced by 8-9%,

Blades having a swept anhedral tip allow the
powerplant power required be reduced by 10-
14% in cruise flight.
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