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Absiract

During some flighl operations of helicopters the main rotor blades pass
close or intersect the ftrailing lip vortices of the main rotor. These
Blade-¥Yortex-interactions (BY¥1)} ogenerate strong fluctuating blade
pressures leading to dynamic structural loods and impulsive noise
radigtion. Currenily, occuratie load predictions are limited by the lack of
knowledge of the tip vortex structure. Therefore, a special test facility was
built to investigoie the bosic mechanism of BYL: g special delia wing
generates iwo leading edge vortices with o structure measured by a Tive
hole probe. One of these vortices interacts with a rotor which represents
the tnain rotor. The forward flight eof the helicopter is simulated by a
windtunnel, By this arrangerment o betier physical understanding of the EV{
ctan be obigined. Addmonany, theoretlcal methods for computing the local
‘Unsteddy biade pre&sures’ tor b checked mdre “reliabl¥~ The “presstre:-
fluctuations ore computed by means of a theary which was derived from
the unsteady oirfoil theory of NAUMANN ond YEH. Measured and compuied
pressure fluctuations are in good agreerment.

. Introduction

The use of helicopiers moy Become seversly Hmdted dus 1o the radiated

. noise generoted by the rotor system. Noise reguiations which govern the

operaiion of these vehicles may limit their use, Koise has to be fréated”
thoroughly early in the design process., An "acoustic design change™ may
decrease vehicle performance and must be weighted agoinst other
competing factors. Therefore,o fundamentol  understanding of the
aerodyrarnic noise generation by the rotor sysiern 18 necessary. The
impulsive noise is the most prominent of the helicopter neise events. It
stours during special flight conditions as the dominart noise source. At
least two different mechanisms ore responsible for the impulsive noise:
campressaibility effects and blade-vortex interaction (BY¥}). Full-scale
measuremenis of BY| noise have been carried out by BOXWELL and SCHMITZ
FAY

it thiz paper some aerodynarnic aspects of the BY! mechanism are
analysed. The experimential and theoretical investigations are done ot lower
rotor tip Mach numbers M = 0,52, Thus, compressibility effects are
nearly of no consequence. BY! occurs if @ main rotor blade interacts with
previously generaled tip vortices. These vortices are shed from the tips of
the blades and pass near to the rotor disk (s._figure 1 ). Under certoin sets
af flight conditions, especially during steady descending Tlight, the voriex
path goes through the rotor disk plong; the vortices are cul by the blades
leading to sirong BYI. Unsteady disturbonces which rapidly change the local
blade flow field are generated by the vortices. The iccal angle of nttack and
the dynamic pressure ot the blodes vyield impulsive chonges of air
pressures and forces. This effect leads to impulsive noigse and structural
toads.



Fig,

“Unfortunately the tip vortex strength, shape and position are currently hard > 2"

to ecalculate  accuraiely enough. |t mokes as well greal problems to
rmeasure these characteristics just before the interaction with o blade.
Therefore an wierpreioton of the messuvemenis of the unsteady bloade
prezsures iz limiled and # 15 difficult te obtain o belier physical
understanding of the BYl. An accurote computation of the un=teud;.= blade
préssures induced by the vortices is not possible. ' '
tn thot situation o special test facility {s. figures 5 and 14 ) was designed to
bring us a step foreward. A special delto wing in front of the rotor
generates two concentrated leading edge vortices with g well khown
atructure measured by a five hole probe, These vortices interact with a
srngll two-bladed rotor.ln g preliminary test phose an orientation of the
rotor, shown in figure & ,was setected. Here the vortex axes are veriical to
the rotor digk. in a second phase the rotor orientation was changed turning
the vortex axiz nearly paraliel to the rotor disk. This orientation is simitar
to that of g heltcopler during ferward flight, The forward speed ts simulated

by the windtunnel flow. One of the delta vortices interacts with the rotor,
the other passes downstream the rotor disk.

For the different vortex-rotor orierdations the local velocity perturbations
at ihe blades were calcutated. Then ,the unsteady blade pressures and
forces were computed by various theorizs {see chapler 2). The local
pressure fluctuations were measured with Kulite transducers at various
positions of the rotor bledes, Measured and computed values are compared
in the time-domain (see chapter 3).

2. Computation of the unsteady blade pressures and forces

Figure 2 illusirates the flow fluctualions for the case where the
orientation of the vortex axis iz normal to the rotor disk (according to
figure 5). The flow distortions ,coused by the tangential velocily v of the
voriex, are shown at three radial positions at the rotor blade,
The voriex induces a velocity component v in the rotor plane normal to the
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leading edge of the blode, The componeni of the induced velocity parallel to
the leading edge is neglected due to the low influence an the blgde forces.

INFLOW DISTORTIONS DUE TO A TIP VORTEX

Fig, 2

In the figure Qr is the blade velocity and v, the axiel velocity . The axiol
velocity distribution of the vortex is net shown. The figure reveals that both
the direction and the magnitude of vy fluctuates. The general case of o
vortex axis obligue to the rotor disk is shown in figure 3.




FLOW PERTURBATIONS AT A POINT O CAUSED

BY A TIP VORTEX

vortex
axis

71 rofor axis
L/

X
Fip. 3

The arientation of the voriex axis is given by the angies E ondy, where g, is
the angle between the rotor plane and the voriex oxis andn. is the angle
between ihe projection of this axis into the rotlor disk end the x-axis, At
point @ in the rotor plane 4 velocily is induced by the tongential velonily
vy of the vortex. Now,this induced velocity hos now two components v oand
w, where @ & normal io the retor plone, The variotions of the
components v and v during one revolution con be compuied for any biode
element. The coordinate syslern x° v" 27 thot s fixed on the blade
elements, The axial velocities v, W the delin vorticies influence the
components v ond w and must be compuled, For various radinl positions
the resultont fluctuotions of v and w were Fourier analysed., The
fluctugtions of ¥ ond w are pericdicel and so the Fourier ootmponents have
the disvrete frequencies T, = mbn (m=1, 2, 3, ...} b being the
mumber of rotor blades, n the rotor rotational speed and m the harrmonic
order.

These Fourier componenis dare the input to the theories for computing the
unsieady blede forces and pressures,

The gpplied theories neglect compressibility and frictien effects and are

based on singularity methods. An eorly contribuiion to the unsteady airfoil
theory was mode by KEMP and SEARS /27 reducing the rotor fo o two-
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dimensional plane blade row, The interference with neighbouring biades are
ighored. The authors computed the unsteady lift of a fiat plate only
considering flow distortions normal to the plaie, HORLOCK /37 determined
the 1ift fluctuations including distortions parailel to the undisturbed flow.
Starting from these theories, NAUMANN and YEH 74/ developed the unsteady
1if{ for a cambered airfoil that has angle of attack relative to the steady
flow and velocity distortions normal and parallel {o the chord. As shown in
figure 4 the airfoil is represented by a vortex sheel arranged along the
chord. The inflow can be represented by a mean velocity v, and the Fourier
components of the flow disturbonces.

DISTRIBUTION OF VORTICITY Y

y
FLOW DISTORSIONS FREE VORTICITY Yy
N\ \\ ~NA
iy _ oy O
N } AN W A N N

Y DISTRIBUTION ALONG CHORD .

% MEAN RELATIVE
VELOCITY

Fig. 4

Due to this inflow, the vorticity v along the chord consists of a steady and o
time dependent vorticity Y= Y +yyg. Due to the variation of the bound
vorticity ( vp) free vortices (yys) will be shed. It is assumed that they
are carried away with the mean velogity along a plane in the direction of the
chord. The unsteady vorticities yp and vy induce unsteady velocities at the
cambered airfoil. The total flow - mean flow plus disturbances plus total
induced velocity ~ must be tangent 1o the coamber ling at all points. Using
the known relation betweenyy, and ¥y an interdependance between the fiow
digturbances v ohd w and the unsteady induced velocities can be
developed. The resull is an integral equation between v and the known
Fourigr components of the flow disturbances v and w. Applying the Euler
equation, the unsteady pressures harmonics §,.(x,t) can be compuied
using the following equation:

'ﬁ' (x4 _elznf t .9.{

s Ly, 0 ¥ 00 y {x)]——-ylx) L)

Equations for computing the unsteady vorticity

Yfm_yfmeﬂrcf f_(Y ""\/ yelZ Tt
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the unsteady bound vorticity
Yom  * Yom ol 2T T

- and the steady vorticity vy, are deduced by SCHREIER /5/. The unsteady

vorticities are influenced by the Fourier components of the flow distortions

szvm eizrfyf
atnd

L el2tefy t

T T T S R I A = T T S oT% T I DU R

nde Nave o De COompuisd with oo or O osagn respeciively., To cormpuie
the resultant unsleady pressure [(x,t), the pressure harmonics f,{x, 1)
have to be superponed considering the phase relations resulting from the
Fourier analysiz of the flow distortions ond from the computotion of
B, Then, the unsteady blade forces con be computed by integration of the
preassures aver the whole surface of the blades,

Additional to the method of NAUMARN and YEH a theory of HENDERSON /57 can
. be applied to compute the unsteady blade foreces. This theor ¥ additionally
the 1nterference effects of nmghbormq b]udes mc]udes

“Furthermors, a thres dimerisionnl theory cah be used ‘for calcuiatmg the

biade forces, This theory is based on the poper of FATHY /74, The blades
are allewed io be arbitrarily tapered and twisted, The reference higde is
represented by o continuous distribution of vorticity while the cother blades
are replaced by concentrated radiol Vines of vortices, This theory was
modified by KELLNER /87 for including variable flow distortions at different
radial positions. Furthermore, the influence of cambered leading and
troiling edges can be calcuiaied,

As shown by NEUWERTH /9/ the resulls of two and three ditnensional theories
show only smali differences. To reduce the amount of computing time, the
resulis in this paper are calculated by the theory of NAUMANN and YEH.

3. Theoretical and experimental resu!ts»

3.1 Yortex axes normgl to roter disk

in a preliminary test phase an erientation of the rotor shown in figure S was
sejected - the vortex axes are vertical to the rotor disk.The geometry of
the rotor blades is illustirated in figure 6. The blades have the symrmetrical
profile NACA 0012,

Six pressure tronsducers have been installed. The signels of the
transducers 4 and & on the suction side are analysed below. Figure 7 shows
the position of the two leading edge vortices relative to the rotor disk, The
circle described by the pressure troansducers 4 and 5 has o radius of 455
mir. The tocation of the vortex cores in the vertical position (yv-axes) wos
varied,
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WIND TUNNEL

Fig. &
GEOMETRY OF THE ROTOR BLADES
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GEOMETRY OF THE VORTEX-BLADE ARRANGEMENT

BLADE AZIMUTH
' b

270°

VARIABLE £ CIRCLE OF PRESSURE

CVORTEX LocaTions 180 TRANSDUCERS&ES)

Fig. 7

The velocity distribution behind the delto wing was measured using a five
hale probe. The axial speed v, and langential speed vy across the vortex
cores are plotted in_figure 8. Both components are related {o the windtunnel
speed ¥y, N ‘ SR - SR e
Figure 9 demanstraotes the pressure distribution in the vortex. [n the
care, the underpreasure p-p,, has volues of nearly seven times the dynamic
pressure g, of the inflow.

A top view of the vortex path , visualized by smoke ,is shown in figure 10.
On the upper side of this figure the troiling edge of the delta wihg and on the
lower side the rotating rotor can be seen.

&t this rotor orientation relative to the windtunnel the tip vortices of the
rotor blades quickly travel downstream. Thus the induced velocities of the
tip vortices in the rotor area being very small can be neglected. A result of
this type of BYI| is demonstrated in figure 11. The inflow has a speed of

Voo = 25 mis. The rotational speed of the rotar is n = 2300 miril. The angle
% between the blade chord ond them rotor aren at the blade tip is 30°

The upper plot in figure 11 shows the components v and w of the flow
distorsions at the radial postition r = 455 mm of the pressure transducers 4
and 5 depending on azirmuth, The position of the two voriex cores relative to
the transducer path can be seen in the drawing right beside the plot,

The positions of the vortices relotive to the rotor disk hove been found out
by means of fiow visualisation with smoke. The flow distorsions have been
calculated using figure 6.
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VELOCITY DISTRIBUTION BEHIND
THE VORTEX GENERATOR
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Fig. 10
The vartex ot the blade azimuth = 184°diminizhes the flow component v (v

is negative ) while the vortex at Y=205° increases v.
At the radial position of transducer 4 and S the fluctuations of the

gomponent w, nhermal- to-the rotor: araa, ara-smoll due to- the relatively

large distances from the vortex ¢ores {55 mm ,respectively 85 mm}. The
two lower plots show the unsteady part p of the pressure fluctuations on the
suction side. The negative values of v(at ¥= 184°) reduce the local angle of
gttack and the stoqnation oressure, Thershe  the loogl gndsvorossg e 1o
reduced, thal means an incregse of the pressure, The positive volues of
v(atd= 205°) has the cantrary effect. Comparing the shape of the increased
pressure fluctuations with the flow distorsions it can be concluded that the
component v has g deminant influence, Because of the relalively large
distances from the vartex cores the pressure distribution in the vortices
has no sighificant influence on the unsteady pressure, The pressure
fluctuations at the pressure transducer 4 { at 12.5 % blade chord) are
higher than those at transducer 5 (gt 25 % blade chord}. This can be
gxplained by the higher negative values of the steady ¢, ={p = Pgo }/0y 0t the

pressure tranaducer 4.
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~ VELOCITY DISTORSIONS ARND PRESSURE
FLUCTUATIONS DUE TO TWO CONCENTRATED
VORTICES WHOSE AXES ARE NORMAL
T0 ROTOR DISK
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The Fourier components of the flucluations of v and w ore input for the
computotion ¢f the pressure fluctuctions. & further input are the sisady
values of the effective angles of attack of the blades, These wvere computed
by o program given in /10/ based on the 3-dimensional Goldsiein theory, The
unsieady pressures in figure 11, computed the Z-dimengional theory of
Kaurmann and Yeh, show good agreement with the measurements. Gnly the
extreme values at pressure iransducer 5 are a little bit higher in the
theory. A comparison of the shape of the measured and compuied pressure
fluctuctions shows that Inflow seporotions due to BV don't ocour,

In figure 12 ¢ case is shown where the vortex cores are closer to the path
of the preasure transducer 4. The distonces are 10 mm {vortes at o= 160°)
and 25 mm {vartex at = 208° 3.
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VELOCITY DISTORSIONS AND PRESSURE
FLUCTUATIONS DUE TO TWO CONCENTRATED
VORTICES WHOSE AXES ARE NORMAL

T0 ROTOR DISK

Vo =15 mAs
n =2900 min
V= 22°
PRESSURE TRANSDUCER 4
f ZOF .
A et
ImA] 40 ¥ A v
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x
X
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b
b
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-20 o o o
0 90° - 180° 270 350
\W lp_._.._
(25
LOOO e
1 MEASLREMENT
P —— THEORY
IN/mZ} 2000

-2000

~40003 90° 180° 20 360

Fig. 12

Both vortices increase the flow component v .The axial velocity v, in the
vortex cores (s. figure 8}increases w (w is positive}. The increase of v
leads to a decrease of the unsteady pressure p at ¢= 160° and ¢ = 209° . A
similar influence is given by the underpressure in the vortex
cores.However p shows an increase at that angles. That means that the
influence of the positive w is dominant: the local angles of attack are
diminished, the underpressures at the section side are reduced and
therefore the p-values ore increased. Computed and measured unsteady
pressures are in good agreement.

Figure 13 demonstrates that sound power spectrum ,generated by that type
of BYl ,hus a great number of harmonics with high sound power levels PWL.
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Fig, 13

Te compute the sound power spectrum ,lhe rotor noise theories of Lowson
1/, Olberhead and Munch /127 and Wright 713/ were exiended by
Schreier/S/. Inputs for this noise theory are the Fourier components and
their phase relations of the computed unsteady blade forces, These inpuls
are strongly dependent on the rodial position at the rotor; this influsnce is
inciuded in the noise theory,

3.2 Simulgtion of BYIl for @ helicopter during forward flight

Figure 14 demonsiratesd the orientation of the rotor areg. The voriex
oh the left side of the delta interacts with the rotor. The other voriex
passes far downstream of the rotor, Blown to the right by the outflow of the
rotor, aond thas has nearly no influence on the unsteady blade pressures,
The angle between the rotor plane and the direction of the windtunnel flow is
B =-10°. In that way the flow speed in the directiocn of the rotor axis is
increased and the tip vorlices generated by the rotor ilself are guickly
blown away from the rotor disk. So their influence on the blodes is largely
reduced.
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Subszequenily o BY! with the following set of pararseters is analyzed:

Yoo S20 i, no= 2700 rm'm! g, = 10°, f = - 10°, A top view of thel cose is
shown in figure 15,

On the upper part, the trailing edge of the vortex generator can be seen,
The windtunnel flow vy, enters the figure from above. The nteracting
vortex, visualized by sraoke, iz cul by the rolor blades. The path of {hat
vortex oxis in this horizondal arsa is piotted in flgure 16, Alsc the angle B
iz illustrated,

figures 17 and 18 show the path of the indgracting vortex in the vertical
area. Figure 17 demonsirates the wnsfant of infersection while figure 18147z a
snap shol o Hitle bt tater, The poth of the vortex axis in this vertical aren
iz pletied in figure 12, The radial position of the pressure tranasducer 4 {(r =
455 rrn ) is far away from the indersectisn point of the vortex. The mirdmurm
dizignce between pressure transducer 4 gnd the woriex core are 77 mm.

That means that ai the radial positien of that pressure transducer the flow
gistortions are dorminanily influenced by the tangential wvelocity v of the
vortex (s, figure &),

Vo= 20 m/s j ziml
n =2700 min
B = -10°
_ 0° 3
'&f“‘ 10 -
+ 2

-
Xmog 07 06 05 0L 03A
R/,/ B=10°

N
PATH OF THE
VORTEX AXIS -2

Using the measured vertex path and the flow field in ihe leading edge
viriex, the flow distortions v+ gnd w* gt the radial pesition of pressure
transducer 4 are calculated (5. figure 20},
w# {8 equal to w plus the component of the windtunnel flow in the direction
of the rotor axiz. Due fo the component of windtuhnel flow paraliel to the
rotor area, the velocity component normal to the leeding edge of the blades
fluctuates with the omplitude vy, cos £ = 19,7 m/e in a harmonical woy.
These fluctuations are added to the flow distortions v coused by BV, The
orieniatian of the vortex core relative to the blade element at the radial
ceition of pressure transducer 4 can be seen in the drawing at the right
sade for three values of blade azimuth®, At U= 250°v has its maximum and
w is equal zero. At ¥ = 240° the component w has a high negative and at
ll) =260%0 high positive value.

5-16






Fig.

Fig. 20

i9

PATH OF THE VORTEX AXIS IN
THE VERTICAL ARER

Vo, = 20 m/s
n = 2700 min™! ylm]
B =-10°
Jp= 10
Xim 10 9 8 7 6 5 4 3 .2 .
PATH OF THE =1
VORTEX AXIS ¢ -2
~
t1-3
R=515mm
INTERSECTION -

FLOW DISTORSIONS AT THE RADIAL
POSITION OF PRESSURE TRANSDUCER4

Vo = 20 mA5 p=-10°
n =2700 min ¥y= 10°
I 50 -
A" -
im/s] gz . v
20 /’N/}l‘
1(? e A M
B 7 N A
-20
-30
0° 90° 1680° 270° 360°
V= V-vo, 05 PBcosd e
W =W+ Vg, sinf-B)




PRESSURE FLUCTUATIONS
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Fig. 21

The unsteady pressure p at transducer 4 {s. fiqure 21) shows a fluctuation
due te the component of windtunnel flow parallel to the rotor area. Thess
fluctuations are superimposed by those effected by the vortex. The negative
values of w in the region of P= 240° increase the angles of attack and leads
te a growing of the underpressure at the suction side. The shape of p in that
reqion has an impulsive characler, The computed values of D (theary of
NAUMANN and YEH) are in good agreement with the megsured ones. The
stmall discrepances between U= 90° and ¥ = 180° can be interpreted as the
influence of the tip vortices of the rotor itself. These interoctions are
under the way to be analysed in more detail,

4. Conclusions

During certain flight conditions the vortices shed from the tips of
helicopter rotor blodes pass near the operating rotor disk ar are cut by the
bhiaodes. Unfortunately the tip vortex strength, shape and position are
currently hard to predict accurately or to measure just before interaction
with the blades. In thes paper a bosic understanding of this BYI-mechanism
was tried to achieve by using a special test arrangement, in thiz caose,
vortices were generated by a delte wing located in front of o0 small test
rotor. The structure of these vortices was measured by a five hote prabe.
The position of these vortices before and during the interaction with a two
bladed rotor was detected by applying smoke visualisatidn.

The vortices induce flow distortions whose components were calculoted for
various radial blade elements as a function of the blade azimuth. These
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flow dislartions are the inot to theories opplied in this paner for computing

local unsteady blade pressures and unsteady blade forces. The local

unsteady pressures are measured with small pressure transducers and
show , for the analysed rotor tip Moch numbers M= 0.52 , good agreement
with the computed values.

Depending on the different orientations of the interacting vortex relative to

ihe rotor,the unsteady blode pressures were investigated. Flow

separations due to BY! were not observed.

The pressure fluctuations show an impulsive character. That is

demonstrated by the high number of harmonics in the noise spectrum and by

the subjective loudness. A noise theory was extended to the application of
the noige radiation due to BY! and their results are in quite good agreement
with the measured noise levels.,
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