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Abstract

During forward flight the main rotor wake rolls up inte two
disc cdge vortices, comparable to the tip vortices behind a
wing. At low to intermediate flying speeds (2 35 knots),
these vortices dominate the flow at the tail rotor and tail
planes, therefore affecting their performance and in turn
helicopter stability and control. To predict and simulate the
influence of these vortices, an analytical model has been
developed to determine their location, strength and
geometry.

From previous research it can be concluded that the disc
edge vortices form, when the cylindrical rotor wake
degenerates into an approximately flat vorlex shect. The
distribution of wvorticity inside this sheet has been
determined and it is concluded that it is equivalent to the
wake behind a wing. The rotor is replaced by an equivalent
wing and the cireulation distribution along s span is
calculated. Finally, the rolling up motion of the wake is
analyzed with a classical fixed wing theory.

The verification included in this paper shows a satisfactory
agreement, but more experimental data is needed to verify
the model for advance ratios betow p=0.15, For this reason
a small scale hehcopter wind tunnel model is being
developed, however test results where not available in time
for this publication.

Symbols
b number of blades
Cy rotor thrust coefficient, C,.=T/mR*p V?
D helicopter drag [WN]
e distance behind the rotor where a dise edge
vortex is fully formed [m]
¢ non-dimensional distance behind the rotor
where a disc edge vortex is fully formed,
c=e/ R
R rotor radius fm]
r, @ potar coordinates fm],[rad]
r non-dimensional radial distance; r=1/ R
T rotor thrust [N]
t time [s]
u, tangential velocity inside disc edge vortex  fm/s]
vV velocity or flying speed |m/s)
v, tip speed; V=0R fm/s]
v, rotor or vortex indueed velocity s}

W helicopter weight {N]
XY, Z Cartesian coordinates [m]
X,V.Z  non-dimensional Cartesian coordinates,

x=x/R,y=x/R, z=2/ R
o angle of attack [rad]
r circulation [m?/s]
¥ circulation per unit length or vorticity {m/s]
u advance ratio; p=Veose / V,
£.m Cartesian coordinates fm]
Z.n non-dimensional Cartesian coordinates,

¢(=(/R, m=n/R
Z length of the vortex sheet that has rolled up

into a dise edge during time t [m]
Z non-dimensional length of the vortex sheet

that has rolled up into a disc edge vortex

during time t
K constant in circulation distribution [m*¥/s}
p aiy density fkg/m’]
X wake skew angle [rad]
] biade azimuth angle {rad)
Q rotor rotational velocity frad/s]

Subscripts

ady advancing side

¢ center of vortex or cirentar
cg center of gravity

d disc

1 longitudmat

retr retreating side

8 shed

t lip or tangential

1 Introduction

The vortex system shed from a helicopter rotor in forward
ffight rolls up rapidly downstream of the aircraft to form
two, oppositely rotating vortices. These dise edge vortices
arc strong and large, capable to enguif the tail rotor during a
direct interaction. Therelore strongly affecting helicopter
directional control and handling qualities [1,2,3]. As is
itlustrated by the sudden pedal motions needed to control
the aircraft at certain yaw angles to the left and right [4,5].

In the present work a model s derived to determine the
strength, location and geometry of the disc edge vortices. It
will be used n the fulure to simulate their influence on
helicopter directional control. A verification of the results
obtained with the model 1s also included in this paper.



2 Derivation of the model

2.1 Observed rotor wake - wing wake equivalence

The basic mechanism of the rolling up process of the rotor
wake is similar to that which causes the formation of the
well-known tip vortices trailing behind a fixed wing. This
process is more casily visualised in terms of the rolling up
of an Imaginary cylinder, outlined by the helical blade tip
vortices moving downstream. This is illustrated by figure 1,
used by Landgrebe & Bellinger [6] o explain the
distortions of blade tip vortices seen in the experiment of
Lehman [7].

This simtlarity between a rotor and a fixed wing also
appears in momentum theory, from which it is known that
the rotor of the average helicopter starts to act as a circular
wing, for flying speeds somewhere between 25 and 35
knots. Expermments show that disc edge vortex formation is
indeed evident within this range [1,2,5,7].

The model dertved here will be based on the similarity
indicated above. The undisturbed rotor wake will be
redefined as an equivalent fixed wing wake, with the help of
a flat wake theory developed by Ormiston [10]. It should be
noted that Ormiston states that this theory should not be
used for the caleulation of induced velocitics at the rotor
dise, below an advance ratio of p=0.15. Which is
substantiated by [7.8,9], where it can be seen that the
cylindrical character of the wake starts to prevail directly
below the rotor. The same experiments show however that
the wake behind the rotor stifl has a wing like character.
This may be explained by the fact that the cylindrical wake
not only skews back but also contracts. At some distance
behind the rotor its wake will therefore stili degenerate into
an approximately flat vortex sheet.

For the present purpose it s therefore assuroed that the
flat wake concept remains approximately valid for advance
ratios below the mentioned limit. Hopefully covering the
total range where the disc edge vortices are of interest.

Figure 1: Rolling up of a rotor and fixed wing wake [6]
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Figure 2: Elements of vorticity inside the flat wake [10]
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Figure 3: Decomposition of the flat wake [10]

2.2 Redefimtion of the rotor wake as a wine wake

Ormiston |10 derived his flat wake theory in order to
simplify the caleulation of induced velocities at the rotor
disc. {tis based on the idea that the helical wake behind the
retor can be decomposed into a number of simple vortex
patterns, sce figures 2 and 3. Note that when the circulation
along a blade is finite at the blade root, the root vortices
combine inte a discrete vortex having its starting point in
the rotor cenler.

When in turn, these structures arve resolved into lateral
(subscript y) and longitudinal (subscript x) vorticity
components, the following result is obtained. Provided that
the distribution of circulation over the rotor dise 1s
symmetric with respect to its lateral axis, summation of
vorticity generated by the front and aft of the disc causes the
lateral vorticity component v, to disappear. The flat wake
therefore only contains vorticity in the longitudinal direction
v . which makes it totally cquivalent to that trailing behind a
wing.

Before the flat rotor wake can be redefined as a wing wake,
the variation of the circulation, bound by a blade, has to be
determined.

Pue to the rapid formation of the blade tip vortices, it
seems as if they trail from a blade with constant circulation
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along its span. It is therefore assumed that the only variation
that needs to be considered is the azimuthal change of the
blade circulation T'(y), which is expressed through a
Fourier-series. Consequently, the blade wake will consist of
a root vortex, tip vortex and a sheet of shed vorticity.
Finally, since only rotor trim 1s considered here, i.e., the
rotor should be in moment equilibrium and develop enough
thrust T to balance helicopter weight and drag, the series 1s
truncated at the first order sin term, see Meijer Drees[11]:

I' « I, + Dsings, M

the two constants I'y and F, can be found by evaluating the
irim conditions mentioned above. For the used signs and
notations, see figure 4. Meijer Drees dertved the following
result for a centrally hinged rotor with no hinge offset or
root cut out;
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where b denotes the number of blades, p the air density, R
the rotor radius and finally V the tip speed of a rotor blade.
Since the disc angle of attack is small in low speed forward
flight, &4« 1 rad, the advance ratio p in equation (2) and (3)
can be approximated by;

chos(ad) v
I ®

The distribution of circulation over the rotor disc, given by
equatton {1), is symmetric with respect to its lateral axis of
symmetry, which means that the redefined wake consists of
longitudinal vorticity components y, and an additional
diserete root vortex. Ormiston gives the following result,

Yem Vv Yo * Vs, (5)
where the three vorticity components on the right-hand side

can he found in table 2 of reference [10], see figure 3 for
their definition:

. 1 Ty+ Ty
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in which y denotes the non-dimensional lateral coordinate
of & point inside the wake, defined as y=y/R. Note that,
equation (7) gives the distribution of vorticity due to one

blade, when the constants in equation (1) are defined by
equations (2) and (3). To take the contribution of all rotor
blades inte account, equation (2) should therefore be
multiplied by b. For the actuator disc T'y is thus given by,

2T
° 35\ e
pRV(l - ?R)

while T', is still given by equation (3).

In the next paragraph the rotor wake will be looked
upon as generated by an equivalent circular wing. Equations
(5) and (6) can then be used to caleulate the distribution of
circulation along 1ts span.

r

Tip path plana

Figure 4: Signs and notations, part 1

2.2 Circulation along an equivalent circular wing

The determination of the distribution of circulation along
the span of the equivalent circular wing is a straight forward
matter. It follows aller integration of all the vorticity
components, determined in the previous paragraph;

oy} « - R [v{v)dy. ®)

Performing  the indicated integrations, gives for the
contribution of trailing vorticity components;

R P wsing]), )

and
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1 - ]
r - ;(-I‘oarcsmw Twl-y )s (10}

while for the contribution of the shed components is found;

r, - Lol sV iy 577 an

e Ivi
Finally, the distribution of circulation along the wing span is
given by,

r-T, -T-T, (12)

and is shown in figuse 5.
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Figure 3: Circulation zlong an equivalent circular wing

From this figure it can be seen that the circulation does
not equal zero at the wing Ups, suggesting the presence of
two diserete vortices. This is a direct consequence of the
time averaged modeling of the wake, which can be
corrected for by introducing a 1t deficiency function.
However, such a function s not known, so the contribution
of the longitudinal circulation components Ty and i addition
the rool vortex are negleeted instead. Although primarily o
obtamn a correet circulation distrtbution, again sec figure 5,
this has an other reason as well. Since the corrected wake 1s
similar o that used by Metjer Drees [11], his well-known
mflow moedel can be used 1o find the downward
displacement of both disc edpe vortices, Acceptance of this
simplification: leads to the following circulation distribution:

o
b - __1__p Jv1- ;2_ —'iuyln _1_’_._;__3’__ \
i ? Iyl

(13)

{t should be noted that quite recently a free wake model has
been developed by Buhler & Newman {12], based on
simmifar assumplions as where made in the present work.
Blade circulation was taken constant along the span and
varying with the aziruth according to eq. (1), The wake
was mittally assumed to be {lal and approximated by vortex
rings, the latter where free to distort and thus not confined (o
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their initial circular shape. The only differences, the present
model is a time averaged one and finally Bithler &
Newman neglect the shed components of vorticity,

The computed roll up motion of this wake seems to
capture the trends described by Ghee & Eliot {9], which
might be seen as a further substantiation of the simplifying
assumptions made till now,

2.3 Phsc edge vortex formation

Now the rotor wake has been redefined as a wing wake, it is
allowed to roll up into the two disc edge vortices. The
strengtl, location and geometry of which will be determined
with a classical fixed wing theory developed by Kaden [13].
For more information about this elaborate theory, the reader
ts referred to the original paper.

Kaden investigated the rolling up of a vortex sheet of
semi-infinite width. His results are therefore only applicable
to a vortex sheet of finite width for the initial stages of the
rolling up process. [n addition, it should be noted that the
semi-infinite sheet has no downward motion. Spreiiner &
Sacks [14], however showed that Kaden's solution is useful
in the formulation of some further approximations to the
paths of the vortex cores and the distance needed for them
to become essentially rolled up. Finally, to mcorporate
Kaden's results in the present model, the coordinate ¢ is
introduced. This eoordinate runs opposit along the x-axis
and couals zero at the edge of the sheet, see figure 6,
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Figure 6: Signs and notations, part 2

Kaden derived hus model based on the tollowing circulation
distribution;

T - 2xyT - 20yRYT,

where the non-dimensional coordinate ¢ is defined as
£=¢/R. This distribution can be related to the one that is
currently under investigation, near the edges of the wake, by
finding the factor x for both the advancing {subscript adv}
and retreating side {subscript retr).

(14



The calewlation wilt be iHustrated for the advancing
side. Substitution ol y=1-¢ in cquation {13} gives;

P V2 e s "f‘["

For very small £ this can be apps‘oximated by;

Ee *\f—(l- wu)\/v

finally, equating this result to equation (14) and solving for
K gives;

(15)

. L
2

Kadv To(1- —“) (16)

mRyR

Stmilarly, substitution of y=¢-1 gives for the retreating side;

- V2

. 3
To(le Sm). (17

R
This difference between the advancing and retreating
side will cause an asymmetry in every aspect of the rolled
up wake. These asynumetries grow with increasing advance
ratio,

Figure 7: Signs and notations, part 3

Kaden deduced that the tateral coordinales of the centers of
the developing vortices, see fgure 7, are given by,

[, - 0.57%,
(18)
q, - 0.88%,

where Z denoles the length of the part of the sheet (hat has
rolled wpr into the vorlices till time { measured [rom the start
ol lhe rolling up process;

7z .12 ]%
2m?

[ steady forward Might the vortices are franspoerled away
from the rotor with the freestream velocty, time can
therefore be related (o the non-dimensional distance behind
the rotor x7=x /A as:

(19)

, (20

Substitution of this and the correct value of x inte equation
(19) gives, ftor the advancing and retreating side
respectively,

21}

2.4 hse edge vortex lateral location

In the tip path plane bound coordinate svstem used here, the
lateral location of each dise edge vortex s determined by,
sec eguation (18) and figure 6

Vo ” 1- 0.57Z 4,
B B 22)
Yo * 057Z -1

This cquation shows that the lateral coordinate v, of both
vortices does not approach an asymplote. Conscguently,
Sprettner and Sacks proposed 1o use Kaden's solution il
the asymptofes are reached, with which the dise edge
vortices are assumed to coineide from then on,

The locatton of the asympiotes [ollows from  the
condition that the impulse of the vortex svstem is preserved
dusing the rolling up process. This then leads to the
conclusion that a [ully formed vortex must coincide with the
center of gravily of the part ol the sheet from which 1t
ariginates. Note thal (his rule & well known for its
prediction of the distance between the (wo Lip vorlices
kehind an efliptical wing, which 1s found to be n/4 times the
wing span.

The fecation of the asymptotes can be caleulated, when 1t 13
known which part ol the vortex sheet rolls up into the
advancing and retrealing vortex respectively,

The clementary vorlices inside the sheet change their
direction at the point where the circulation distribulion
reaches its maximum. To the left of this point the sheet wiil
roll up o the retreating and the part to the right into the
advancing dise edge vortex. The tocation of this maximum
can be Tound by dilferentiating cquation {13) with respect
to v oand setling the result equal to zero, Tlowever, this
cqualily can ondy be solved in an iterative way, the results of
this ealeulation are given in Lable 1

The location of the centers of gravity on both the
advancing and retreating side can now be delermined with:

The mtegration fuuils ave: for the pact ol the sheet that mil\'
ap inlo the retreating side dise edpe vortes -Fov (= T

mn



and for the advancing dise edge vortex yI'= T' Js¥ L
Again, the results are given in table 1.

Table 1: Centers of gravity, point of max. circulation

H B(F: Pma. ) %G ICl }{TG ady
(.09 -0.182 -0.821 0.687
0.10 -0.193 ).823 0.675
0.11 -0.203 -0.825 0.663
0.12 -0.212 -0.827 0,631
0.13 -0.221 -0.829 0.639
0.14 -(0.230 -0.831 0.627
0.15 1238 -0.833 0.615
0.16 -(3.245 -0.835 0.603
0.17 -0.252 -0.837 0.592
0.18 -0.259 -(0.838 0.580
0.19 -0.265 -0.840 0.569
0.20 -0.271 -0.841 0.557
0.21 -0.277 -0.842 0.546
(.22 -0.283 -0.844 (0.535
0.23 -0.288 -(1.845 0.523
0.24 -(.293 -0.846 0512

IFor the advancing side, the point where Kaden's solution
mtersects the asymptote is determined by the condition that,

Vg |+ 0-57Z gy
denoting the interscetion by s, and substitution ol equation
(21} pives:
2 3 1 iv
5 2 2 7 2
§ o wm R ety ) - (23)
g [ 0.57( %dv)] K.
Similar reasoning gives for the retrealing side;
5 it 1 2y
- 2 3 - 2
S, ¢ —m R el S 24
o 9 [ 0.57 ( c@m:)) I/':m:?.r

From these points onwards the location of the dise edpe
vortices is thus given by,

'S
o

¥ Cor ¥ e for ¥ adv
(25}

Ye

ol
v

for . 8

rew ¥ CBrew rety

2.5 Dise edpe vortex axial location

As stated belore, the semi-infinite sheet used by Kaden does
not have a dowoward motion. s theory therelore only
deseribes lhe upsvard motion ol the vorles, with respeet o
the at vortex sheet, see (igure 7 and equation (18):

P 0887 .
(26)
Zo 0.88Z ..
This can be corrected by using vet an other reflection of

Spreitner and Sacks. They stated that the downward motion

of the up vortices behind an efliptical wing can be
determined within narrow limits, when the following 1is
assumed, Close to the wing the vortices move downward
with a constant velocity, equal to that mnduced at the center
of gravity of cach sheet half and at some distance behind it,
with the velocity that the fully formed vortices impart on
cach other.

In accordance with the wing analogy, the flat wake is

assumed to leave the rotor at its traifing edge. The velocity

with which it moves downward can be determined with the

inflow model, developed by Meyger Drees [11]. The

induced  wvelocity  distribution over  the rotor disc  is
considered first;

C-!- 4 A -~ = . .

Y m 2-Vt I- cosy+ ;(1# LBuSrcosy - 2prsinysingrf,

2p(1- M )

It can be seen from this equation that the average induced
veloeily is not equal to that induced by a circular wing.
According o Heyson [15] this should be corrected by
disregarding  the torm {§-3/214%). Furthermore, for the flat
wake the skew angle equals ¢=1/2n, while at the trailing
edge r=t/R=1, y=sing, and cosyr=v(1-y). Substitution of
this gives;

v, - ;:thl g(zu 18071 v 2p§?]. 27
Finaily, since the tip path plane is taken as a reference, the
small perpendicular component of the flying speed has to he
considered. Adding this to equation (27) gives the
downward velocity at the trailing edge v,

vy e ;Lll'v,[h §(1- L8uh1- v 2;@] - Ve, (28)
The downward veloeity of both the advancing and retreating
side vortex lollows trom this equation, after substitution of
the correct value for y,, from table 1.

Now the downward veloctty of the fully formed dise
edge vortices will be determined. Fach vortex may be
regarded as fully volled up, when it encloses the full width
of the sheet oul of which 1t forms. For the advancing side,
this transtates mto.

Zadv” L y(E - Fma\:)‘ 29

denoting the distance behind the votor, where the vortex s
fullv tormed, by x= ¢,y and introducing gy e/ R, then
substitution of cquation (2 1) into equation (29) gives, alter
SO Fearranging:

1]
[STEM

(30)

- 2 : v
€oge ” xR —
9 adv

(1 N Y(I‘: 11ma.\:)) K d:

Following the same approach gives [or the retreating side:

ol

iV
)

S reir

- 2 4
€t © B R

(1+ Y = T (31

max

From table 1 and cquations (30) and (3 1) it can be seen that
the distance neoded o the retreating side vortex o roil up
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is smaller than that lor the advancmg side vortex. The
approach, proposcd by Spreitner and Sacks is therefore
slightly adapted. Once the retreating side dise edge vortex is
[ully roiled up, it is assumed to move downwards with the
veloeity it would have at some great distance behind the
votor, where both vortices are fully formed. This downward
velocily (subscript <) can be lound with the Biot-Savart
Law,

T r

v . nax _ max (32)
dm i + » ) - - ’
2ﬂ(yc&uw i }c&etr) 2KR(Y¢EW i Y“& )

or

where T
i.

can be determined with equation (13) and table

[L1E N

The axial location of both dise edge vortices is now
appreximately known, Near the rotor;

v
-~— J— d. . — —
zo o+ 0.88Z - T“"’x for % 5 e,
{33)
v
— p— ‘if‘ctl‘_: . L_ . -
Zy - 0.882 .- v X for X s oe .
and when the dise edge vortices are fully rolfed up:
- s . vd — - - -
Zoy ch(x =g ) V‘(xﬁ e for x>
(34)
- — — vd“ — . - -
/er, : Z.Lm(. crctr) W{j’(xﬂ em!r) for x = © rele

2.0 I ise edee vorlex strenath

The strenglh of the dise edge vortices is reflected in the
cireulation distribution, and therefore follows [rom equation
(13). Substitution of y=1-Z_,, tor the advancing and y=2
i tor the retrealing side voriex gives,

retr”

1‘ eIl
r, . - \/1. (7
reir TR '

Aller the rolling up process s completed, the strenglh of

which can be obtained by
) It equation

both vortices equals T,
substitution of the correet value for vif=1"
{13y weetable b

(IR

2.7 Dise edge vortex geometry and intemal veloeitics

§he spiral that represents the shape ol a cross-seclion of 4
dise cdge vortex is given by Kaden as, see also tigure 7

- ; 2
3y L ey
2 P

where rand @ are polar coordinates m a coordinate svstem

(36)

with an origin that coineides with the center of o dise edge
vortex, see figure 9. The limits for ¢ are 1/22 @< where
the point @= 1721 corresponds to 1= R,, which 1s assumed
to be the vortex outer radius. Nole that, for the case of fuily
formed tp vortices behind an  elliptical wing, the
dimensions predicted by equation (36), are approximately
the same as predicted by Prandtl, see Durand [16]. The
largest component in the current circulation distribution is
also elliptic, see equation {13), therefore one may expect
that equation (36} gives reasonable results. This is further
substantiated by the fact that in Kaden's theory geometry
and location of the vortices are closely connected. Since it
predicts the location of the tip vortices behind a wing well
the same must be true for their geometry.

it must be noted that equation (36) 1s defined in a coordinate
system that only matches the advancing side. To be able to
draw the eross-sections of both dise edge vortices in the
coordinate system used here, the [ollowing is written:

o Vo = FabCOS Py Zy s Zo o TS5

l§\‘?
@37

Pl 080, Zy = P, 7 Ty SHIO,

Frer  © © Wrer

retr

where r= 1/ R Nole thal equation (37) is given in a general
form, lo apply it o the advancing side and retreating side
dise edge vortex, the correct value for x should be
substituted.

Finally, the distribution of veloeities inside bothy vortices 1s
considered. which is conventent [or the caleulation of tail
rotor thrust and tail plane Lt during an interaction. This
distribution is piven by:

L (38)

Kaden derrved this formulac based on his observation thal
the mmer most windings ol the spiral are approximalely
cireular in shape. Because of this, he concludes that the
radial compoenent ol the internal veloeily disappears and thal
onlv the tangeniial component temains (subseript ). o
other words the veloeities ave directed perpendicidar 1o 1,
given by gquation {30},

Though strictly validd for its ner region, it s assumed
that this cquation 15 approsmately vahd [or the whole
spiral. The reason, this velocity distribution belongs to a
vorlexs cross-seetion as deseribed by cquation (36), Tor
whieh 1 was ajready debated that 31 muest be a reasonable
approximation

3 Venhicaton ol the mode]

Sowrees thal provide data for o vertlicalion are | levson (8]
and Cihee & Bllion 191 Towever, Teyson gives vorticily
olots al only three stations behind e rotor, nol eneuagh for a
salislaciory comparison. Fhese results will therefore ool be
msed. For o turther verthication the Faculty: of Acrospace
Fongincering, of the Dellt Uhnveraty of Technologs (DU,
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15 developing a small scale hehicopter model, The lunding
lor which 13 provided by both the DUT and the Dutch
National Aecrospace Laboratory {(NLR). Test results are
expected soon and the following comparison with Ghee &
Ellsot 15 therefore of a preliminary nature.

3.1 Deseription of the experiment, Ghee & Elliot {9]

The experimental investigation, used here [or the
verification, was conducted by Ghee and Elliot in the 14 by
22-foot Subsomic Tunnel al NASA Langley Research
Center. Which was ased in the open seetion conliguration.
They quantitied the wake behind a scale model rotor [or two
advance ratios, =015 and p=0.23, and one thrust level
C=0.00064.

For the experiments a 2 m diameter, fowr bladed, articuiated
rotor system was used with a generic fusclage. The rolor
hub incorporated comeident flap and lead-lag hinges that
employed viscous lag dampers. Details of this rolor are
given in lable 2.

Table 2: Details of the rotor [}

3.2 Dise edee vortex lateral location

The lateral location y, of both disc edge vortices is shown in
figure 8 for p=0.15 and in figure 9 for p=0.23. From these
figures one can see that the predicted location correlates
satisfactory with the test data. This is especially true for the
predicted location of the asymptotes for both disc edge
vorttees, which means that the caleulated circulation
distribution must be a reasenable approximation for the
actial ciroulation distribution.

Note the part of both curves, mside the rotor dise. The
progress of the rolling up process of both vortices is slightly
to high, instead of followmg Kaden's solution to points
mside the rotor dise, the vortices wilt follow ifs trailing edge
till the solution hies outside the rotor.

[Tub type Articulated

Number of blades 4

Adrfoil seetion NACAOO12

IMinge oflset, o/ R 0.06

Rool cutout, r/ R 0.24

Lincar twist, deg -8

Radius 0861 m
Adrtor] chord 0.0060 m
Rotor solidily, o=bo/nR 00977

A continnous (oot strobed)

laser light sheel system in
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Figure §: Disc edge vortex lateral location, p=0, 15

conjunction with smoke (propyienc glveol), igected mside
the scitling chamber, was used o visualise the llow in
planes paraliel and perpendicular to the freestream.

The flow patterns, projected on a reference grid, were
recorded on video and digitised on a computer. To bring owt
details, these images were enhanced by using traditional
mage processing techniques, such as contrast stretehing,
pseudo-colormg, Bltering and contouring. Thus, enabling
the determination ol the tocation of the center ol cach dise
edge vorlex,

‘The experiment covers a range of x=/R values between
Iand 4 i increments of 0.3, For more details the reader is
relerred to table 3.

Table 3: Details of the experiment [9]

u=10.13 u=0.23

Rotor speed 2110 REM | 2110 RPM
Tip speud 190 mis | 190 mss
Thrust eoell 0.0064 000064

Density 1.209 ke/m' | 1197 ke/m'

Note that the disc angle ol attack = unknown for both
advance ratios, however since this angle will be small tor
both cases, 1l s set equal o zero for the verilicalion.

Y
G b = §
: i X
R
~ P -:~ . - " hd . * . *
Experiment [9]: Calculated:
adv 3 adv
retr . retr

Figure 9: Disc edge vortex lateral location, p=0.23

Frowm bath figures il can be seen that the releeating dise edge
vorlex rolls up much faster than the advancimg one. The
distances behind the rotor where the dise edge vortices are
(ully tormed. expressed as number of rotor radii, are
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approximately:

u=0.23 p=0.15
6,= 2634 6= 9.36
&= 5.27 &= 2.86

The rather large difference between the distances needed for
the advancing and retreating side disc edge vortex to roll up,
is explained by the fact that the circulation is higher on the
retreating side. Note that these numbers also show that the
disc edge vortices will have a negligible influence on the tail
rotor and tail scetions for advance ratios uz0.15. More
experimental data is therefore needed to verify the model for
lower advance ratios.

The axial location z, of both disc edge vortices is shown in
figure 10 for p=0.15 and in figure 11 for p=0.23. As for the
predicted lateral location, the correlation with the iest data
1s satisfactory.

154
1.
i Tip path plane extended
o1 == ivaiany * (o
. s S B
0.5 e
I3
150 1 ) i(- 3 )
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adv o - a ¥ S —
retr . [ L

Figure H): Disc edge vortex axial location, p=0.15
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Figure 11: Disc edge vortex axial location, p=0.23
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Figure 12: Calculated circulation distribution, p=0.15

Kaden [13]

asyinplote asymptota

Figure 13: Calculated circulation distribution, p=0.23

In both cases it can be seen that the disc edge vortex on the
advancing side lics below the retreating dise edge vortex.
According to Ghee & Elliot, this is evidence for a stronger
downwash on the advancing side. However, in the present
model an inflow model 15 used that assumes just the
opposite, 1.¢., downwash 1s stronger on the retreating side.

This controversy between nflow models in general and
experimentally obtained downwash distributions, see for
instance F3askin et al. [17], may be explained by the rolling
up motion of the wake. In the model, this motion introduces
an upward velocity component that subtracts from the
induced velocity. On the retreating side the vortex rolls up
much faster, apparently causing the resultant velocity to be
smaller than on the advancing side.

3.4 Circulation distribution

In paragraph 3.2 it was shown that the asymptotes of both
disc edge vortices are predicted correetly, So although it is
not possible to verify the calculated circulation distribution
directly, its shape must be approximately correct.

As can be secen in figare 12 and 13, the higher
circulation is predicted on the retreating side. This 1s caused
by the fact that the rotor 18 in moment equilibrium, therefore
blade circulation must be higher on the retreating side than
on the advancing side. Note that, Prouty [18] arrived at a
circulation distribution that was similar i shape, which he
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used to determine helicopter induced drag. However with
the dilference that the higher circulation was predicted on
the advancing side. This cannot be true, because in this case
the rolor is not in equilibrium. Furthermore, Prouty's
distribution  does not produce the correct asymptotic
tocation of the disc edge vortices seen in the present model.

The rotor is trimmed,i e, in moment equilibrium. This
means that the circulation along a blade 1s higher on the
retreating side than on the advancing side.

From figure (2 and 13, for u=0.15 and u=0.23 respectively,
it can be seen that Kaden's approximation of the circuiation
distribution works well until the asymplotes are reached.
This means that the approach propesed by Spreiner &
Sacks for the lixed wing case, works just as well for a
heficopter rotor.

3.5 Disc edyg vortex geomelry

Figure 14 gives a cross-seetion of both dise edge vortices at
3.5R behind the main rotor for p=0.15, Alfhough there i no
data to verily the aclual shape of each dise edge vortex, they
appear (he same as the vortices encountered by Ghee &
Ellot, see figure 15

| nh I y na 1
i
22 p—
Ch
Z o ;
,'/
Retreating sid [
etreating sice Advancing side
08

Figure 14: Caleulated geometry, x=4 and p=0.13

Retraating Side

Advancing Side

Figure I3 Visualiscd geometry, data unknown [9]

A strong vortex sucks in more air than a week one, The
suction of the retreating side vortex must therelore be
greater than that ol the advancing side vortes. Therclore
fess mass is ransported into the advancing vortes, causing
it o rell up more tightly. Note that Ghee and Elliot

coniribute this to the fact that the strength of the advancing
side dise cdge vortex is higher then that of the retreating
vartex, but as discussed before this cannot be the case.

4 Conclusions

An analytical model has been derived to predict the
tocation, strength and geometry of the dise edge vortices
behind a helicopter rotor i fow speed forward flight, The
rotor has been redefined as an equivalent circular wing, and
in turn the rofling up motion of its wake has been analysed
with the help of a fixed wing theory developed by Kaden
[13]. Important conclusions from this analysis are;

+  The results obtained with the model compare
reasonably well with the experimental results from
Cthee & Elliot [9]. Both the lateral and axial location of
the dise edge vortices are predicted with an accuracy
acceptable [or engineering purposés. The geometry of
both vortices conld only be compared qualitatively, but
both their size and relative proportions seem o be
correct, Flowever, more data is needed to verify the
model, especially for fower advance ratios ps0.15.

s The advancing side disc edge vortex lies below the
retreating stde dise edge vorlex, devetops slower and is
rolled up tighter. This is explamned by the lower
circutation on the advancing side, which determines
the rate of the rolling up process and the suction of the
vortex core. The dise edge vortex on the advancing
side will therefore grow slower and, since less air is
transported into i, 1t will have a smaller size. It will
thus be located closer (o the part of the sheet out of
which it s formed. Though the induced velocities are
lower on Lhe advancig side, this resulls into a lower
position for this vorlex,

e The fully formed advancing side dise edge vortex is
located  closer Lo the rolor  longiudinal axis of
svometry, The positions of the fully formed vortices
can be related to the center of gravity of the vorticity
distribution  nside  the  undetormed  sheet. The
difference in ke shape of the vorticily distribution,
between the advancing and retreating side, therelore
explains this asymmary,

= AL asymimielries, dcussed above, become smaller
with deereasing advance ratie.

o Therelative position of both vortices can be seen as an
indication of downmwash strengtl, Which will therelore
be lower on the retreating side than on the advaneing
stde. This 1% a possible explanagon [or the dilference
helween  caleulated  induced  welecilies and
experinentally determined downwash distributions.
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