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Abstr-oct 

During some flight oper-ations of helicopters the main r-otor· blades pass 
close or inter-sect the trailing lip vortices of the main t'otot'. These 
Bl ade-Vortex-1 nter·actions ( B\11 ) generate strong f1 uctuating blade 
pressures leading to dynamic structur·al loads and impulsive noise 
radiation. Cur·r·entl \'', accurate 1 oad predictions are 1 imited by the lack of 
kno~tl edge of the tip vortex struchlre. Therefore, a special test facility was 
built to investigate the basic mechanism of BVI: a special delta wing 
generates two leading edge vortices Witt"t a structure measured by a five 
hole pr·obe. One of thMe vor-tices inter·acts with a rotor which repr·esents 
the main rotor-. The forvlat'd flight of the helicopter is simulated by a 
windtunnel. By this arr·angement a better physical understanding of the B\11 
can be obtqined. Additionally ,theoretical methods for computing the local 

/unsfed'dy · bl cide · pr~ssures·· can be" 'ch'eclf6cPm6re ··,eltabTY'~-.; The ·'pre-ssere, · 
fluctuations are comptl\ed b"i. means .of. a ,theory which "(CIS derived from 
the unsteady air·foil theory of NAUMANN and VEH. Measured and com·puted 
pr-e~:sur·e fluctuations ar·e in good agreernent. 

t. Introduction 

The u;:;~:: of helic:opter<• may becorne ;o•ever·ely lirniled dtJe to !Jte t··adial.ed 
.. noise generated by the rotor system. Noise regulations which govern the 

operation of these veh\c 1 es may 1 imit their use. Noise ·has to be {reated · 
ntor·ougrt1Y early in the design process . .A.n "acoustic design change·· may 
decrease vehicle performance and must be -weighted against otrter 
competing factor·s. Ther·efore, a fundamental under·standing of the 
aer·odynarnic noise gener·otion by trte rotor· sy~·tem i~: necessm-y. The 
irnpulsive noise is the most pr·ominent of the helicopter' noise events. It 
occur~: dur·ing special fligl"tt conditions as the dominant noise ~:our·ce . .A.t 
least two different mechanisms are responsible for the impulsive noise: 
compr·es~dbilit~l effect~: and blade-vortex interaction (BVI ). Full-scale 
measur-ement:: of BVI noise l"tove been cm-r-ied otlt by BOXWELL and SCHMITZ 
111. 

1 n trtis paper some aer·odynarnic aspects of trte B\11 mec:l"tanisrn or·e 
anal ·rsed. The experimental and theot'etical investigations at'e done at 1 01o1er· 
rotot' tip Mach number·s M t "' 0, 52. Trtus, compressitlility effec:t~: ar'e 
near·ly of no c:onsequence. Bill occurs if o main rotor blade interacts with 
pr·evious 1 y gener·ated tip vortices. These vortices or·e shed from the tips of 
the blades and pass near to the t'otot' disk (s.Jigur·e 1 ). Under certain sets 
of fligl"tt conditions, especially dur·ing steady descending fligttt, tl"te vortex 
path goes thr-ough the rotor- disk plane; the vortices ot'e cut by the blades 
leading to str·ong 8\11. Unsteady disturbances which rapidly change the local 
blade flo·w field are generated by the vortices. The local angle of attack and 
the dynamic pressur·e at the blades yield impulsive changes of air 
pressures and forces. This effect leads to impulsive noise and structural 
loads. 
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. Unfortunately th.e tip vortex strength, shape ahd position ar¢ currenily hard '., 
to calculate accurately enougr,, It makes •Js well gr·eat problems to 
rneastwe these char·acteristics just before the inter·oction vith a b 1 ode. 
TltETelor-e ~an inter-pr-etation of th& rneo::;ur-ernent_;:, of the un.:deody blade 
pre:ostwe~. is limited and it is dlfficult to obtain a better phy'Slcal 
tmderstanding of the BV I. An accur·ate con1putation of the unstead·1· blade 
pressures induc'ed by the vortices is not possible.. . . . . . . ·. 
In tr,at situation a special test facility (s. figur·es 5 and 14) wa~· designed to 
bring us a step foreword. A special delta wing in front ·of the rotor 
generates two concentr·ated leading edge vor-tices with a vell knovn 
structlwe measLwed by a five hole probe. These vortices interact vifh a 
small h'o-toladed r·otor·.ln a pr·eliminar·y te::•t phase an or·ientation of t1"1e 
rotor, shovn in figtwe 5, vtas selected. Here the vortex axes are vertical to 
the rotor' disk. In a second phase the rotor orientation vas changed turning 
the vor·tex axis near·ly par·allel to the rotor disk. This or·ientation is similar 
to that of a helicopter- dur-ing for·vard flight. The forward speed is simulated 
by the vindtunnel flov. One of the delta vortices interacts vtith the rotor, 
the other· pas::•es downstream the r·otot' disk. 

For· the differ·ent vor·tex-r·otor· orientation<• the 1 ocal ve 1 ocity per·tur·bation::• 
at t1"1e blades '•i/et'e calculated. Then , the unsteady blade pt'essur'es and 
for·ces ver· e computed by various theorie~· (see chapter· 2). The 1 ocal 
pr·essur·e fluctuations were measut'ed 11it1'1 Kulite tt'ansducers at ·•arious 
positions of the r-otor· blades. Measur·ed and computed values ar·e compar·ed 
in the time-domain (see chapter 3 ). 

2. Comnutation of the unsteodY. blode nressures ond forces 
Figure 2 illu;strates the flow fluctuations for the case where the 

orientation of the vortex axis is normal to the rotor disk (according to 
figure 5 ). The flow distortions , caused by the tangential velocity Vt of the 
vortex, are shown at three r·adial positions at the rotor blade. 
The vortex induces a velocity component v in the rotor plane normal to the 
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leading edge of the blade. The component of the induced velocity parallel to 
the leading edge is neglected due to the low influence on tr1e blade fot'ces. 

INFLOW DISTORTIONS DUE TO A. Tl~ VORTEX 

/ 

Fig. 2 

/ 
/ 

_/ 

Tip vortex 

In the figure Qr is tr1e t1lade velocity and v, tl"le axial velocity . The axial 
veloc:ity distribution of the vortex is not shown. The figur·e r·eveals that both 
the dir·ection and the magnitude of Vr~J f1 uctuates. The gener·al ca~:e of a 
vortex axis oblique to the rotor· disk is shown in figur·e 3. 
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FLOW PERTURBATIONS AT A POINT 0 CAUSED 

BY A TIP VORTEX 
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The orientation of the vortex axis is given by the angles ~and llc where ~tis 
the angle beh•een the rotor plane and the vortex axis and 1lc is the angle 
bet'ween t~1e pr'Ojection of this axis into the I'Oior· dis!' and the x-axi~'. At a 
point Q in the rotor· plane a velocity ill induced by \he tangential velocity 
v1 of the vor·\ex. Now·, \his induced velocity has now t'w'o components v and 
w', 'w'here w is nor·rnal to the ro\ctr plane. The var·iatwns of the 
components v and w dtlring one revolution can be comptlted for an~· blade 
element. The cowdino\e system x· t z' thcit is fixed on the blade 
element~. The axial velocitie::• v0x in the delia vorticies influence the 
cornponents v and 'vi and must be computed. For· var·ious r·adial positions 
the resultant fluctuations of v and \'I were Four·ier analysed. The 
fluctuationo• of v and 'It ar·e periodical and so u-,e; F o<.:rh:<r· components have 
the disvrete frequencies frt, " m b n (m = 1, 2, 3, ..• }, b being the 
number of rotor blodeB, n the rotor rotational speed and m the ~oarmonic 
or·der. 
These Fourier components are the input to the theories for computing the 
unsteady blade forces and pressures. 

The applied theories neglect compressibility and friction effects and are 
based on singularity methods. An early contribution to the unsteady airfoil 
theory ~Uas made by KEMP and SEARS /21 reducing the rotor to a hto-
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dimensional plane blade row. The interference with neighbouring blade~ are 
ignored. The authors computed the unsteady lift of a flat plate only 
considet'ing flow distortions normal to the plate. HORLOCK /3/ determined 
the lift fluctuations including distortions parallel to the undisturbed flow. 
Starting from these theories, NAUMANN and VEH /4/ developed the unsteady 
lift for a cambered airfoil that has angle of attock relative to the steady 
flow and velocity distortions normal and parallel to the chord. As shown in 
figure 4 the airfoil is represented by a vortex sheet arranged along the 
chord. The inflo~t can be represented by a mean velocity v0 and the Fourier 
components of the flow disturbances. 

DISTRIBUTION OF VORTICITY Y 

'y 

FREE FLOW DISTORSIONS 

\w +v ·--A-8-
"-----y---' X 

y DISTRIBUTION ALONG . CHORD 

V0 . MEAN RELATIVE 
VELOCITY 

Fig. 4 

Due to this infloiV, the vor·ticity y along the chord consists of a steady and a 
time dependent vorticity Y = 'Ys+y b· Due to the variation of the bound 
vorticity ( Yb) free vortices ( y f) IV ill be shed. It is assumed that they 
are carried OIVay IVith the mean velocity along a plane in the direction of the 
chord. The unsteady vorticities Yb and 'Vf induce unsteady velocities at the 
cambered airfoil. The total floiV - mean floiV plus disturbances plus total 
induced velocity - must be tangent to the camber· line at all points. Using 
the kno~Vn r·elation bet\Veen Yb and yf an interdependance bet~Veen the floiV 
disturbances v and 'vt and t~1e unsteady induced velocities can be 
developed. The result is an integral equation bet\Veen Yb and tr1e kno~Vn 

Fourier components of tr1e flow disturbances v and IV. Applying the Euler 
equation, the unsteady pressures harmonics Pm(X, t) can be computed 
using the folloiVing equation: 

jl tx,tl=ei2Ttfmt .E.{tlv:vblx)+vlxly lxlJ-Lytxl-y lxl} 
mp,s 2 0 m m s 2 s tm 

Equations for computing the unstead~· vorticity 

'¥< =); ei2Ttfmt={y +y )ei2Ttfmt 
tm tm bm fm 
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the unsteady bound vorticity 
y = Y, ei2rtfmt 

bm bm 

and the steady vorticity Ys are deduced by SCHREIER /5/. The unsteady 
vorticities are influenced by the Fourier components of the flo'W distortions 

and 

-, _, . ::-

~·)Qijt hO'·/t: to t1c cor(!PU1t:.l:; 'w'ltfi ·,-) Clt" (+) ::_;11~rr r·e-.:;pt;ct.1\·'e.!y. To ccrrnput.t: 
fJte r·esultant unsteody p1··essure p( x, t), trte pre~;st.we l'tar-rnonic<; Pro ( x, t) 
have to be ~;1jpe1··poned consider·irtg the phase t'elations r·eeulting fr·orn the 
Fourier anal ·1·sis of the fl o'w' dis tor lions and fr·on·, the cornputation of 
Pw Tl'ten, the unsteady tdade for·ces can be computed by integration of the 
pressLwes ovel' the ~tho 1 e surface of the b 1 a des . 

.A.dditional to the method of Nl•.UM.A.NN and VEH a theory of HENDERSON /6/ can 
be applied to compute the unsteady blade for·ces .. This tt·,eor·y additionally 
the interference effects of neighboring blades includes • 

. Fur'thermohi; a t.hree dlmerision'al theory c'~n-tle :used \for calC.:ulatirig th'e·. . 
tllade forces. This theor·y ;~: based.oti the paper of F.A.THV 17/. Tl'te blades 
are allo~1ed to be arbitraril\' tapered and t'Wisted. The reference blade is 
r·epre~;ented by a contimwus die;tribution of vor·ticity 'While the other· blade~; 
ar·e replaced by concentr·ated radial lines of vortices. HtlS theory ·was 
modified by KELLNER /8/ for including variable flo'W distortions at different 
l'adial positions. Furthermore, the influence of cambet'ed leading and 
trailing edges can be calculated. 

As sho-.··n by NEUWERTH /9/ the r·esults of t'Wo and il'tr·ee dimensional il'teor·ies 
show· only small differences. To reduce the amount of computing time, the 
r·esults in this paper are calculated by the theory of NAUMANN and VEH. 

3. Theoretical and exQerimental results 

3. I Vortex axes normal to rotor disk 

In a pr-eliminary test phase an or·ientation of the rotor sho'Wn in figyr·e 5 'Was 
selected - the vortex axes are vertical to the rotor disk. The geometry of 
the rotor blades is illustrated in figur·e 6. The blades have the symmetr·ical 
profile NACA 001 2. 
Six pressure transducers have been installed. The signals of the 
transducers 4 and 5 on the suction side are analysed be 1 O'W. Figure 7 sho'Ws 
the position of the t'Wo leading edge vor·tices relative to the rotor disk. The 
circle described by the pressure transducers 4 and 5 has a radius of 455 
mrn. Tt'te location of the vortex cores in the vertical position (y-axes) 'Was 
varied. 
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Fig. 5 

Fig. 6 
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GEOMETRY OF THE VORTEX-BLADE ARRANGEMENT 

VARIABLE 
. \'DRJI;X LOCATIONS 

Fig. 7 

180" 

CIRCLE OF PRESSURE 
TRANSDUCERS 4 & 5 

The velocity distribution behind il'1e delta wing was measured using a five 
hole probe. The axial speed v0x and tangential speed Vt across the vor-tex 
cor·es ore plotted in_fj_gure 8 .• Boil'• components ore related to the .wiQdtunnel 
speed V00 . 

Figur·e 9 demonstrates the pr-essure distr·it,ution in the vortex. In the 
core, the underpresstwe p-Poo has values of nearly seven times the dynamic 
pr·essur·e q00 of the inflow. 
A top view of the vortex path , visualized by smoke , is shown in figure 1 0. 
On the upper side of this figure the trailing edge of the delta wing and on the 
lower· side the rotating rotor can be seen • 
.l>.t this rotor ot'ientation relative to the windtunnel the tip vortices of the 
r·otor blades quickly travel downstr·earn. n.u~: tr.e induced velocities of the 
tip vor-tices in the rotor area being ver·y small can be neglected . .1>. r·esult of 
il'1i~: type of BV I is dernonstr·ated in figur·e 11 . The inflow has a speed of 
v00 = 25 m/s. n,e r·otational speed of tt-1e rotor· is n = 2900 miri1. Tt'•e angle 
.:It between the blade chord and them rotor· or·eo 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 postilion r = 455 rnrn of the pressure transducers 4 
and 5 depending on azimuth. The position of the two vortex cores r·elative to 
the transducer path can be seen in the dro~ting right beside the plot. 
The positions of the vortices relative to the rotor disk have been found out 
by means of flow visualisation witt-• smoke. The flow distorsions have been 
calculated using figure 8. 
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Fig. 9 
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Fig. 1 0 

The vortex at the blade azimuth tjJ = 164°diminishes the fl ov component v ( v 
is negative} vhile the vortex at 4J=205° increases v. 
At the radial position of transducer 4 and 5 the fluctuations of the 
component-w, norma-f. ~o :-the· f'OtOr' area\ are 'SmoH · ·dtte- to· the· ·rel atiye 1 y 
large distances from tne vortex cdres (55 mm , r-espectively 85 mm ). The 
two lower plots sh0\1 t~1e unsteady part p of the pressur·e fluctuations on the 
suction side. The negative vallJes of v(at tV= 164°) r·educe the local angle of 
qttack qnd th~ :da:JfHJtion pr-'?·:::::twe. Thereb'/ the 1-:::>Jl r~r-~·=:-~-:-~(:: :. 
reduced, that means an increase of the pressure. The positive values of 
v (at tjJ= 205°) has the contrary effect. Comparing the shape of the increased 
pressure fluctuations with the flow distorsions it can be cone 1 uded that the 
component v has a dominant influence. Because of the re 1 ative l y large 
distances from the vortex cores the pressure distribution in the vortices 
has no significant influence on the unsteady pressure. The pressure 
fluctuations at the pressure transducer 4 ( at 12. 5 'l. b 1 a de chord) are 
higher than those at transducer 5 (at 25 'l. blade chord}. This can be 
explained by the higher negative values of the steady Cp =(P- Poo )lq00 at the 
pressure transducer 4. 
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Fig. 11 

VELOCITY DISTORSIONS AND PRESSURE 
FLUCTUATIONS DUE TO TWO CONCENTRATED 

VORTICES WHOSE AXES ARE NORMAL 
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The Fourier· components of the fluctuation~ of v and "' ar·e input for- tr.e 
computation of the pressure fluctuations. A fut'!her input ore the steady 
values of the effective angle:;; of attock of the blades. Theee were computed 
by o program given in /10/ based on the 3-dimensional Goldstein theot'Y. The 
unsteady pressures in figure 11, computed the 2-dimensional theory of 
Naumann and Veh, show good agreement with the measur'ements. Only the 
extreme values at pressure transducer 5 are a 1 ittle bit higher in the 
theory. A comparison of the shape of the meae~ured and computed pressure 
fluctuations shows that Inflow separations due to Bill don't occur. 
In figure 12 a case is shown ~there the vortex cores are closer to the path 
of the preMure transducer 4. The distances are 10 mm ( vortes at lj!~ 160°) 
and 25 mm (vortex at ¢= 209° ) . 
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VELOCITY DISTORSIONS AND PRESSURE 
FLUCTUATIONS DUE TO TWO CONCENTRATED 

VORTICES WHOSE AXES ARE NORMAL 

Fig. 12 
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Both vortices increase the flow component v • The axial velocity Vox in the 
vortex cores (s. figure 6 )increases w (w is positive), The increase of v 
leads to a decrease of the unsteady pressure p at tjJ = 160° and tjJ = 209° • A 
similar influence is given by the under-pressure 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 under-pressures at the section side are reduced and 
therefore the p-values are increased. Computed and measured unsteady 
pressures are in good agreement. 
Figure 13 demonstrates that sound power spectrum , generated by that type 
of BVI ,has a great number of harmonics with high sound power levels PWL. 
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T~:at reveals the impulsive char·acter of the rad~ated r.ojse. The fundamental 
frequeney is f1 =b n = 2 · 2900/60 = 96.67 Hz. 

Fig. 13 
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To eornpute the sound pOI.I'el' spectrum , the rotor noise theories of Lawson 
/11!, 01 ben·,ead and Munch /12/ and Wright /13/ were extended t•y 
Schreier/5/. Inputs for this noise theory are the Fourier components and 
their pr1ase relations of the computed unsteady blade forces. Tr1ese inpllis 
are strongly dependent on the radial position at the rotor; this influence is 
included in the noise theory. 

3. 2 Simulation of BVI foro helico[!ter during forYard flight 

Figure 14 demonstratesd the orientation of tr1e r·otor area. Tr1e \1ortex 
on the left side of the delta interacts with the rotor. The other vortex 
passes far downstr-eam of the rotor, blown to the right by the outflo~<i of the 
rotor, and 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 direction of tr1e rotor axis is 
increased and the tip vortices generated b)' the rotor itself are quickly 
blo~<m away from the rotor disk. So their' influence on the blades is largely 
reduced. 
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Fig. 14 
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SLlbt:equently a 8'111 with the following set of pararnetet'<: i~: analyzed: 
v00 =20 rn/~:, n = 2700 rrnri\ 4>t= 10°, ll = - 10°. A top vi ell' of that C:CBe is 
shovn in figur·e 15. 
On the upper· par-I, the tr•Jiling edge of tt"1e vor·tex gener·otor· con be seen. 
The windtunnel flov/ V00 enter·~: t~,e figut'e ft'orn abo\,.e.. The inter·ac:ting 
vortex, visualized by smoke, i<: cut by tt"1e rotor· blades. n,e path of tr.ot 
vor·tex axis in tr1iS horizontal ar·ea is plotted in figure 16. i•.lso the angle !3 
1s ill usit'a\ed. 
[ig1.we"' 17 and 1 ;;; S~lo,,.,.· t~1e path of tr1e interacting vc•rtex in HHe vet'\ic•Jl 
ar-ea. Figur·e 17 dernonstrates the mstar·,t of intet'sec:tion ·w·hile figLwe 1f; is a 
"'twp ::hot a liitle bit later·. The path of the vortex axi:: in this ver·tical ar·ea 
1s plotted in fiQLWe 19. The radial po;::ition of the pre::;::;ure tran;::dvcer- ~ (r = 

455 rnrn) i:: far away fr·orn the inter·sec:tion point of the vor·tex. The rninirnurn 
distance t•etv;een pr-e~:slwe transducer· 4 and t~1e vortex core m·e 77 rnm. 
That rnean:: that at the r·odial position of that pr·e::Silt··e tr-ansducer· the flo~' 

di<:ior·tion:o ar·e dormnantly influenced by the tangential velocity v1_ of the 
V("·.+~y \' <· f].QIJt··p F' l ... ,c .. ····- __ ,,.PATH 

OF THE VORTEX AXIS 
THE HORIZONTAL AREA 

Fig. 16 
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Using the rnea~ured vor·tex path and the flow field in the leading edge 
vorte>c, ir1e flo'w' di;o:tortions V* and 'w'* at tt"1e r·adial posi!ion of pre":sur·e 
tran::ducer 4 are calculated (s. figure 20 ). 
w* is equal to w plus the component of the windtunnel flow in the dir·ection 

of the rotor axis. Due to the component of \iindtunnel flov parallel to t~1e 

r··otor· ar·ea, the velocity component norrr·,al to the leading edge of the blades 
fluctuates with the amplitude v0c, cos J3 = 19,7 m/s in a harmonica] way. 
These fluctuations are added to tt·1e flow distor·tions v caused by BVI. Tl're 
orientation of the vortex core relative to the blade element at the radial 
position of pressure transducer 4 can be seen in the drawing at the right 
side for three values of blade azirnutht!J. At 4>= 250° v has its rnaxirnum and 
w is equal zero • .b.t 4J = 240° the component w has a high negative and at 
4> =260°a high positive value. 
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Fig. 17 

Fig. 18 
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Fig. 19 

Fig. 20 
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The unsteady pressure p at tram<ducer 4 (s. figure 21) shows a fluctuation 
due to the component of windtunnel flow parallel to the rotor· area. These 
fluctuations ore superimposed by those effected by the vortex. The negative 
values of w in the region of tl!= 240° incr·eose the angles of attack and leads 
to a gr-owing of the under pressure ot the suction side. The shape of p in that 
r·egion rras an impulsive char·acter·. The computed values of p (trreory of 
NAUM/>.NN and YEH) are in qood aqreement 11ith the measur·ed ones. The 
small discr·epances bet11een- tl!= 90° and tj!" 180° can be interpreted as the 
influence of the tip vortices of the rotor itself. These interactions are 
under· the way to be analysed in more detail. 

4. Cone 1 us ions 

During certain flight conditions the vortices shed from the tips of 
helicopter rotor blades po~'s near the operating rotor disk or are cut by the 
blades. Unfortunately the tip vortex strength, shape and position ar·e 
currently hard to predict accurately or to measure just before interaction 
IIIith the blades. In thes paper a basic understanding of this BVI-mechanism 
111as tried to achieve by using o special test arrangement. in this case, 
vortices were generated by a delta 11ing 1 ocated in front of a small test 
rotor. The str·ucture of these vortices 'Was measured by a five hole probe. 
The position of these vortices before and during the interaction with o two 
bladed rotor was detected by applying smoke visualisaticjn. 

The vot'tices induce flow distor·tions whose components were calculated for· 
vor·ious radial blade elements os o function of the blade azimuth. These 
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flc\·t distortions are the input to theorie~ applied in thi~ paper 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 Mach numbers Mt" 0. 52 , good agreement 
with the computed values. 
Depending on the different orientations of the interacting vortex relative to 
the rotor, the unsteady blade pressures were investigated. Flow 
separations due to BVI 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. P.. noise theory was extended to the application of 
the noise radiation due to BVI and their results are in quite good agreement 
with the measured noise 1 eve 1 s. 
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