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Since the HART test it is known that the changes in blade-vortex interaction locations due
to HHC are caused by different tip vortex flight paths. In the past, this effect and thus
the correct prediction of BVI noise could only be computed by free-wake codes. Prescribed
wake codes define the tip vortex geometry in space by means of steady rotor operating
parameters which are unaffected by HHC, and thus the classical prescribed wake geometry
remains unchanged in HHC conditions, leading to wrong acoustic results. In this paper, a
method is presented to approximately compute the influence of active rotor control on the
wake geometry in the rotor disk. Using combined momentum and blade element theory, a
model for the wake perturbations due to induced velocities caused by HHC is derived. The
results are validated by HART data and it is proven, that the influence of HHC on vortex
geometry and therewith the noise emission characteristics can be predicted sufficiently well
using this methodology. The time consuming procedure of computing the wake geometry by
free-wake analysis may be omitted for parameter variation studies since the wake geometry
can be predicted approximately in advance.

Nomenclature Cn normal force coeff., = N'/(0.5pV?cR)
Abbreviations Cr thrust coefficient, = T'/(prQ2RY)
AFDD Aero Flight Dynamics Directorate fn radial shape function of downwash
BL Baseline case F; shape function of HHC-downwash
BVI Blade Vortex Interaction h vortex flight path function (basic wake)
DNW German-Dutch Wind tunnel H vortex flight path function (HHC)
HART HHC Aeroacoustic Rotor Test k reduced frequency, = wc/(2V)
HHC Higher Harmonic Control M Mach number, = V/ax
IBC Individual Blade Control My tip Mach number, = QR /ax
LDV Laser Doppler Velocimetry N'/R local aerodynamic normal force, N/m
LLS Laser Light Sheet Ny number of blades
MN Minimum Noise case r radial coordinate, normalized by R
MV Minimum Vibration case R rotor radius, m
NASA National Aeronautics and Space t time, s
Administration T thrust, N
ONERA Office National D’Etudes et de U, v, W velocity components, m/s
Recherches Aerospatiales V velocity, m/s
PGM Projected Grid Method T,Y, 2 coordinates, normalized by R
TART Target Attitude in Real Time a angle of attack, rad
Symbols Bo blade cone angle, rad
Aoo speed of sound, m/s v flight path angle, rad
A contracted radius of downwash, hover 6 pitch angle, rad
c chord, m A rotor inflow ratio, = A\; — ptanarpp
C(k) lift transfer function Ai induced inflow ratio, = v; /(QR)
Cj coefficients of HHC-downwash Aio mean inflow ratio, = v;o/(Q2R)
Cla lift curve slope A1 wake contraction rate in hover
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i advance ratio, = V cosarpp/(1R)
v natural frequency ratio, = w /2
p air density, kg/m?

10) vortex age in azimuth, rad

P azimuth, = Qt, rad

w natural frequency, rad/s

Q rotor rotational frequncy, rad/s
Indices

B Beddoes

D Drees

eq equivalent

G Glauert

H hover

HHC due to HHC

i induced

I inner location

n n-th harmonic, n-th order

S shaft

t blade tip

tv tip vortex

T thrust

TPP Tip Path Plane

0 origin, begin, mean value
Operators

A difference

x' =dz/dr differentiation w.r.t. r

& =dz/dt  differentiation w.r.t. time ¢

1 Introduction

The correct computation of the velocity field at
the helicopter rotor blade during its rotation is
essential to the prediction of its noise emission
as well as to rotor performance and blade loads
[1]. Especially the noise emission is an increas-
ingly important criterion for helicopter certifica-
tion [2]. In descent flight multiple BVI occurs
on both the advancing and retreating side. A
very powerful means to reduce this BVI noise
is the application of HHC to the helicopter ro-
tor, that also has shown to significantly reduce
vibrations [3, 4]. The HART test, performed by
DLR, AFDD, NASA, ONERA and DNW in 1994
[5, 6, 7], has brought deep inside into the physics
of noise reduction: in minimum noise HHC con-
ditions the parallel BVI on the advancing and on
the retreating side can be avoided due to a very
different tip vortex flight path within the rotor
disk.

Within the prediction team of the HART test,
each organization performed rotor simulations to
compute the effects of HHC on vibration and
noise. As a result it was commonly agreed that
only free-wake analysis is capable of predicting
the HHC effects correctly because it includes the
effects of different vorticiy distributions on the
wake geometry [8, 9, 10]. Prescribed wake codes
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are based only on steady rotor data and thus do
not include the wake deformations due to HHC
[11]-[16]. As an example, a classical prescribed
wake [16] is used to compute the BVI mis-distance
for the three HART test cases mostly referred to,
namely the baseline case without HHC (BL), the
HHC setting for minimum noise (MN), and that
for minimum vibration (MV).

The results are given in Fig. 1 and compared
to the leading edge pressure time histories of the
test, which indicate well the locations of close
blade-vortex interactions in the rotor disk. It can
be seen, that the baseline case is matched pretty
well by the prescribed wake, and that the HHC
conditions are computed very similar to the base-
line case with respect to BVI locations of small
mis-distance. In contrast, the experiment shows
significant differences between these cases due to
very different vortex convection behaviour, when
HHC is applied. As a result, the noise compu-
tation gives a behaviour contrary to the test: the
min. noise HHC setting leads to an increse of noise
while the min. vibration case leads to a slight
noise reduction. Thus, classical prescribed wake is
not appropriate to simulate HHC conditions with
respect to noise emission, since the locations of
BVTI are completely missed although the different
rotor loadings due to HHC are reflected in the
creation of double vortex systems, where HHC
caused negative loading at the blade tip.

On the other hand, free-wake analysis is a time
consuming method, and thus cannot be applied
for parameter variations in a wide range - this
being the strength of prescribed wake methods.
The subject of this paper is to fill this gap by in-
cluding HHC effects into prescribed wake meth-
ods, such that HHC or IBC can be introduced
into parameter studies without the penalty of in-
creased computational effort.

2 Wind tunnel data base

The HART test and its results have been pub-
lished so often, that no details are presented here
again and the reader may have a look into the
cited literature instead, [5, 6, 7] and [17] - [31].
Rotor data are given in Tab. 1, and all test data
presented hereafter are only necessary for physi-
cal understanding of the effects and for the deriva-
tion of an additional downwash contribution due
to HHC. The underlying test condition is a 6°
descent flight at moderate speed, a typical noise
certification condition with maximum BVT noise
emission, see Tab. 1. Three cases are of main in-
terest: the baseline case without HHC applica-
tion (BL, 63 = 0°), and two 3/rev HHC settings
with different phase: the minimum vibration case
(MV) and the minimum noise case (MN). The
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Figure 1: Comparison of BVI trajectories in the rotor disk from experiment with computed BVI mis-
distance of prescribed wake. Condition of Tab. 1. Closed symbols: vortex above the blade,
open: below. The symbol size indicates the closeness to the blade.

rotor data trim condition HHC
c R 71 O Bo | Mg M oag Cr 03 Y3 uN Y3 mv
12lm  2m 22 -8 25° | 641 —6° .15 537 .0044 | 86° 300° 180

Table 1: Rotor data, trim condition and HHC parameters, airfoil: NACA23012 mod.

HART data basis comprises the entire phase vari-
ation of v,, for HHC with n = 3, 4, and 5/rev. In
this paper, it is focused only on the 3/rev HHC
effects, and the HHC phases of cases MN and MV
are also given in Tab. 1.

The blade motion, derived from strain gauge
measurements (and verified independently at sev-
eral azimuthal positions by PGM and TART
[5]) for flap and torsion displacements at the
blade tip is given in Fig. 2. In the MN case,
the vortex creation is about 2cm/lem (advanc-
ing side at ¢ = 143° /retreating side at 1) = 225°)
lower than in case BL, and lem/lem higher at
the azimuth of critical BVI (advancing side at
¥ = 50°/retreating side at ¢ = 300°). Thus
the BVI mis-distance is increased by 3c¢m/2cm.
The core diameter of the interacting vortices
was measured by LDV to be in the range of
d. ~ 0.4¢c =~ 5¢m. Therefore, the increased mis-
distance due to blade motion alone cannot be
the main source of noise reduction, especially in
the view of increased vortex strength: the elas-
tic torsion indicates 1.8°/1° larger angle of at-
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tack at the vortex generation. In the MV case,
the blade tip is located 1.6¢m /0.8cm higher than
the BL case at vortex creation (with a torsion of
—2.5°/1.1°), and lem/lem lower at the position
of BVI. Therefore, the vortex on the advancing
side will have opposite sense of rotation, with an
additional vortex inboard of conventional rota-
tion (both have been measured by LDV).

LLS technique was used to measure blade and
vortex positions shortly before the interaction
takes place [32]. The result for the BVI mis-
distance at the advancing side of MN case is a
vortex position about 11lem lower than the BL
case - much more than resulting from pure blade
motion. Thus, the main source of noise reduction
by HHC is a significantly different vortex flight
path from its point of creation to that of interac-
tion. This flight path must be a consequence of
a different induced downwash field that the vor-
tex has to pass on its way downstream. At the
advancing side of the MV case, one vortex (from
the blade tip) is about 17¢m higher, and the other
vortex (from inboard) is about 5¢m higher. The



Flap motion, z(8y) = 8.7cm.
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Figure 2: Blade tip motion with and without
3/rev HHC. BL (=), MN (A), MV (Q).
Condition of Tab. 1.

LDV analysis also gives vortex positions at the
advancing side [33, 34]. In MN case the vortex is
found to be at least 15¢m lower than in the BL
case, and for the case MV the upper vortex (from
the tip) is 9¢m higher, the lower vortex (from in-
board) 3c¢m lower than case BL. Although the
absolute values obtained by LDV and LLS differ,
the tendencies of both methods are the same.

Since the global thrust remains almost un-
changed with and without HHC, the local thrust
distribution must be the origin for different vortex
flight paths. An analysis of integrated pressure
distribution at sections r = 0.75, 0.87, and 0.97
is given in Fig. 3 in terms of the blade bound cir-
culation, T'y = C,Ve/2, for the cases of interest.
Herein the effects of HHC and the resulting blade
torsion can be found again (compare to Fig. 2):
in MN the loading is increased at the vortex cre-
ation (¢ = 143° and 225°), therefore increasing
the vortex strength. During the vortex flight path
from creation through the disk to the BVI loca-
tion, the vortex has to pass a higher loading on
both sides compared to case BL. This explaines
the significantly increased BVI mis-distances at
the BVI locations (¢ = 50° and 300°). In the
MYV case, the advancing side exhibits strong neg-
ative loading at the vortex creation (¢ = 143°),
thus the tip vortex has opposite sense of rotation
and gets blown upwards on its way downstream.
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The inboard vortex of conventional rotation does
not pass this upwash area and thus stays lower.

From elastic torsion and the measured lift in
terms of C,, M2, a transfer function can be iden-
tified that relates the HHC input at frequency
n, O,, to the resulting pitch angle at a given ra-
dial station. The elastic torsion and the natu-
ral frequency in torsion do play a major role in
amplification and phase shift. This is especially
true for the relatively soft-in-torsion Bo1l05 rotor
(vy9 = 3.7), used as model within the HART test.
Obviously, a 3/rev HHC will get a significant am-
plification (see Fig. 2), while a control with n > 3
will get a significant phase shift with a reduction
of amplitude. Then, the angle of attack due to
pitch oscillations can be computed. The remain-
ing transfer function from this angle of attack to
the measured lift may be viewed as a sort of un-
steady lift transfer function, representing the in-
flow contributions, and at r > 0.9 this also in-
cludes the three-dimensional flow around the tip.
It is important to keep in mind that in forward
flight a single frequency input in the control an-
gle results in a broader spectrum of lift harmon-
ics around the control frequency. Thus, an n/rev
HHC input results in a lift output from basically
n+m/rev with m = 2.

To create such transfer functions, at each i /rev
(with n—m < i < n+m) the local angle of attack
derived from pitch has to be analysed for all the
HHC variations and the case BL. The difference
from BL to the HHC condition at each frequency
provides the transfer function from HHC input
to angle of attack output, Aa;/A#6,. The mean
influence is found at i = n, and all side harmonics
may be referenced to this ratio.

Aa Ao, iy Q; .
A8, | Dby | 2 |Bay| S~ n — Avin)

(1)

Two side harmonics (m = 2) cover the inter-
esting range of influence on angle of attack. The
result for 3/rev HHC, derived from HART data,
is given in Tab. 2. The same can be done for
the lift transfer function, given also in Tab. 2,
where the difference in C,,M? from BL to HHC
is related to the HHC input. It can be seen,
that the lift has a phase lag relative to the an-
gle of attack at the control frequency. Finally, the
lift of each harmonic can be referred to the ap-
propriate angle of attack, leading to a lift defi-
ciency function. With the local reduced frequency
k = k¢/r and k; = ¢/(2R), this function is defined
as C(k) = AC,M?*/(2rr* M} Aca) with a phase
shift of o (k) = Yin(CnM?) — hin(c). The result
is given in Tab. 3. At constant frequency of 3/rev
the phase lag increases inversely to the radial po-
sition, an effect to be explained by the reduced



Figure 3: Blade circulation distribution and derived vortex creation locations. Condition of Tab. 1.

r ‘% at i = At);, /% at i = ‘% at i = Aty [° at i =
n—2 n—-1 n+1|n—-2 n-1 n+1|n-2 n—-1 n+l1|{n—-2 n—-1 n+1
.75 .07 .23 21 116 348 329 .08 Y A7 12 359 233
.87 .09 .26 .19 122 340 328 12 .49 18 58 344 218
.97 .10 .29 18 125 335 327 .14 A7 .16 80 333 209

Table 2: Spectra of side harmonics of blade section angle of attack and lift at 3/rev HHC. The amplitudes
are referenced to the appropriate 3/rev response.

r 5 8197
Aay,
A+ [239 245 248
Agn/o | 54 48 43
2% [ 268 399 3.02
Agn/o | 61 56 47
AC,, M2
2] 112 163 122
121105 094
|C(k)] 17 83 51
Yo /° 7 8 4

Table 3: Transfer functions at n = 3/rev HHC.

frequency that also increases due to its propor-
tionality to 1/r. The magnitude of the lift defi-
ciency function decreases with increasing reduced
frequency, and at the tip the three-dimensionality
of the flow additionally reduces C(k).

3 Prescribed wake models

Prescribed wake codes can be traced back to 1956,
where for hover condition a parametric model was
build up, based on flow visualization of wind tun-
nel experiments [11]. The widely known model
of Landgrebe is dated to 1971 for hover and in-
cludes rotor loading, number of blades and twist
in its parametric description [12, 13]. In forward
flight, the UTRC Generalized Wake is widely used
[15]. Its parameters are also based on wind tun-
nel tests and the wake geometry depends basically
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on Cr and p. The latest prescribed wake variant
stems from Beddoes and was published in 1985
[16]. Again, the wake geometry is based on steady
rotor operational data, and the roll-up at the left
and right of the disk is empirically formulated.

Several downwash models exist that are de-
scribing the induced velocity distribution within
the rotor disk instead of the locations of tip vor-
tices. These are typically derived from momentum
theory or actuator disk assumptions, like Glauerts
downwash [35] (that is basis of Beddoes geom-
etry), additional lateral asymmetries in forward
flight given by Drees [36], or the model of Man-
gler [37, 38, 39]. A prescribed wake geometry can
always be computed using one of these downwash
models, and it is somewhat surprising that Man-
glers model has never been used as a basis for such
a wake (although it computes local mean induced
velocities sufficiently well).

For computation of the vortex wake geometry
at every instance of time, the mean induced ve-
locity distributions must be known analytically
in advance. For this purpose, momentum theory
(like Glauerts downwash, that forms the basis of
Beddoes wake geometry) or actuator disk the-
ory (like Manglers downwash) can be used. The
essential problem is that the downwash models
are build up in polar coordinates that are advan-
tageous for rotor simulation purposes, but dis-
advantageous for vortex flight path integration,
since the polar coordinates have to be trans-
formed into cartesian coordinates first. As long
as the radial distribution is of low order in r and



only one harmonic is used (like in Glauerts down-
wash: \iq/Aio = ko + k,7 costp with kg = 1), the
transformation leads to terms proportional to z
and the integration is simple.

i
Aio

=ko + kz = fgq (2)
Therein the gradient k, = |arctan(u/ — A)| is
due to forward flight. Additional lateral asymme-
tries are formulated by Drees through \;/Ai =
—2uy = fp and may simply be added. The trans-
formation of Manglers downwash, however, leads
to very complicated expressions to be integrated.
This might have been a reason not to use this
downwash model in the past. A general formula-
tion of downwash geometries will always be de-
fined as a Fourier series like

N w—
% = T;Cnfn(,r)gn(/‘/}) (3)

where ;o results from momentum theory in for-
ward flight and is depending on appp, u and Cy.
fn are radial shape functions of higher order in
r. With the help of Moivre’s formula the trigono-
metric functions g, of argument ny can be trans-
formed to those with argument v only, but to the
power of n [40].

n

cosny = cos™ —< 9 )cosn_Qz/)sian/)
+< Z )cos”4z/)sin4z/)
..+...

(4)
A similar expression exists for sinmni. Next,
cosy) = x/r, sinyp = y/r, r? = 2%+ y? have to be
introduced in order to obtain the induced velocity
field in terms of z and y only. This is necessary be-
fore integrating the vortex flight path along the z
coordinate through the downwash field, assuming
no variation in vertical direction. Strictly speak-
ing, this is a crude assumption (especially above
the disk), but the vortices do move with the wake
and thus always remain in close vicinity of the
dwonwash field.
Beddoes downwash superimposes a lateral dis-
tribution proportional to y°:

AiB

— k.l

=fa+fs fB (5)

- 157
The factor 8/(157) was not given by Beddoes in
[16], but omitting it would violate the momentum
theory result for the mean value and thus lead to
erraneous wake geometries. For the wake geom-
etry it also is important that the lifting part of
the blade does not extend from the rotor center
to the full span as assumed by momentum or ac-
tuator disk theory. A real blade’s lift essentially
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Figure 4: Downwash distribution of the modified
prescribed wake, condition of Tab. 1.

is provided between approximately r = 0.3 and
about r = 0.96. Then, in order to fulfil the total
momentum on a reduced lifting area of the disk,
the mean value of induced velocities must be mul-
tiplied by 1.2 in case of Glauert’s downwash.

' ~ £0.96 -
1= Qkoko/ rdr = ko =1.2
0.3

This correction is smaller for the Mangler down-
wash (1.07, see [46]) since the shape function
fo has already small values in the center of the
disk, while Glauerts distribution is constant ev-
erywhere (kg = 1). By doing so, all vortex ele-
ments passing the center of the disk are not af-
fected by the mean induced velocity as long as
they are within r < 0.3, and thus are at a higher
flight path in the rear of the disk. This has been
also observed in wind tunnel tests as well as in
free-wake computations. As a result of these mod-
ifications, the downwash distribution of the mod-
ified model is given in Fig. 4.

The vortex flight path can now be obtained by
integration over the nondimensional time ® until
its instantaneous age ¢. It is easier to transform in
and integrate along x = r cos ¥ = u¢p+xg instead,
where d® = dz/p and the creation of the vortex
element is x¢g = 74, cosv, at a lateral position of
Yo = Tty Sin1p,. Note that ry, not necessarily is at
the blade tip, see Fig. 3. The integration results
in nondimensional vortex flight path functions.

¢ 1 [* h
/ fngnd@:_/ fngnd-r:_n
0 l"’ Zo N

For the derivation of these complex expressions
hyn, (for Mangler’s downwash they are given in
[46]), a software capable of symbolic algebra was
used [41]. Then, the vertical coordinate along the

(7)



Figure 5: Tip vortex flight path using modified
prescribed wake, condition of Tab. 1.

tip vortex flight path using a general downwash
as basis is given by

) >
Z:/ —)\idq):—@
0

n=0

cnhn (8)

The functions h,, will become very complex and
lengthy with increasing n. Since the downwash
contribution of the higher orders of n is typically
of decreasing nature within the disk and mainly
contributes to the convergence at the blade tip
itself, terms above n = 6 are mostly negligible.
Now the vortex flight path using Beddoes model,
based on the modified Glauert downwash (two
terms are present: n = 0,1) and the lateral con-
tribution due to Drees, can be computed.

Xio [* i
ZB:——O/ fg-l-de:C:——OhB (9)
/“‘L i) /’l’
with the flight path function

[
2o 197

= [(:& — ko |v®| — 20y + ko) = + k72$2:|

hp kz|y3| —2uy + ko + kyx dx

T
Zo

(10)
Care must be taken to the inner part of the disk
with no contribution from the mean induced ve-
locity. Here, a stepwise integration has to be ap-
plied. The rest of the wake geometry strictly fol-
lows Beddoes approach and is not repeated here.
For a typical descent flight condition, the result-
ing tip vortex flight path surface using this mod-
ified Beddoes downwash is presented in Fig. 5. It
can be seen that in the rear part with |y| < 0.4
the vortices are located higher due to the effect
of root cutout on the mean induced velocity.

In hover, the division by u leads to a singu-
larity and the functions h,, are not valid there.
This is because the functions f,, are no longer
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depending on ¢, and the integration is much sim-
pler as in forward flight: z = —A;9co fo¢. Also, in
a general model all terms with n > 0 will vanish,
but the shape function fy will be any function of
7 like in [38]. Then the radial vortex position is
a function of its age (due to contraction of the
downwash stream tube) and the result is more
complicated. For Mangler’s downwash model, the
resulting flight path function is given in [46].

4 Modelling HHC effects

In order to compute tip vortex deflections due to
HHC, the contributions of HHC to the induced
velocity field have to be known in advance. For
this purpose, the results from Sect. 2 can be used.
First, it was shown that the lift response at n/rev
can be described in dependency of the resulting
angle of attack (control and elastic torsion con-
tributions) using the transfer function from pitch
input to this angle of attack and that one from
pitch input to the resulting lift. Elastic torsion
plays an important role therein. Second, it was
shown that the side frequency at n — 1/rev is an
important part of the lift resulting from n/rev
HHC.

It must be recalled that HHC is an integer mul-
tiple of the rotor rotational frequency, and thus a
steady phenomenon for an observer located out-
side - the additional lift due to HHC appears
as a wave being fixed in space, although it is
an unsteady phenomenon for the rotating blade.
Therefore, the HHC-induced thrust distribution
is steady from an actuator disk point of view and
its geometry can be expressed in form of a Fourier
series. Now momentum theory can be applied for
the amplitude of this Fourier series as it is used
for computation of the mean induced velocity v;o,
which is based on the mean value of the thrust.
Then, combined blade element/momentum the-
ory may be applied using the amplitude of angle
of attack to compute HHC-induced downwash.
The local unsteady thrust of the blade element
is

Vi

QRr

T = Nbg(QRr)QcClaC(k) (9 - ) Rdr

By momentum theory this differential thrust is

expressed by the mass flow 7 and the total in-

crease in velocity of the slipstream, w [42, 43].
dT drnw

(p2m R*r dr v;)(2v;)

4pmv? R?r dr

(12)

From both results a quadratic expression for v;
can be derived and from this the induced inflow



NycCio C(k) 32w Rro
=t iy 2
A 167R + NbCClaC(k)

(13)
In steady conditions (collective control in hover)
C(k) = 1 and this reduces to the formula found
in classical literature [42, 43]. Setting Cj, = 27
and k = nk;/r with k; = ¢/(2R) the result is

8r6

A Nk O~ 1) (14)

4

In general, the induced velocity field due to HHC
may be expressed in form of a Fourier series in az-
imuth and radial shape functions similar to Man-
glers downwash. Knowing that an input at n/rev
also results in side harmonics (in forward flight)
as shown in Sect. 2, the induced downwash will
also incorporate these side harmonics.

Ai(r, ) = CJ'Fj(T)Z/\in(an)

n+m
X ‘ Z AZ:: COS(“ﬁ - "/}n - "/}Am)

(15)
To ease the analysis, the amplitudes of this down-
wash model are evaluated at a representative ra-
dial station, for example r = 0.75 or 0.87. The
radial distribution is advantageous from an an-
alytical point of view, when it is expressed by
F;(r) r/ with orders j = 0, 1, or 2, repre-
senting a constant distribution over span, a linear
increasing distribution, or proportional to 2, re-
spectively. The highest order seems plausible with
respect to the quadratic increase of lift to the tip,
while lower orders are simpler to integrate later
on. The factor C; takes care for the total momen-
tum that must be retained for any of the distri-
bution functions Fj. Thus,

Jj+2
=)
(16)
The amplitude of HHC induced downwash A;,, de-
pends on the amplitude of dynamic lift, the lift
depends on the actual amplitude of angle of at-
tack, and this is widely depending on elastic tor-
sion properties of the blade as shown before. In
addition unsteady aerodynamic phenomena are
in effect. All these effects can now be introduced
using the results of Sect. 2 and the expression for
the induced velocities above at a representative

1

!
1i2C~/ Fi:(r)rdr - C; =
J . () J 2(1
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r 75 87 97

Xim 0215 0249 .0234
Agin/® | 61 56 47
Nim 1 | 0123 0122 011
A, 1/° | 359 344 333

Table 4: Amplitude and phase of n = 3/rev HHC
induced downwash at the control fre-
quency and the most important side fre-
quency. Condition see Tab. 1, 83 = 1°,
3 = 0°.

Figure 6: Induced downwash due to 3/rev HHC.
nw=0.15,03=1° 13 =0° j =2.
radial station 7,¢f.

kat|C(k(rref)|n
4

Ain (rref) =

. 8Tres ‘AA_(i(rref)‘a
+ —
Nokt|C(k(rres)ln "

(17)

For n = 3/rev HHC of amplitude 63 = 1° the
resulting induced velocity amplitudes are com-
puted using the transfer function data given be-
fore and the result is given in Tab. 4. For all fol-
lowing applications, the reference radius of r =
0.75 is chosen. In Fig. 6 the resulting induced ve-
locity field due to 3/rev HHC is shown.

The perturbation of the tip vortex flight path
within the rotor disk due to this HHC induced ve-
locity field is obtained by analytical integration as
has been shown in the last section. Using Moivre’s
formula [40] for transforming the higher harmon-
ics into powers of the basic harmonic and putting
in the relationships cosv = z/r, siny = y/r it is
possible to integrate the vortex flight path from
its origin at xg to any instantaneous position x.

[ x
1 Hyc:
/ Fjgndqﬁz—/ Figy dx nCj
0 /“L Zo

(18)



These H,¢c; are nondimensional flight path func-
tions of the cosny term with the jth order of
F' as radial distribution function. For j = 2 and
n = 2, 3, the functions H,c; and H,s; are

Hycj = [0 1 cos(nip) da

Hysj= [, 17 sin(ny)dz
3Hyco = [ac?’ — 3y2$] zo

Hjso =y [CUQ]zO
3H302 = |:(£1?2 — ].].yQ)\/ x2 + y2j|x

Zo
2H3s0 = 3y [56\/ z? + Z/Q}
o
—5y° [log (a: + /22 + yQ)]x
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For j =0,1,2 and n = 1 to 6 and for the hover-
ing case where u = 0, the results are given in [46].
Due to the complexity, again symbolic algebra
software is used for deriving these functions [41].
Finally, the total flight path at multiple n/rev
HHC is computed by

C
_7] zn: )\ML i=n—m An

X[cos(Vn + Y a,, ) Hnc;j
+sin(Yn + ¥ a,, ) Hnsjl

For the case MN of the HART test (3 = 0.86°,
13 = 300°) and MV (65 = 0.86°, 3 = 180°) the
resulting tip vortex flight path surfaces only due
to HHC have been computed and they are plotted
in Fig. 7. They are to be seen as additional de-
flections to be superimposed on any basic model
of prescribed wake, thus they are the difference
to the BL case. The viewpoint is left behind the
disk such that the differences on the advancing
side are best visible. For this plot, the tip vortex
is assumed to be created at the tip of the rotor.
In the MN case, y > 0.4, the vortex flight path is
significantly below zero (zggc = —0.1). On the
retreating side the flight path also is below zero.
Thus, the BVI mis-distance is largely increased
and a reduced BVI noise emission will be the re-
sult. In the center (—0.1 < y < 0.4) the entire
flight path is pushed upwards by HHC.

The case MV lifts the tip vortex flight path
on the advancing side to some degree such that
BVI will occur more downstream compared to the
BL case. This is due to the effect of download
in the second quadrant (see Fig. 3) inducing an
upwash, that blows up the tip vortex on its way
downstream. A vortex created more inboard as is
true for the MV case does not have to pass this
upwash area, because it is created downstream
of it and thus will create BVI as in the BL case.
The increased blade lift around ¢ = 180° leads to
an increased downwash in the center area —0.5 <
y < 0.2, pushing the tip vortices downwards.

n+m
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Figure 7: Tip vortex flight path surface due to
3/rev HHC with 63 = 0.86°. The side
harmonic n — 1 = 2/rev is included.
Condition of Tab. 1, j = 2.

5 Validation of the method

First, the BL case will be considered. In Fig. 8 the
resulting trajectories of BVI within the disk are
compared. Test data are available in form of high
pass filtered pressure distribution of the leading
edge sensors that reflect well the location and in-
tensity of BVI. In computation, the intensity is
expressed via closeness of predicted tip vortices to
passing blades: the smaller the BVI mis-distance,
the larger the symbol. Open symbols denote vor-
tices below the disk and closed symbols those be-
ing above.

Results for MN and MV cases are also pre-
sented in Fig. 8 and Fig. 8. In the MN case, there
is no BVI present in the first quadrant at the
blades tip - this being the reason for reduced noise
emission. The vortices are passing the blade far
enough below it not to create high frequency load-
ing. The interactions have moved to y = 0.5 and



BL

MN
HART test (leading edge pressure at 0.03¢, high pass filtered at 6/rev)

MV

0.5

0.0

-0.5

-1.0 !

-1.0 -0.5 0.0 1.0 -1.0

X —=

-0.5

o
e

B
e
.[ IQ‘E&%@J

Oseg

KB
/>
s

Figure 8: Comparison of BVI trajectories in the rotor disk from experiment with computed BVI mis-
distance of prescribed wake. Condition of Tab. 1. Closed sybols: vortex above the blade, open:
below. The symbol size indicates the closeness to the blade.

to ¥ = 90° instead, where they are less important
with respect to noise. The retreating side shows
similar behaviour since the strong parallel inter-
action at ¢ = 300° now is less important, the
vortex is below the blade. Both effects are due
to increased lift in the second and third quadrant
(see Fig. 3), leading to increased downwash at
these areas, and thus the tip vortices are ”blown
down” on their way through the disk. The MV
case exhibits opposite trends. Here, the most se-
vere interactions have moved right to the blade
tip in the first quadrant, where the highest local
Mach numbers are present and thus BVI gener-
ates more noise compared to the BL case. Also,
the retreating side shows the strongest interaction
right at the location of parallel BVI at 1) = 300°.

At y = 0.6 LDV measurements have been per-
formed during HART. From these data the posi-
tion of the vortex center can be analysed when
passing the LDV location. A comparison of the
computed vortex flight path within this lateral
plane can then be used for validation. This is done
in Fig. 9 for case BL with the modified Beddoes
model. The wind tunnel coordinate system is used
and the blades are plotted as straight lines from
the origin at the hub. The vortex passage is pre-
dicted rather close to the measured location (+).
It can be seen, that the vortices are not created
at the tip but at a radial position somewhat in-
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board. This is a result of the radial distribution
of bound circulation that shows a small gradient
at the tip, see Fig. 3. Results using the Mangler
model are given in [46].

In Fig. 9, for cases MN and MV the resulting
flight path using the modified Beddoes model and
superimposed by the HHC perturbations is com-
pared to the measured location (LDV in case MV
with two vortices, LLS in case MN). It can very
clearly be seen that the difference of BVI location
is generated by a significant different flight path
of the tip vortices. In case MV, the tip vortex
(with opposite sense of rotation) as well as the
inboard vortex (with conventional sense of rota-
tion) are pushed up due to negative blade lift in
the tip region, see Fig. 3. In contrast, the case MN
shows the vortex passing the blade very early (at
x = —0.25) and staying below the disk such that
it is significantly below the blade where parallel
BVI can occur (z > 0.5). This is caused by in-
creased blade lift and thus increased downwash
in the second quadrant, see Fig. 3. The difference
in blade position due to HHC can also be seen in
Fig. 9 and it is obvious that the changes in the
vortex flight path are larger by about one order of
magnitude. Thus, the different blade flap motion
is unimportant for BVI; the major effect of noise
reduction stems from the vortex flight path.

Further validation data require a rotor simula-
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Figure 9: Computed vortex flight paths on ad-
vancing side at y = 0.6 for case BL,
MN and MV (with double vortex sys-
tem, see Fig. 3), condition of Tab. 1.

tion with elastic blades, unsteady aerodynamics
and the wake described before. The code used is
an isolated rotor simulation program trimming
the basic controls to the desired rotor thrust
and moments at given operational conditions [44].
Among other applications, this code proved to
be well suited for rotor performance prediction
as well as for the prediction of unsteady aero-
dynamic loads [45]. In Fig. 10, the elastic blade
deflection in flap and torsion at the blade tip and
the lift at » = 0.75 and r = 0.87 is compared to
the experiment. The offset in flap motion is a re-
sult of a zero precone in the computation, while
it is g = 2.5° in the experiment, see Tab. 1.
There is more flap motion in the computation
than in the experiment, but the elastic torsion
is met quite well. The sectional lift in form of
C,M? at the given radial stations do also match
the experimental data, especially in the location
and amplitudes of BVI related fluctuations. This
is important for the noise computation based on
sectional loading time histories.

Finally, the noise emission computed from the
simulated loading distributions with and without
HHC is compared to the test data, where micro-
phones scanned the acoustic emission in a plane
1.5R below the rotor. Using Ffowks-Williams-
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Hawkins equation,! the loading distribution can
be used as input, together with operational con-
ditions, blade motion and geometrical rotor data,
to obtain pressure time histories due to thickness
and loading (except shock wave noise) at any lo-
cation in space. The result for the noise levels in
the same plane as where they were measured is
given in Fig. 11 using the modified Beddoes model
only (BL) and superimposed by the HHC wake
deflections (MN and MV). It can be seen that
the general trends are predicted well in terms of
noise level and directivity. Without the HHC re-
lated wake deflections, the MN case would even
generate more noise than the case BL (see Fig. 1),
since the BVT locations remain the same (due to
unchanged vortex wake geometry and unchanged
BVI mis-distance), but the vortex strength at the
interaction is significantly incresed by the HHC
related loading, see Fig. 3. Therefore, although
the method presented in this paper is only an ap-
proximate one, the HHC induced changes of tip
vortex flight paths within the rotor disk are com-
puted to an order of accuracy being enough for
principle investigations.

More results for n = 4 and 5/rev HHC as well
as for 2/rev IBC can be found in [46].

6 Conclusions

In this paper, the development and validation of a
prescribed wake method to compute the tip vor-
tex flight path under HHC/IBC conditions is de-
scribed. The conclusions can be summarized as:

¢ Elastic blade behaviour plays an important
role in amplifying or reducing the HHC input
by its natural frequency in torsion.

Using blade element and momentum theory
a HHC induced downwash field can be for-
mulated.

In analogy to the computation of the mean
induced velocities from steady rotor data like
Cr, the HHC related downwash requires in-
formation about the dynamic rotor proper-
ties like natural frequency in torsion.

The tip vortex flight path perturbation is ob-
tained by analytical integration through the
HHC induced downwash field.

The presented prescribed wake method includes
HHC effects on the wake geometry and appears
to be well suited for an approximate estimation of
the radiated BVI noise emission in forward flight.

IThe acoustic computation has been performed by the
DLR Institute of Desing Aerodynamics using the code
AKUROT
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