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Informal Proceedings

The Forum was held on June 9-11, 1999 at the University of Rome III, viale Guglielmo Marconi

nr. 499, Rome, Italy. It has been a single-session event and a total of 28 papers were presented by

speakers coming from ten different countries (Belgium, Canada, France, Germany, Greece, Italy,

The Netherlands, Russia, UK, USA; see Programme included in the formal Proceedings).

Of particular interest were:

1. the keynote lecture held by Dr. Dietrich Knoerzer of the Division General XII of the European

Commission: ‘‘On Technology Acquisition in Aeronautics through the Research Framework

Programme,’’

2. a Special Session on Activity of EU Research Establishments (H. Heller, DLR; C. Tung and

F.X. Caradonna, NASA Ames; J. Prieur, ONERA; S. Ianniello, CIRA; F. Nitzsche, NRC

Canada; D. Theofiloyiannakos and S.G. Voutsinas, Center for Renewable Energy Sources,

Greece), and
3. a Special Session on Projects Sponsored by EU (V. Kloeppel, HELIFLOW; P. Renzoni,

EROS; A. Pagano, ROSAA; H. Brouwer, X-NOISE; E. Maury, APIAN; A. Paonessa and A.

Cafiero, SNAAP).
A total of 40 people attended the Forum (see list of attendees).

The Forum was very well received; the Scientific Committee was complimented on the technical

content of the papers as well as on the organization.
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Foreword

These Proceedings contains most of the contributed papers presented at the CEAS Forum on
Aeroacoustics of Rotors and Propellers, held at the University of Rome III, Rome, Italy, on June
9-11, 1999. The two Special Sessions held on Thursday, June 10, consists of invited papers for
which a written paper was not required at the time of the Forum; a special issue of Aerotecnica
Missili e Spazio, the Journal of AIDAA, will be dedicated to this Forum and will contain all the

papers not included in these Proceedings.

I wish to express my gratitude to Dr. Dietrich Knoerzer of the European Commission DG XII,
for the endorsement of the Forum and for his contribution to the organization of the two Special
Sessions. I also wish to thank CEAS for sponsoring the Forum and AIDAA for the support in its
organization; in particular I wish to thank my collaborators, Dott. Ing. Giovanni Bernardini, Andrea
Corbelli and Vincenzo Marchese, for the time that they generously dedicated to the organization of
the Forum. Finally, the financial contributions of ERO (European Research Office), EOARD
(European Office of Aerospace Research and Development), ONREUR (Office of Naval Research
Europe), CIRA (lItalian Center for Aerospace Research) and the University of Rome III,
Department of Mechanical and Industrial Engineering - that made this Forum possible - are

gratefully acknowledged.

Luigi Morino
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INTERACTIONAL AERODYNAMICS AND AEROACOUSTICS OF
HELICOPTER
MAIN-ROTOR/TAIL-ROTOR AND MAIN-ROTOR/FUSELAGE

S.R. Ahmed, J.P. Yin

German Aerospace Center (DLR)
Institute of Design Aerodynamics
Braunschweig, Germany.

April 29, 1999

ABSTRACT

This paper address two problems of the helicopter flowfield: the aerodynamic and aeroacoustic
interaction between a) the main- and the tail rotor and, b) between the main rotor and the fuselage.
The first interaction is analysed with a numerical approach; the main rotor/fuselage interaction
study, restricted to aerodynamics, is based on wind tunnel experiments.

The rotor interactions studied are for a) a two-blade main- and tail rotor in hover, and b) a four-
blade main- and a two-blade tail rotor in climb flight. Parameters varied for the hover configura-
tion are the lateral spacing between the main- and tail rotor and the sense of tail rotor rotation.

The unsteady pressure on the main- and tail rotor blade surface is calculated with a 3-D un-
steady free wake panel method and used as input to a Ffowcs Williams Hawkings-equation based
code to evaluate the aeroacoustics.

Main rotor effects a significant change in the noise directivity pattern and noise level of the tail
rotor. Tail rotor contribution to the total noise dominates during the climb flight.

Main rotor/fuselage aerodynamic interaction is analysed from pressure, and flow visualisation
data of wind tunnel tests. Test parameters are rotor thrust and advance ratio.

Rotor downwash and fuselage flow vary with flight condition and govern the flow aerodynam-
ics. The global flowfield is strongly dependent on the rotor thrust and advance ratio.

INTRODUCTION

Aerodynamic and aeroacoustic interaction between helicopter main rotor (MR), tail rotor (TR)
and the fuselage are an important area of current research, motivated by the need to increase the
cruise speed, improve the handling qualities, reduce the vibrations and pilot workload and lessen
the noise impact on the environment.

The helicopter MR operates in close vicinity of the TR and the fuselage and major aerody-

namic interactions occur between these components which govern also the noise generation and
radiation in the flow field.




The fuselage displaces spatially the oncoming flow causing the the rotor blades to experience
varying incidence over the azimuth. The fuselage distorts the MR wake and blade tip-vortex tra-
jectory, changing thereby the blade/vortex interactions (BVI); the fuselage itself is immersed in
the MR downwash. The MR and TR wakes interact and merge to form a complex vorticity domi-
nated wake flow region. The TR is exposed to the wakes coming off the fuselage rear-end and the
MR hub. The intensity of these interactions varies with the flight conditions. All these phenomena
are unsteady and generate fluctuating vehicle loads, vibrations and noise.

Helicopter noise, due to its characteristic impulsive and tonal content, is a source of commu-
nity annoyance.The main sources of helicopter noise are its MR, TR, engine, and the drivetrain
components. The MR and the TR operate in free atmosphere and radiate noise unobstructed into
the environment. With rising concern for environmental issues, helicopter noise has gained impor-
tance on par with performance, safety and reliability. For military helicopters, noise is a source of
early detection.

The contents of this paper address two problems of helicopter flowfield , namely the MR/TR
interaction and the interaction between the MR and the fuselage. The first interaction phenomena
is analysed with a numerical approach; the MR/fuselage interaction study is based on wind tunnel
experiments.

R/TR INTERACTION ANALYSIS

The main research effort in the past was concentrated on the MR aerodynamics and aeroacous-
tics, where extensive work, both theoretical and experimental helped to deepen the understanding
of the aerodynamic and noise generating mechanisms . Even though the TR has been recognised
early [1] as a significant source of helicopter noise, research effort towards TR aerodynamics and
noise has been less extensive [2, 3, 4, 5, 6 and 7]. '

The complex flow in which the TR operates poses an extreme challenge both for experimental
and theoretical study. The complex flow around the TR is the product of the interacting flows gen-
erated by the main rotor wake, fuselage, rotor hub, engine exhaust and empennage in addition to
its own wake.

Research on TR noise has produced some contradictory results which are as yet unexplained.
Leverton‘s work in the seventies [1], with the Lynx helicopter and simple theoretical model stud-
ies identified the interaction of blade tip vortices of the MR with the TR as the main source of TR
noise. Based on this, a significant reduction in TR noise could be achieved by reversing the sense
of rotation of the TR [2]. In contrast the detailed experimental investigations of Schultz et al [7],
on a model scale MR/TR set-up in the DNW-wind tunnel show that the noise generated by the TR
under the interaction of MR was less than the noise of the TR alone. Results of Schultz et al have
been substantiated by the experimental results of Fitzgerald et al [8] and Martin et al [9]. It ap-
pears that either findings are restrictive to particular configurations investigated.

Theoretical analysis of MR/TR interaction in earlier work is based on the aerodynamic interac-
tion between the MR tip vortices and the TR blades. George et al [10] made a comparative study
nf different TR noise mechanisms. They conclude that the MR tip vortex/TR interaction generates
the excess noise compared to that of TR in isolation. Also Tadghigi [11], using a similar approach
comes to same conclusions.

The work most relevant to the present paper is the analysis of Quackenbusch et al [12]. The
flow field in the inlet plane of the TR disc was calculated without simulating the TR or its wake
and then using this data to compute the TR acoustics. They note the importance of simulating the
full-span wake of the MR to correctly capture the TR acoustics.
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Interaction of MR/TR is also the subject of the work of Baron et al [13] where the aecrodynam-
ics are investigated using a lifting surface representation for the blade and a Lagrangian vortex lat-
tice free wake. Aerodynamic interaction between multipe rotor configurations was investigated by
Bagai et al [14] where a full-span wake with a roll-up concept is used to simulate the tip vortices.

The MR/TR interaction results presented here are from an ongoing effort at DLR to simulate
the aerodynamics and aeroacoustics of a helicopter MR/TR configuration in subsonic flow. A ge-
neric two-blade MR/TR configuration in hover and a four-blade MR with a two-blade TR config-
uration in climb mode is studied without the fuselage.The results are meant to demonstrate the
ability of the code to capture the physics of the interaction.

The approach employs a a 3-D free wake panel method [15], to compute the unsteady pressure
distribution on the MR and TR blade surface. This serves as input to a Ffowcs Williams, Hawk-
ings (FWH)-equation based acoustic code to evaluate the aeroacoustics. The panel method used
accounts for blade thickness, twist and arbitrary planform as well as lead/lag, flapping and pitch-
ing motions of the blades. The simultaneous rotation of both rotors captures the mutual interac-
" tion between the MR and TR. The wakes of both rotors evolve in a Lagrangian fashion as full-
span vortex lattice free wakes as the computation proceeds in the time domain. For the hover con-
figuration, the effect of tail rotor sense of rotation and the lateral distance between the rotor axis
on the aerodynamics and aeroacoustics is investigated.

1. Numerical Model of Rotor Aerodynamics
A 3-D free wake panel method developed by the authors [16,17] to treat the flow around single
rotors in arbitrary motion was extended to treat two simultaneously turning rotors. The boundary
condition of flow tangency on the M- or TR surface is satisfied at every time instant with consid-
eration of the interaction between the MR/TR blades and their free wakes.

The lifting rotor blade is modeled with the following elements (Fig. 1):
a) a source/sink distribution over the blade surface simulating blades of finite thickness,
b) a prescribed doublet distribution over the blade mean surface to simulate the blade lift and,

¢) a short zero-thickness elongation of the blade trailing edge (Kutta panel). This fixes the
strength of the blade circulation. :

Body Surface Panel
\x“ (Source/Sink Distribution)
z tta-Panel
X
Mean Surface Panel .
(Doublet Distribution) Shed Vortex

Trailing Vortex

Fig. 1 Numerical Model of a Blade and Wake Segment

The numerical procedure consists of partitoning the blade and mean surface into small planar
surface elements (panels), which carry a source/sink or doublet distribution of unknown strength.

~ Imposing the flow tangency condition at a collocation point on each blade- and Kutta panel
leads to a system of linear algebraic equations whose solution gives the strength of the collocation
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point sigularities (source/sink or doublet) after each computation (time) step. With this the in-
duced velocities on the blade surface and wake elements are evaluated. After each computation
step, vortex panels are released from the blade trailing edge and move in space (over the duration
of the time step) with velocities induced by the entirety of blade- and wake vortex panels plus the
velocity components due to blade motion. A full-span free wake is generated in this manner be-
hind the blades as the computation proceeds.The pressure on the blade surface is calculated using
the unsteady Bernoulli equation. A more detailed description of the numerical scheme is available
in [15].

The non-linearity of the problem stems from the a priori unknown spatial location of the
wakes. An additional complexity in the case of MR/TR operation arises due to the relative motion
between the M- and TR blades, whose consideration is essential to correctly capture the interac-
tion effects.

1.1 Blade Motion Definition in Inertial Frame of Reference

All blade motions are referred to a ground-fixed inertial frame of reference (i-frame), denoted
by the superscript ,i, Fig.2. The motion in i-frame can be transferred to a blade-fixed reference
frame (b-frame; denoted by a superscript ,b) by five transformation matrices T, which account
for the pitching-, lead/lag-, flapping-, and rotational motion of the rotor blade besides the rotor
shaft tilt:

- .— [~ b-
, S o xi 0
xDy = X(2i) = |Uyt +Tath,TﬁT§Ta X(zb) +TatT‘PTB e e (1)
@) Ut (b) 0
%3 ‘ 37

X® (1) is the position vector of a point on the MR blade in the i-reference frame and X® (t) the
corresponding vector in the b-reference frame at time t. The vector X has the components X1. X5
and X3, and the translational velocity vector U (in the i-frame), the components Uy, Uy, and U,.
The subscripts o, B, & and y are the blade pitching-, flapping-, lead/lag- and azimuth angles,
whereas oL, denotes the tilt of the rotor shaft from the i-frame normal.The flap offset is denoted by

3

€.
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Blade Fixed Frame of

Reference for Main Rotor
Inertial Frame
of Reference

(Earth Fixed)

Main Rotor
U Flight Direction

Fig.2 Blade Fixed- and Inertial Frame of Reference
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The position vector for a point on the TR blade in the i- frame XT(‘) (t) is related to the posi-
tion vector of the same point in the TR b-frame of reference, XT ) (t), by the following six trans-
formation matrices (see Fig.2):

.
NO
1| jug
(i) @] _ (b)
X7 (1) = xT2 = Uyt+TatT90T\I,TTBTT§TTa .
L0 1V
A T3'. : e (2)
0
+T, TooTy Ty legl + T x©
o, T PT t
0
with
. [ (b))
0 X
90 0 sin90 X(l ) I
COS sin
(0) (b) b
Teo=| o 1 o |, X =[x Xp’= X(Tz) . (3)
—sin90 0 cos90 X(30) XSIP)
L2 3

The subscript T denotes the matrices for the tail rotor. X represents the lateral distance vector
between the axis of the M- and TR. Ty is the transformation needed to account for the TR plane
being normal to the MR disc

1.2 Numerical Implementation
The discretization of the blade- and wake- surface through a finite number of planar panels
leads to a system of linear algebraic equations

n+m
kB

m
%S AT E

i Yy = Ry-30_ GyiZ e (4),

with the index i = 1,2,3,.... (mg+my). Heieby is mg the total number of panels on the M- and TR, n
the total number of panels on the MR/TR-blade mean surface, and my, the total number of M- and
TR Kutta panels. The number of panels on the blade surface and the number of Kutta panels (and
with it the number of collocation points) remains constant. The number of wake panels p, how-
ever, increases as the computation progresses. The above system of equations is solved iteratively
for each time step. Ay;, Bj; and C;; are the mutual winfluence coefficients* of the (surface and
wake) panels. Since the relatlve position of the MR/TR blades and their wakes changes after each
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time step, these influence coefficients need to be updated after each computation step.

2._The Computation of Aeroacoustics
The unsteady blade pressures calculated by the aerodynamic code serve as input to the compu-
tation of the aeroacoustics. The code employed is based on formulation la of Farassat et al
[18,19] with thickness and loading terms only. The thickness noise can be calculated from blade
profile and blade motion description. For the incompressible flow studied here, quadrupole noise
contribution is assumed to be small. The calculations are performed in the time domain and the
obtained pressure time history Fourier-analysed to arrive at the acoustic spectrum.

For potential flow the acoustic pressure at a location x and time t can be expressed as:

. 2 Mn
4nPT(x, t) = If=0 pOCO——-———2 dS+
Cor(l—Mr)
ret (5)
IMLE, ¢ M. — M2
J. | C2M i "0 r 0 ds
£=0{P0~0""n 2 3
C0r (I—Mr) ret
5 f,f;
4Py (x,t) = I —_—|  dS+
L f=0 2
COr(l—Mr) ret
[P + ¥ e (6)
f=0 2 2 2
COr(l—Mr) r (l—Mr)
ds

2 3
Cor (1-M)) et

Here P’ and P’; denote the acoustic pressure due to thickness and loading noise respec-
tively. The integration is carried over the elemental area of the surface panels and summed up for
the entire MR/TR blade surface f=0. The subscript ,ret‘ indicates that the integrand is evaluated at
the retarded time. p, and Cg are density and speed of sound in the undisturbed medium. M is the
local Mach number and r the distance between a point on the blade surface and the observer loca-
tion. Subcripts n and r represent directions normal to and in the direction of the observer. P is the
unsteady pressure calculated from the aerodynamic code. The dots on some quantities signify the
time derivative with respect to source time.The roof sign (,,**) on n and r denotes the unit vectors
in those directions.

For the computation, the blade surface is divided into a number of flat panels. This discretiza-
tion may not be identical to that used for the aerodynamics calculations. Next the retarded time
for a specific observer time and collocation point is calculated iteratively. The azimuth angle at
the retarded time and the corresponding pressure at the collocation point is evaluated subse-
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quently. The acoustic pressure is then given by the equations 5 and 6. The acoustic pressure at a
time instant t is the sum of the contributions of all surface panels.

MR/TR-INTERACTION RESULTS

3. Aerodynamics

3.1 Two-blade M- and TR in Hover

As a first example, a generic two-blade MR and TR configuration in hover was studied. The
TR is a quarter scale version of the MR which in turn is identical to the Caradonna and Tung rotor
with a symmetric blade profile [20]. The TR turns at twice the MR rpm and has the same collec-
tive pitch as the MR. The TR axis lies in the plane of the MR disc. Parameters varied are the lat-
eral distance between the M - and TR and the sense of rotation of the TR. The computations per-
formed were for a MR azimuth step size of 5 degrees and both rotors were impulsively started at
the same time with the TR rotating clockwise (,adv. side down*®, ASD-mode), Fig. 3

——
Rl

Tail Rotor

Main Rotor

Fig.3 Relative Positions of Main- and Tail Rotor

3.2 Wake Development

The progressive evolution of the M- and TR wakes is shown in Fig. 4, where the wakes after
one, two and three revolutions of the MR are depicted. The lateral distance between the axis of the
rotors is 1.33 Ry, with Ry as the MR radius.

RM/C =6.0, RT/C =1.5
Qr=2.0Qy
AT/C=8.0
AD/C=0.5

3 Revolutions

Fig. 4 Development of the Wake of Two-blade Main- and Tail
Rotor in hover




The strong induction of the MR wake pulls and distorts the TR wake; after three MR revolu-
tions the lower part of the TR wake is fully drawn into the MR wake. The induction effect of TR
wake on the MR wake is weak. The MR blade cuts across the TR wake. The TR blades pass very
close to the MR wake but do not cut it. The wake edges roll up as seen in the sequence of the wake
plots.

3.3 MR/TR Section-Lift Time History
Variation of section lift at various radial stations (1/R) of the M- and TR blades over MR revo-

lutions is shown in Figs. 5 and 6. Also plotted are the corresponding results for the isolated M-
and TR.

....... MR 1/R=0.80
MR/TR
£ /R=0.5
-
_5.0.5 3 05
g
"]
o 0
[ 1 2 3 1 z 3
i ir
1/R=0.68 /R=0.96
&
Zos} 05} :
50
8 ['\,4__.4(——’
»
0 : 0
i ? 3 i 2 3
Number of Revolutions Number of Revolutions

Fig.5 Time History of Main Rotor Section Lift
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i
1/R=0.96
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Fig. 6 Time History of Tail Rotor Section Lift




The section lift increases steeply at the start and settles down to an approximately constant
value later. This is due to the ,starting vortex* generated by the impulsive start of the rotors. As the
computation progresses, these vortices move downwards (or sidewards for the TR) and the more
realistic blade/wake interaction phenomena sets in.

Effect of TR wake on the MR section lift appears to be weak as seen from the one per rev.
peaks in the plots of Fig. 5.

The amplitude of the peaks increases towards the blade tip. Obviously these impulsive varia-
tions in section lift are a source of vibrations and noise.

In contrast, the section lift history for the TR exhibits large amplitude impulsive variations in
all radial sections, Fig.6.
Note the two per rev. peaks in the plots, which are a consequence of the TR turning at twice the
main rotor rpm. The comparison with the results of the TR in isolation exhibit the strong interac-
tion effects experienced by the TR which adversely influence the flight stability, vibrations and
noise generation.

3.4 Effect of Lateral Distance Between MR and TR Axis

The lateral distance between the axis of the M- and TR (=AT), was varied in the range of 8, 9
and 12 times the MR blade chord C, keeping other parameters of the configuration constant. Fig.
7 shows the effect of this variation on the M- and TR wakes after three MR revolutions.

N

o, AT/C=8.0 . J -

After 3 Main Rotor
Revolutions

% AT/IC=120 . .

Fig.7 Effect of AT on Wake Development

As evident, for the smaller values of AT/C, the induction effects of MR wake on the TR wake
are present, but disappear for the larger value of 12.

It is instructive to examine the section lift variation over the blade azimuth to locate the posi-
tion of the blade/ wake interaction. In Figs. 8 and 9, a polar plot of the section lift variation over
the azimuth angle for the T- and the MR are shown. Results are plotted for various r/R-stations for
the last revolution.

The TR blade experiences strong Blade/Vortex Interaction (BVI) as it approaches the MR disc
from below and not, as expected, when it is in the plane of the rotor disc, Fig.8.
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Fig.8 Polar Directivity of Tail Rotor Section Lift

This result is of consequence for the directivity of the radiated noise. As seen, the lateral distance
also influences the location of the BV, initiating it earlier for larger values of AT/C. However, the
intensity of the interaction diminishes with increasing value of the lateral distance. Whereas the
interaction effects are felt over the entire span of the TR blade, these effects are confined to the tip
region of the MR, Fig.9.

90 90

4 1/R=0.5 1/R=0.8
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r/R=0.68 £/R=0.96
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01180 0 180 0
4
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Top View, AT/C
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- — -9
—0° - =12
Main Rotor  Tail Rotor

Fig. 9

Polar Directivity of Main Rotor Section Lift
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Also here, the interaction starts somewhat earlier than the time the MR blade enters the plane
of TR and, as mentioned earlier, the amplitude of the abrupt change in section lift is small. The ef-
fect of a variation in AT/C for the MR is similar to that observed earlier for the TR.

4. Aeroacoustics
4.1 Two-blade M- and TR in Hover

4.1.1 MR/TR Interaction Effects

To investigate the directivity of the generated noise, the overall sound pressure level (OASPL)
in a horizontal plane 5m wide and 8m long (=2.5 x 4 MR diameters) located 2.5m (= 1.25 MR di-
ameters) below the MR disc was evaluated, Figs.10, and 11.

a: Loading

Fig. 10 OASPL Contours for the Isolated Tail Rotor.
a) Loading and b) Thickness Noise

P
a: Thickness +
3 Loading

Fig. 11 OASPL Contours for the Total Noise.
a) Isolated TR and b) MR/TR

In Fig.10, the OASPL contours in the horizontal plane for the isolated TR are shown sepa-
rately, with plot a) for the loading- and plot b) for the thickness noise contribution. The location of
the MR disc is indicated by the circle.
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The reason for choosing the OASPL noise metric was to correctly assess the low frequency
content of the spectrum generated by the low TR/MR rpm ratio selected for the computations.
The loading noise contours show two high noise regions (;hot spots*) on either side of the plane of
rotation . The hot spot on the outflow side of TR plane has a higher OASPL level than the inflow
side, Fig.10 a. The thickness noise propagates symmetrically on either side of the (vertical) TR
plane and shows a higher level hot spot than the loading noise, Fig.10 b.

The effect of MR/TR interaction on the noise is seen in Fig.11, where the the OASPL contours
of TR total (thickness+loading) noise are plotted for a) the TR in isolation and b) under interac-
tion with the MR.

The single hot spot visible for the TR in isolation in Fig.11a is replaced by two hot spots under
the action of the MR, Fig.11b. Also the OASPL of both hot spots is higher than that for the iso-
lated TR.

MR noise directivity is shown in Fig.12a for the isolated rotor and in Fig.12b for the rotor un-
der MR/TR interaction. Also here, the strong distortion of the noise radiation pattern due to the
interaction and increase in the sound pressure level are visible

Fig. 12 OASPL Contours for the Main Rotor.
a) Isolated MR and b) MR/TR

4.1.2 Effect of TR Sense of Rotation

To examine the effect of TR sense of rotation , the acroacoustics with the TR rotating in the ad-
vancing side down (ASD) and in the advancing side up (ASU) mode were computed keeping rest
of the parameters unchanged. :

A comparison of the section lift variation over azimuth for the TR turning in the ASD and ASU
modes is presented in Fig.13. The two modes show a difference in the shape and phase of the sec-
tion lift variation, but not a consistent change in the pressure peak amplitude.

OASPL contours for the TR in the the MR/TR combination for ASD and ASU turning modes
are depicted in Fig. 14. Both turning modes show a hot spot on either side of the TR plane. The
change from ASD to ASU mode effects a shift of the hot spot on the left from upstream to a
downstream location and vice versa for the spot on the right, Fig.14
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Fig. 13 Effect of TR Turning mode on TR Section Lift
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Fig. 14 Effect of TR Turning Mode on TR Total Noise. (OASPL
Contours)

The effect of the turning mode on the MR noise radiation is seen in Fig.15. As expected from
earlier discussion, the effect of TR on the MR is, for the configuration studied, small. Accord-
ingly, for both turning modes, the results for the MR noise radiation differ only slightly.
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Fig. 15 Effect of TR Turning Mode on MR Total Noise. (OASPL
Contours)

4.2 Four-Blade MR/ 2-Blade TR in 12" Climb

As a final example of the computational study, a four-blade MR and a two-blade TR configura-
tion in a 12" climb flight condition was investigated. The TR is turning in the ASD mode.This con-
figuration, which corresponds to the BO105 helicopter, has been extensively tested as a quarter
scale model in the DNW tunnel [7]. Unfortunately the precise flapping movement data for the TR
blades could not be acquired during these tests. In our calculations, only an approximate simula-
tion of this flapping motion is performed. The predicted acoustics, due to this reason, cannot be
compared with the wind tunnel results.

Fig.16 depicts the development of the MR/TR-wakes in the climb mode. The perspective cho-
sen is such as to illustrate the interaction of the wakes clearly. The MR blades are seen to come
clear of their wakes and no blade/wake interaction is visible. The lower part of the TR wake inter-
acts and merges with the MR wake.

-

Main rotor

Tail rotor

Fig. 16 Development of MR and TR Wakes During Climb

In Fig.17a,b,c the PNLT contours for the TR, the MR and the combined result for the M- and
TR are presented. The results for the T- and MR are with both rotors in operation. It is seen that
the TR noise contribution is. relatively large and dominates the total noise radiation during the
climb. This result is in qualitative agreement with the experimental results of Schultz et aa [7].
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a) TR alone
b) MR alone
¢) MR/TR

Fig. 17 PNLT Contours for the MR/TR Configuration

M OTOR/ FUSELAGE INTERACTION

5. The Wind Tunnel Model and Tes -U

5.1 The Rotor/ Fuselage Mo

The rotor/ fuselage used in the wind tunnel tests is a 1:6.5 scale powered model of the BO105
helicopter with a 4-blade rotor of 1.5 m diameter. The rotor tip speed is identical to the full scale
version and blade mass distribution, torsional-, flap- and lag stiffness match well with the full
scale blades. A detailed description of the model is available in [21].

5.2 Test Set-up in the Wind Tunnel

The tests were performed in the DLR 3.25 x 2.8m subsonic wind tunnel at Braunschweig. Ro-
tor blade tip speed was maintained at 220 m/s and advance ratio changed by varying the tunnel
wind speed. Rotor thrust was changed by collective blade pitch and trimming for zero moments
obtained by adjustments of the cyclic pitch. Only the main rotor and fuselage were modeled. An
approximate representation of the tail boom is effected by the model support sting.

A photograph of the test set-up in the wind tunnel is reproduced in Fig. 18 a,b.

=

Fig. 18 a) Helicopter model test set-up in DLR 3.25 x 2.8 m
subsonic wind tunnel,
b) Set-up with Smoke Rake
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5.3 Test Spectrum
Detailed (time-averaged) surface pressure measurements on the fuselage surface were made
during the tests, [21 ].

SECTION Vi / V2

[P O——

Y

Fig. 19 Pressure Tap Locations on Fuselage Surface

Fig. 19 gives an overview of the pressure tap locations in the various horizontal and vertical sec-
tions of the fuselage. In all 450 pressure taps were placed at locations of interest. Unsteady pres-
sure at a few locations was measured for a qualitative assessment of possible noise sensitive areas.
Rotor thrust, advance ratio, and fuselage incidence were varied during the tests. Baseline configu-
ration was the isolated fuselage without rotor blades.

5.4 Non-dimensional Test Parameters

The pressure distribution is non-dimensionalized with the rotor tip speed dynamic pressure and
a multiplicative factor of 100:

¢, =100(p-p,)/ € Q°R?) ()

with p as air density,p, p__ the surface and free stream pressures,2 the rotor rotational speed and
R the rotor radius. The thrust coefficient Ct and advance ratio i, which were the parameters var-
ied during the tests are defined as:

Cr=T/(pnQ?R*) (8
and
w=V_/(QR) .9

with T as the rotor thrust and V__ the tunnel free stream velocity.

5.5 Time-averaged Pressures on the Fuselage Surface
For the sake of clarity, the pressure data has been plotted over equidistant abscissa intervals;

16




these do not correspond to the actual abscissa coordinates of the pressure taps.

The effect of increasing the rotor thrust on the presssure along the fuselage plane of symmetry
is shown in Fig. 20.

ca=0 ;=015
o x lsolaioé Fuselage
°© 4 ¢y = 0.002
¢ r ¢y = 0,005

2.0 - e
cP* ¥ . Section V1

1
‘I.S.W ;'..7

Top
front
Lironi

o

Tl

X |t

-1.0 i /
A

-1.8

S 5 7 911 13151719 21 2325 27
PRESS.TAP NO.
45 43 41 39 37 35 33 31 29 26

Fig. 20 Influence of Rotor Thrust on Fuselage Surface Pressure
Distribution in Section V1
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Fig. 21 Influence of Rotor Thrust on Fuselage Surface Pressure
Distribution in Sections H2 and H3
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The rotor downwash decelarates the oncoming flow and also impinges on the fuselage upper sur-
face. Both of these events raise the static pressure above that which is present on the fuselage
without the rotor. The pressure rise on the upper side is stronger than on the lower side, but the en-
tire underside is affected by the skewed main rotor wake for the forward flight situation shown.

Also the pressure distribution on the fuselage sides is affected in a similar manner, as seen in
Fig. 21.

A comparison of the pressures on the starboard and port side of the fuselage (St.B and Ps in
Fig. 21) exhibits only slight asymmetry indicating insignificant side force or turning moments due

to this rotor-induced asymmetry. However asymmetry of pressure is noticeable on the upper fuse-
lage surface, in Section H6, as seen in Fig. 22. This pressure asymmetry is of interest for the loca-

tion of power plant intake.
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Fig. 22 Influence of Rotor Thrust on Fuselage Surface Pressure
Distribution in Sections H6, H9, H11 and H12
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Fig. 23 Influence of Advance Ratio on Fuselage Surface Pressure
Distribution in Section V1
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The rear-end pressure distribution in sections H9, H11 and H12 show also a pressure recovery
with increase in rotor thrust , over that for the isolated fuselage. This has a beneficial effect on the
drag of the helicopter.

The influence of advance ratio is investigated in Fig. 23. With increasing advance ratio, the
flow becomes more and more similar to that of the isolated fuselage, (see Fig. 18). It is evident
from this result that for the high speed flight, the flow characteristics of the fuselage become im-
portant..

5.6 Unsteady Pressures on Fuselage

To assess the magnitude of unsteady pressures generated and their variation with rotor thrust
and advance ratio, 14 Kulite sensors were installed flush with the fuselage surface at locations in-
dicated in Fig. 24 (inset). The data acquisition frequency of these sensors was 6.3 kHz and with a
rotor rpm of 2800, an azimuth resolution of about 2.67 degrees could be attained.
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- Fig. 24 Unsteady Pressures on Fuselage Surface. Influence of
Rotor Thrust

Signatures of the unsteady pressure for the sensors 5, 6 and 7 are shown in Fig. 24 for two val-
ues of rotor thrust, Cp = 0.0035 and 0.005 plotted over the rotor revolutions. The traces for the
sensors 5 and 6 show the passage of the four blades as four peaks per revolution. The blade tip
vortices pass close to the location of these sensors and a strong pressure pulse is recorded. The
signal at sensor 7 is weak and not so distinctive since the blade tip passes this sensor at a larger
lateral distance.

The nose area of the fuselage is a high intensity fluctuating pressure region which radiates
noise to the exterior as well as into the fuselage interior. As this area is also the location of the pi-
lot and provides the-forward vision, noise and vibration absorption measures are difficult to im-
plement here. The increase in thrust increases the amplitude of the pressure pulse indicating in-
creased interior and exterior noise contribution from the fuselage during e.g. take-off.
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A change in forward speed from the hover flight condition generates the unsteady pressure
traces recorded for the sensors 4, 5 and 6 in Fig. 25. Sensor 4, located at the bottom of the fuse-
lage experiences pressure fluctuations which decay in amplitude as the advance ratio increases.
The pressure fluctuations are not related to the blade passage but rather the result of flow separa-
tions at the fuselage bottom. This region of separated flow during hover disappears progressively
with increase in advance ratio and the sensor records only weak pressure fluctuations.

As discussed above both the sensors 5 and 6 record clearly the passage of the four blades; the
pressure amplitude at first decreases from that of the hover condition to rise again with a further
increase in the advance ration. This is plausible since with increasing advance ratio, the trajectory
of the tip vortices comes closer to the location of the sensors 5 and 6.
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Fig. 25 Unsteady Pressures on Fuselage Surface. Influence of
Advance Ratio

5.7 Visualisation of the Global Flow Field

Visualisation of the flow around the rotor/fuselage model was done by introducing smoke fila-
ments in the plane of symmetry. A smoke rake was fixed vertically on the nozzle exit as seen in
Fig. 18 b.

The photographs of Fig. 26 demonstrate the effect of rotor thrust on the global flow character-
istics in the plane of symmetry. At zero thrust (Fig. 26 a), the flow remains fairl" parallel to the fu-
selage axis. The flow going over the rotor disc at the upstream edge appears to be due to the nega-
tive twist at the blade tip.

Tail boom and empennage area is immersed in the low energy fuselage wake flow. With in-
creasing thrust (Figs. 26 b,c), the flow pattern in the front and fuselage rear changes drastically.
Fig. 26 b represents qualitatively the climb and Fig 26 c transition from hover to climb flight. The
adverse flow conditions around the tail rotor and empennage, generated by the rotor/fuselage in-
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teraction are demonstrated by these results.

Fig. 26 Influence of Rotor Thrust on Global Flow. Smoke
Filaments lie in Fuselage Plane of Symmetrie
a) ct = 0.000, b) ct = 0.002, ¢) ¢y = 0.005
a,b,c) u=0.05

The effect of advance ratio, shown in the picture series of Fig. 27, is just the opposite to that
seen in Fig. 26. With rotor thrust held constant, increasing the advance ratio makes the flow pro-
gressively similar to that of the isolated fuselage and the rotor wake wholly engulfs the tail boom,
the tail rotor and the empennage location. A consequence of this is that during high speed flight,
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the characteristics of the isolated fuselage flow bceome more important for the performance of the

helicopter and the tail rotor and the empennage flow is strongly perturbed by the unsteady main
rotor wake.

% ; S
Fig. 27 Influence of Advance Ratio on Global Flow. Smoke
Filaments lie in Fuselage Plane of Symmetrie
a) p=0.025, b) p=0.075,c) p = 0.100
a, b, ¢) cp = 0.005
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SUMMARY AND CONCLUSIONS

6. Main Rotor / Tail Rotor Interaction

Aerodynamics and aeroacoustics of helicopter MR/TR interaction was studied with a numeri-
cal model. A two-blade MR/TR-configuration in hover and a four-blade MR/ two-blade TR-con-
figuration in climb flight condition were investigated.

The main conclusions drawn are:

HOVER Flight

1. The TR wake is strongly deformed and drawn into the MR wake. MR wake approaches the
TR but remains almost unaffected by the interaction.

2.The MR effects a strong change in the directivity pattern and level of the generated noise,
over the conditions for the TR in isolation.

3.The sense of TR rotation influences the TR noise radiation pattern and intensity. The ASU
rotation mode exhibits larger regions of high noise than the ASD mode for the configuration stud-
ied

4. A generalisation of the above result obtained for the MR/TR noise level and sense of tail ro-
tor rotation was not possible and appears to be configuration specific

5. With increasing lateral distance between the MR/TR axis , the adverse interaction effects di-
minish.

12 CLIMB Flight

6. As in hover, the TR wake is strongly distorted by the MR interaction whereas the MR wake
‘remains almost unperturbed by the TR interaction.

7. The TR contribution to the total noise dominates during the climb which is consistent with
the wind tunnel findings.

7._Main Rotor / Fuselage Interaction

The basis of main rotor/ fuselage interaction was the time averaged pressure distribution over
the fuselage surface obtained in wind tunnel tests with a Mach-scaled model of the BO105 heli-
copter and flow visualisation with smoke filaments.

Some of the conclusions arrived at are:

8. The pressure over the entire fuselage surface is affected by the rotor downwash, variation of
rotor thrust and the advance ratio

19. The low pressure areas at the bottom and rear of the fuselage experience a pressure recov-
ery with increasing rotor thrust and advance ratio

10. Only the fuselage upper surface pressure exhibits an asymmetry which may influence the
power plant intake location

11. The upper region of fuselage front is exposed to rotor induced fluctuating pressures. The
amplitude of these pressures increases with rotor thrust and advance ratio

12. At high speeds, the tail rotor and empennage area is completely engulfed by the unsteady
rotor and fuselage wakes. Fuselage aerodynamics become prominent feature of the global flow
during high speed flight '
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Abstract

Recent BVI tests are discussed together with directly related computational studies. These
show that good prediction of BVI-induced loads and acoustics is obtained only when the wake
location and strength are well known. The ability to predict the wake is, then, the most basic
problem in BVI aeroacoustics. This problem is considered from a CFD viewpoint. A simple
scale argument shows that the global wake prediction problem requires exceedingly large grids.
A review of various computational studies seems to support these grid size estimates and
indicates that the global wake problem is a long-term challenge. It is suggested that new
approaches to CFD should be considered, specifically, methods in which vortex cores are not
resolved, but nevertheless preserved. The methods of vortex embedding and vorticity
confinement are shown to be in this category. Until such methods are developed, the working
aeroacoustic roles of CFD will be as local blade-flow solvers coupled to comprehensive codes.

1. Introduction

Public acceptance of helicopter operations is dependent on the acoustic properties of these
aircraft — especially for those many low-speed operations that the helicopter is uniquely able to
perform near population centers. At these low speeds the rotor flow environment is best
characterized by its multitude of nearby shed vortices. Rotor interactions with vorticies are most
common in these flight conditions (especially in descent or maneuver) and the Blade/Vortex
Interaction (BVI) is the predominant noise source. The ability to reliably predict BVI is one of
the essential computational needs for the development of ever-quieter rotorcraft that must meet a
wide range of operational demands. And while practical predictive tools are becoming available,
there still remain important accuracy issues of a fundamental nature and, as we shall see, the
biggest of these involves the prediction of the wake.

Wakes have been the subject of computational studies since the first rotor vortex-lattice
studies in the 1960’s and these methods have always relied on a variety of physical/numerical
models. These models have included assumptions on the location of wake (specified wake
geometries and/or shedding initiation points), on the larger-scale wake structure (for example,
single or multiple vortex roll-up models) and on small-scale structure (core size and velocity
distribution). A primary purpose of these models has been to enable fast computations within the
context of what is known (quantitatively and/or qualitatively) about the structure of wakes. These
models have been used in conjunction with vortex-lattice methods and an important goal has
always been to increase analysis speed (mainly by limiting the number of wake filaments). These
analyses then enable efficient comprehensive rotor codes. These comprehensive analyses have
been used as bases for performing BVI computations by coupling local blade solvers and using
them to provide required input for acoustic solvers. CFD methods have proven to be efficient as
local interaction solvers and their coupling process is described in ref. 1. It is only because of the
above developments that there are now practical rotor/'wake BVI analyses available to the
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engineering community. However, we shall see that there is typically a considerable scatter in the
results obtained by the various analyses of this type. Such scattering of results is probably caused

_by both the specific vortex-matrix implementations and the behavior (generality, applicability,
and accuracy) of the various, required physical wake assumptions. Such analyses must therefore
be performed with skill and art. In addition, such methods will always require much testing.

The hope of new wake method development efforts is that a “first-principles” approach will
obviate the current need for much of the above modeling and, therefore, for the expense and
burden of testing. It is for this reason that CFD methods are also being studied not only as local
blade flow solvers but also as an alternate way to predict the global wake. These efforts are still
far from attaining their goal and BVI work will remain both a computational and experimental
effort.

This paper aims at reviewing some selected research efforts, mainly conducted at or with the
Army/NASA organizations at Ames Research Center, in order to illuminate major findings and
challenges in the area of BVI acoustics prediction. The discussion will first briefly assess the
current state of our current BVI acoustics predictive ability in the light of two well-instrumented
rotor tests that have resulted in extensive computational studies. In these studies CFD will have
been used only as a local blade solver. These computational/experimental comparisons will
illustrate the great importance of improving our global wake prediction capabilities. The ensuing
discussion will center on the global wake prediction problem, beginning with a rough estimate of
the CFD problem magnitude and then reviewing several important wake studies. The difficulty
of the problem will then lead to considering new alternate classes of solution methods in which
any attempt to resolve the vortex core region is abandoned.

2. Rotor BVI Testing and Related Computational Studies

An understanding of the overall BVI problem is gained from a consideration of two
philosophically different rotor experiments: one which treats the BVI in isolation and the other,
which studies a complete rotor system in a realistic flight state and undergoing many BVIs. For
both of these studies a range of local computational blade flow models are used to provide input
to an acoustic propagation code. The two tests and their analyses differ primarily in the degree to
which the interacting vortices are known.

2.1 An Isolated BVI Experiment

There are many types of rotor-vortex interactions, but the strongest is that in which an
interacting blade and vortex are parallel to each other. In order to study this interaction under
closely controlled conditions, a test was performed in the 80x120 foot wind-tunnel at the Ames
Research Center (ref.2). In this test a stiff, non-lifting rotor was allowed to interact with a vortex
generated by an upstream wing. This arrangement permitted good knowledge of the relative rotor
and vortex positions and produced a simple interaction that was conducive to computation by a
wide range of methods. Blade pressure instrumentation and traversing microphones acquired
surface load and far-field noise data. Figures 1 and 2 show a sketch and photograph of the test.
An unusual feature of the pressure data is that it clearly showed wave behavior on the blade
surface. This is seen in figure 3, which shows pressure time histories for a chordwise array of
pressure transducers. When the vortex impacts the leading edge (actually the vortex misses the
rotor by .25 chords in this case), a wave clearly emanates (from the leading edge), travels
downstream and is reflected back upstream from the trailing edge. Clearly the leading edge
region is the main acoustic source. It is inferred therefore that a comparison of predicted and
measured leading edge pressures should provide a good indicator of the effectiveness of a blade
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load prediction for acoustic radiation purposes. Of course, the best indicators are comparisons
with the far-field microphone data. With the loads and acoustic data it was possible to evaluate a
wide range of aeroacoustic (that is, combined local aerodynamics and propagation methods)
prediction methods. A fairly complete array of acrodynamic methods were represented in the
ensuing computational study (ref.3). Aerodynamic methods included analytic (indicial), potential
and Euler CFD (Computational Fluid Dynamics), and singularity or integral methods
(compressible and compressibility-corrected incompressible). The vortex structure required for
these computations was inferred from previous experiment and was usually assumed to be
axisymmetric. With only one exception, all of these methods assumed the vortex structure to be
fixed throughout the interaction. (This was done both for simplicity and because of the far greater
cost, especially with CFD, of fully-interacting computations.) Although the fixed-vortex-
structure assumption seems fairly drastic, uniformly good results were obtained. Figure 4 shows
a comparison of filtered pressure time histories from the leading edge region and shows that all
methods do well. These blade aerodynamic computations were then used as input to various
noise propagation codes, most of which were implementations of the Ffowcs-Williams
Hawkings (FWH) equations. Figure 5 shows a comparison of several of these methods with the
acoustic data and again very good comparisons were obtained. This study did leave questions
open — for instance, it is not clear that the vortex size was really representative of that on an
operational rotor (actually, there does not appear to be very extensive measurements of this sort
for an operational rotor). Also, the apparent success of the undisturbed-vortex model is puzzling.
Nevertheless, the present results were all very good and indicate the availability of operationally
effective BVI models. However, there is one critical feature of this test that is rarely available in
other rotor BVI tests, that is, the fact that the vortex position with respect to the rotor is directly
controlled and well known.

2.2 BVI Test of a Complete Rotor System

The above mentioned test was aimed at isolating the BVI. While this sort of test provides a
basic understanding, it is also necessary to conduct tests which integrate such understanding into
a working whole. Such a test was conducted at the DNW (Duits-Nederlandse Wind Tunnel) by a
consortium of DLR (Deutsche Forschungsanstalt fur Luft-und Raumfahrt), DNW, ONERA
(Office National d’Etudes et de Recherches Aerospatiales), AFDD (Army Aeroflightdynamics
Directorate), and NASA-Langley (ref. 4). The rotor tested was a dynamically and Mach scaled
BO-105 rotor. This test, shown in figure 6, achieved realistic simulations of operational flight
conditions and was instrumented to obtain detailed blade loading and acoustic surveys. Since this
test required knowledge of the relative blade-vortex distances, measurements of blade
motion/deformation and vortex visualization/measurement were performed. An important
objective of this test was to employ higher-harmonic pitch control (HHC) to minimize BVI noise
and vibratory loading. (Minimum vibration and BVI noise were found to require quite different
HHC settings.) It is of great interest that, for the particular baseline condition studied, it was
possible to reduce BVI noise by about 6 db by use of HHC. (Such improvements demonstrate the
feasibility of reducing BVI noise and, hence, the importance of understanding and predicting it.)
Blade trajectory/deformation measurements indicated that the effect of HHC for the low-noise
case was to increase the blade-vortex separation distance and that changes both in vortex and
blade trajectory were largely accountable for this improvement. All test participants performed
computations of airloads (ref. 5) and BVT acoustics (ref. 6) for flight conditions that included a
baseline descent case, a minimum BVI noise case (achieved with HHC) and a minimum
vibratory load case (also using HHC). These computations were performed both prior to actual
testing (to provide instrumentation location guidance) and after testing (in order to capitalize on
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modeling improvements found to be needed from the test data). Figures 7 and 8 show a range of
predicted blade loadings performed both before and after the test. All of these computations
employ a simple local blade aerodynamic model, some type of vortex lattice method (for
predicting the wake and inflow), a structural model, and trim iteration. It is apparent that there is
a wide range of results, both for pre-test and post-test computations (which have included
modifications both to the structural and aerodynamic models). A similar range of results is also
predicted for the BVI acoustics (figure 9 shows retreating- and advancing-side microphone data,
while figs. 10 through 13 show pre-test and post-test results for the various methods — all use a
FWH approach). The main result of these comparisons is probably the wide scattering of results,
rather than which of these is the best comparison, because the methods are fairly similar and the
reasons for the differences are not known.

2.3 Test Conclusions

We thus have results from two types of tests, both obtaining extensive loading and acoustic
data and accompanied by a large number of different independent computations. The isolated
BVI test with stiff rotor and controlled vortex location has produced a wide variety of very good
comparisons between data and computation. The full operational rotor test, with a complex wake
structure and an elastic rotor, has produced no such agreement between computations. Of these
latter computations, modification to the blade structural model, or even specification of blade
motion from data, has not resulted in greatly improved comparison with measured acoustics.

One can conclude from the former test that the ability to predict blade loads and resulting
acoustics does exist when the wake location is known. From the latter test it appears that we do
not yet have the ability to predict the rotor wake. Wake prediction, then, is the central unsolved
problem in BVI computations and the remainder of this review is concerned with this problem.

3.0 Prediction of Global Rotor Wakes

3.1 The Magnitude of the Wake Prediction Problem

A first indicator of the magnitude of the rotor wake prediction problem is obtained by
considering the size of the smallest significant characteristic wake region (the vortex core) and
then estimating the number of grid points required to resolve this region throughout the flow.
Estimates or measurements of core structure typically show the tip-vortex core diameter (the
distance between velocity peaks) to vary between 0.1 — 0.3 blade chords. For a typical rotor, an
average core size then is of the order of .01 rotor diameter, D. Assuming ten points across a
vortex core gives a resolution distance of .001D, which in a cubical region of size, D, requires
10° grid points. This is a rough estimate obtained using several simplifying assumptions,
including: ~

1. The smallest characteristic scale is the core size. There are smaller scales in the overall
problem. These include inner turbulent scales both in the vortex core and on the blade
surface. The latter are very important because they exist in adverse pressure-gradient regions
and determine stall behavior. This is beyond the scope of the present work, however.
Concerning the turbulent vortex core, this region does not usually operate in a strong adverse
pressure gradient region; it is mainly convected and diffused. If inner scales have a global
effect, it is probably through turbulent diffusion of the cores. At present, we have no
knowledge of such global influence. (In other words, the best we dare hope for, with any
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method, is a solution that is correct to the order of the outer core scale. We assume and hope
that this is sufficient.)

2. The number of grid points required for adequate resolution. Wake and Choi performed a
very careful study of required resolution (ref. 7). This work entailed two-dimensional studies
of vortex convection using a 5™ order solver. These computations showed the need for 14
points across a vortex in order to prevent its dissipation. Of course, this number would
decrease with an even higher order method. It is also assumed that equal resolution is
required in all directions. This is not true when a grid is aligned to a vortex, but such
alignment is difficult to achieve in general.

3. The size of the resolution region. The size of the region that must be resolved is a function of
advance ratio; it becomes deeper and larger as advance ratio decreases. The depth of a fine-
resolution region might ultimately be as small (or smaller) than 0.25D, but this is
speculative. Moreover, the overall grid region must be much larger than the rotor diameter.

4. No tracking of high-gradient regions and subsequent concentration of grids. Such grid
concentration entails the use of unstructured grids or special overset grid structures and
could greatly decrease the size of the required grid. There is much development activity in
this area (refs. 8, 9). Technical obstacles to be overcome include grid stretching limitations
imposed by accuracy, order limitations of current unstructured solvers and interface
conditions, and the fact that the wake structure is so large and convoluted that it must occupy
a large fraction of the solution region. In addition, the adaptive approaches (for the wake)
tend to require use of parallel machines and efficient load-balancing algorithms have yet to
be developed for these problems. The present assumption is a worst-case scenario, but is
reasonable until the technology improves.

The important point of the above grid number estimate is that, even if it were incorrect by an
order of magnitude, the problem is far bigger than can be solved by currently existing
computational models. We can only hope that the 10° figure is an upper limit. However, since no
rigorous numerical solution yet exists (one that demonstrates validated results that are
independent of the grid), we cannot really know the precise magnitude of the problem.

A problem of this size can only be treated by large-scale direct numerical simulation or by
some type of modeling.

3.2 Direct Numerical Simulations

One of the best direct numerical models of BVI was also the first. This was the study of Rai (ref.
10), which, though two-dimensional, points out the major difficulties of the problem. Although
this study was aimed only at computing an isolated BVI, this was a fully interacting computation
that required the convection of a vortex for some distance before its interaction with an airfoil.
“This work, which produced good comparisons with BVI data, employed a 5™ order thin-layer,
Navier-Stokes solver and a very large grid. The grid, shown in figure 14 was designed to
concentrate points along the known, undisturbed path of the vortex on its way toward the airfoil.
Figure 15 shows the resulting computed convection and interaction of a vortex with a high-speed
airfoil. For this problem the vortex was injected into the flow well upstream of the airfoil to
avoid starting transients. The vortex then convected to its meeting with the airfoil. With
inadequate resolution, the vortex would have dissipated before the BVI occurred. The two-
dimensional problem is convenient because the vortex path is known (grid points can easily be
concentrated on this path) and relatively short (6-10 chords, by contrast, hundreds of chords are
required in three dimensions). Nevertheless these 2-D grids required about 65,000 points. If this
grid were extended into the third dimension using a wake-resolving grid size, and for a multi-
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bladed rotor, the overall grid size could easily exceed 108, This grid-size problem is the reason
that no attempt at computing Eulerian convection was made in the BVI computations ofref. 3.

Three-dimensional rotor/wake computations have also been performed for many years. These
have mainly been aimed at predicting rotor performance. The need for capturing the wake is
equally important for both BVI and low-speed (especially hover) performance and the following
discussion assumes that they are equivalent problems.

The computational work of Wake and Baeder(ref. 11) studied the hover performance of the 4-
bladed UH-60 rotor using a single-block C-grid and periodic fore-and-aft boundary conditions.
This was a 3™ order thin-layer, Navier-Stokes approach that used about 10° grid points. It was
found that the wake trajectory was quite incorrect, to the point of actually colliding with the first
subsequent passing blade (It is known that this does not occur for this particular rotor, ref. 12).
Surprisingly, fairly good performance values were predicted, which in view of the well-known
sensitivity to wake trajectory, suggest the presence of competing errors of unknown origin. Such
results indicate that the effects of wake dissipation can be subtle — sometimes giving good
numbers for the wrong (or even unexplained) reasons. Much more recently, Ahmad and Strawn
(ref. 13) also attacked this same problem. In this case a 4™ order method was used with a larger
and simpler grid. An overset approach was used whereby a blade-conforming grid was embedded
in an outer stretched Cartesian grid. This computation also employed periodic boundary
conditions, that is, only one blade was computed. The grid size was about 8x10° points. It was
found that the same type of trajectory errors occurred as in ref.11.

This Ahmad & Strawn paper also included a very interesting study of a much simpler two-
bladed rotor (ref. 14). The advantage of computing this particular rotor is in its geometry (low
blade aspect-ratio, no twist, 2 blades), which results in a relatively large blade-vortex distance
and less sensitivity to wake capturing — it is the simplest known rotor for which surface pressure
data is available. The advantage of the low aspect ratio (large chord) is that the vortex core is
larger and fewer grid points are required for resolution. Successively finer grids were used with
the largest containing about 17x10° points. The finest grid (fig. 16) resulted in a solution
wherein the identity of the tip vortices was retained for over 630° or wake age(fig. 17) and a
reasonable comparison with the measured load distribution was obtained (fig. 18). The effect of
increasing grid size was also found to increase the rotor power for a given thrust value and for
the largest grid the power is overpredicted. Reference 13 is easily the best direct computational
treatment of this simplest of 3-D rotor/wake problems - and it is one of the few 3-D grid size
studies to date - but the problem is not quite solved yet.

It is interesting to use these last computations to infer a grid requirement for a realistic rotor.
Increasing the rotor aspect ratio (this rotor had an aspect ratio of 6, which is less than half of
typical values), doubles the wake resolution requirement — or increases the total grid size by a
factor of 8. In addition, this computation was only performed over 180° because of the use of a
periodic boundary condition. A full computation, such as would be required for BVI must be
performed over the entire azimuth — or another factor of 2. With a baseline grid of 17x106, this
results in 2.7x10® points. With a larger base grid the original grid-size estimate could be closely
approached. ’

Clearly, the direct numerical approach will only be possible with much larger computational
resources than exist today. The only alternative to the use of large resources is to resort to some
type of modeling. :
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4.Vortex Core Modeling

It is clear from the discussion of resolution that a requirement to resolve the vortex core can
make direct CFD wake methods impractical. For computation of larger-scale flow features,
however, CFD methods are quite practical. If CFD is to be used successfully, therefore, it will be
necessary to model the vortex core regions. At its simplest level, such modeling need not imply
the enforcement of physically known vortex characteristics (as is done with the vortex-lattice
methods). Rather, it is only required that the solution be modified such that the vortex existence
is preserved. Preservation of the vortex implies that the solution process must, at a minimum,
keep the core size small (with respect to all other length scales, with the exception of surface
viscous scales) and to maintain its strength (circulation). CFD methods with these minimum
properties are being developed and are now discussed.

4.1 Vortex Embedding

The first use of core modeling in CFD arises from the generalization of potential methods.
Recall that, since vortex core regions are small, the global rotor/wake problem is essentially
inviscid and irrotational and can be treated with potential methods. Potential methods
intrinsically constitute a model of the wake or vortex structure in that vortical regions (wake or
vortex cores) are taken to be infinitesimal. However, none of the standard potential CFD solvers
can freely convect wakes, because the discontinuity logic restricts the wake to grid planes. This
limitation is removed by allowing the vortical region to have a finite (but small) size. The mass
conservation equation,

¢)) p+V:-pV = 0, issolved with a velocity decomposition,

¥) V= Vo +Q’,

v
assumed to consist of irrotational and rotational components. The rotational component, Q , is
chosen to be non-zero only in a thin layer about the shed wake and functions simply to contain

\{
the wake circulation. That is, the significance of Q is in its integral properties rather than its

specific functional form. It is required that its integral (normal to the sheet and through the Qv
layer) equals the local potential jump, T, of the sheet.

In fact, a particular functional form is chosen for Qv , the Clebsch potential,
) Q' = - T'VA , which

expresses Qv as the product of a magnitude term (I" ) and a normal Spacial distribution term

(VA ). Here A is chosen to be a half-sine wave (whose zero-crossing is at the sheet and

wavelength is chosen to be a multiple, typically 8, of the local grid interval). The main difficulty
in evaluating the Clebsch function is that the wake markers do not align or coincide with the grid

nodes. This requires that, at each grid point, the I" and A be treated as a weighted average from
all wake markers that are within a selected region pf influence. The overall process is to: (1) find
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the veloctiy field (eq. 1) and rotor circulation distribution, (2) convect wake markers from the

rotor trailing edge to their exit from the grid, (3) use eq. 3 to convert the wake markers to a Qv
distribution, and then repeat the process until the wake and loading converges. The process is
summarized in figure 19.

The vortex embedding method has mainly been used for the prediction of hover performance
and has had much success in these applications (ref. 15). Figure 20 shows a typical shed wake
and radial load prediction computed with the embedding method. The size of the required grids
is a good indicator of the value of core modeling. A grid required for the computation of a typical
operational rotor blade in hover (such as for figure 20) requires about 2x10° grid points, which is
about 3 orders of magnitude less than that required by a direct numerical simulation.

Vortex embedding has been demonstrated to be applicable to the computation of BVI (ref.
16). For this computation, the tip vortex was represented by the edge of a sheet of markers,
convecting at undisturbed freestream velocity (figure 21), and produced BVI blade loads that
compared reasonably well with data (compare figure 22 with figure 3). The significance of this
computation is that a vorticity embedding method capable of accurately predicting wake
trajectories should also predict BVI in the process. At the present time, however, forward flight
BVI computations have only been performed for high-speed cases where the wake is undistorted
(ref. 17).

Vorticity embedding is probably the fastest possible CFD approach to computing rotor wake
convection. This is because it requires a fairly coarse grid — there is no wake dissipation — and
uses a potential flow model (on average, these are an order of magnitude faster than Euler
solvers). The greatest difficulty with this approach is that it is necessary to explicitly construct
the vortex structure (via the Clebsch potential), which, in present implementations, requires
cumbersome and costly searches. Such inconveniences can be obviated with the use of simple
Cartesian grids, and this is an area of future development for the vorticity embedding approach.

4.2 Vorticity Confinement

The previous approach modeled the vortex core region by explicitly constructing an inner
vortical region — whose only property of importance is the vortex strength - and imposing it on
the flow. This explicit construction process eliminated the dissipation of vorticity. It is also
possible to obtain wake-preserving solutions whose inner vortical region is constructed implicitly
by the solution process. This will require the modification of the flow equations.

Our goal is to achieve a wake-preserving solution where inner vortical regions exist only
insofar as they contain a non-dissipating circulation in small regions, but which, because of the
grid, are not resolved. This lack of resolution implies that the flow in these small regions has no
physical meaning other than their circulation. Under these conditions, it is permissible to modify
the flow equations in these regions. Such a scheme has been described in ref. 18. A modified,
incompressible, Navier-Stokes equation is used as an example.

@ V-V =0

5) V,+ VV.V =-Vp/p + vV'V+eP,
where

©) P=-nxm,n=Vn/|Vh|andn=Im|.
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The modification here consists of an acceleration term, P, added to the momentum equations.
This acceleration is in the direction of the tangential flow induced by a vortex and is proportional

to vorticity, @ (it is nonzero only in the inner vortical regions). Since the nonvortical flow is
unaffected by this term, the circulation of a vortex is unchanged. The effect of the velocity
increase induced by this term is therefore to drive vorticity inward and to decrease the vortex
size. There is a limit to the extent to which vorticity can be driven inward (an infinite velocity is
not possible) and this limit is set by the numerical dissipation. That is, the confinement
acceleration and the numerical dissipation reach an equilibrium, which sets the core size. This

core size can be varied by choosing various values of € and can approach two mesh intervals.
Within this small region the solution has no physical significance other than its circulation,
which is the property we seck. ‘

The ability to preserve wakes is shown in figure 23, which shows two computations of the
downstream convection of a tip vortex using a standard compressible Euler solver. The two
computations differ only by whether or not a confinement term is added to the momentum
equations. It is seen that the unmodified equations dissipate the tip vortex (visualized using
vorticity contours) with great rapidity. The solution using the confinement modification is quite
different and shows convection of the tip vortex for an indefinite distance with no dissipation.
Figure 24 shows a plot of tangential velocity across the vortex in theses two solutions at a
distance of 2.0 chords downstream of the wing trailing edge. It is seen that the confined solution
shows a much more intense core region that is confined to within a distance of about 2 grid cells.

The confinement approach has also been demonstrated on BVI problems. In reference 19 a
two-dimensional, BVI is computed with an incompressible solver, both for inviscid flow and for
a low Reynolds Number. It was demonstrated that this interaction (produced by a strong vortex,
with a small core passing close to the blade surface) resulted in a strong surface pressure
perturbation adjacent to the passing vortex. The viscous solution resulted in a greatly thickened
boundary layer next to the vortex and an even stronger pressure perturbation than the inviscid
case (figures 25 and 26). It was also shown that without the use of confinement the vortex would
dissipate rapidly resulting in a much weaker interaction. Favorable comparisons with
experimental flow visualizations were also obtained. Surface pressure comparisons with the data
from ref. 2 could not be made because the data was not then available. We can only remark at
this time that the BVI in ref.2 is weaker than the demonstration computations of ref. 19, because
the latter assumes a far greater circulation and smaller core size. (The pressure data of ref. 3 does
not show a convecting pressure peak such as seen in ref. 19.) These computations are of interest
in that they do indicate the possibility of surprising viscous behavior in the BVL

The confinement approach is currently being developed for the computation of global wake
problems. The first such problem to be so treated should be the 2-bladed rotor of ref. 14.

5.0 Concluding Remarks

Isolated BVI rotor testing has shown that a wide range of methods (including potential and
Euler CFD) are able to predict the loading produced by the interaction of a rotor blade with a
vortex of known strength and location — and, as a result, the acoustics are well predicted.
Similarly uniform results do not occur with realistic rotor tests where a complex rotor wake must
be predicted. Such results lead to the conclusion that the central problem in BVI computation is
that of predicting the wake. Of course, the prediction of wakes is the oldest problem in rotor
aerodynamics. Acoustic predictions often require that the rotor/vortex passage distance be
predicted to within a small fraction of a chord. It has not been demonstrated that any computation
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method possesses this level of accuracy. Vortex lattice methods are widely used because they are
fast. Moreover, they can be readily corrected to account for known wake errors. Unfortunately
we rarely, if ever, know the wake trajectories prior to performing a calculation .Furthermore, we
do not understand the extent to which present wake solutions can be applied to other and
different rotor configurations. Basically, wake prediction seems to be an inconsistent process and
this situation will degrade our ability to design new quieter rotorcraft with confidence. We can
always test new configurations (in fact, this will remain a necessity), but we will not be able to
make the design compromises and tradeoff decisions that can only happen with the availability of
a reliable analysis. :

Over the years, great hope has been placed in the development of CFD methods as a way to
perform rotor/wake computations that require little or no user intervention or empiricism. Simple
estimates show that, for structured grids, the grid size requirements (and hence, the cost) are
enormous, purely as a result of the disparity in size between the total computation region and the
smallest flow feature to be resolved, namely, the vortex core region. Recent direct numerical
simulations of rotor/wake flows seem to support these large grid estimates and indicate that great
increases in computer resources are required. These resources are becoming available with the
recent impressive growth in large parallel computers. Such methods are already beginning to be
applied usefully to flows where vortices and separation regions are relatively large (complex
fuselage flows, for instance). However, for the rotor wake and BVI problems, direct numerical
simulations are not likely to become practical engineering tools for years. Unstructured, adaptive
grids, can greatly reduce grid requirements, but not necessarily the cost until an effective
unsteady adaptation scheme is devised.

However, CFD can be a practical tool, for BVI and other rotor/wake problems, if the essence
of the wake, its strength and small size, can be preserved without actually resolving the vortical
core regions. There has been little thought concerning such methods within the CFD community.
Nevertheless, such approaches do exist. The central idea of these methods is to use a numerical
model of the vortex core rather than to attempt to resolve it.

One such method is the vortex embedding approach, which explicitly constructs a non-
dissipating wake core. This approach has been applied successfully to the prediction of hover
performance — another rotor problem that is acutely dependent on the prediction of the wake. The
grid required for such computations is probably 2 to 3 orders of magnitude less than that for a
direct numerical simulation. The embedding approach has been demonstrated for the prediction
of BVI, however the method has not yet been applied to a complete advancing rotor wake
solution.

A more general approach to obtaining non-resolving wake solutions is to implicitly model the
vortex core region. In the method of vorticity confinement, a vorticity-concentration term is
added to the momentum equations in high-gradient vortical regions. The resulting core region
does not reflect any particular physical model, but is only determined by the equilibrium between
numerical dissipation and the confinement. This core can be contained to within a region of
about 2 grid cells across. This approach has demonstrated the ability to compute a number of
vortex flows, including simple parallel BVIs and is under active development.

It would be incorrect to rule out any of the above lines of development in future research
planning, because the problem is too far from solution. It is clear however, that the vortex lattice
method will remain a primary working tool for the foreseeable future. Within this framework
CFD will find much use as a local coupled solver. The global wake problem, however, is clearly
a long-term challenge. Development of higher order methods, massive parallelization and
adaptive gridding is underway and can make important contributions to this problem. It is not
unlikely that a variety of the above methods could be used. However, it is also clear that there is
a need for a new approach to CFD (other than adding grid points and improving resolution). The
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development of these new approaches has already begun in the current development of
embedding and confinement methods. If these non-resolving methods are successful in the
treatment of the general global wake problem, the door could then open to solving other flow
problems whose difficulties are scale-related.
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Figure 3. Pressure-time histories for a chordwise array of surface pressure transducers on a rotor
blade. [16] :
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Figure 4. A comparison of several computed BVI leading-edge region pressure histories with data
for an isolated BVI. [3]
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Noise Levels Measurements at the INSEAN Circulating Water
Channel with a Twin Screw Ship Model

Dr. Ing. Marcello Costanzo - INSEAN, Rome, Italy
C.F. Ing. Mauro Elefante - CEIMM, Rome, Italy

Summary

A twin screw ship model of 1:20.6 scale ratio was used in the INSEAN "Circulating Water
Channel" to measure the noise due to cavitation on the four-blade propellers.

The Circulating Water Channel test section is 2.25 m depth, 3.60 m wide, 10 m long, and the
maximum water speed is 5 m/s. The atmospheric pressure can be reduced till 35 mbar (3500 Pa)
in the test section to keep the same "cavitation index" ¢ between ship and model.

The ship model is 5.232 meters length, with two propellers of 182 mm diameter; the hub
diameter is 58 mm to look four controllable pitch blades.

Tests were conduced on ship model at the same "Froude" number and same "cavitation index" ¢
of the full-scale ship. In our case, that simulates ship speeds between 28 and 31 knots with
corresponding propeller revolutions from 216 to 242 RPM, the water flow was in the range 3.2-
3.5 m/s and propeller revolutions was set to 16.2-18.2 RPS. With the water temperature of 25.5-
26.0 °C the pressure was reduced till 80 mbar (8000 Pa) to keep the same cavitation index. The
acoustic pressure fluctuations are measured by miniature-hydrophone 8103B&K, with a nominal
voltage sensitivity of 30 uV/Pa. A B&K 2134-5765 analyzer have analyzed the signal in broad
(1/3-octave) bands till 100 kHz.

It has been found that cavitation noise was rising up in the frequency range of 2 - 100 kHz, 20
dB up the background noise at one-meter distance. Sound pressure levels were higher increasing
speed and decreasing reference pressure.

Some Notes on Underwater Acoustics

Sound waves are propagated pressure and density fluctuations in the medium caused by particle
motions.
For small amplitudes the general wave equation can be expressed as follows:

_12°p

=0
c? 9%

VZ

‘Where p = p (X, ¥, Z, t,) is the dynamic pressure and ¢ = ¢ (X, ¥, z) is the speed of the sound and
V is the Laplacian operator. »

It is worthwhile to consider some of the fundamental differences between the wave transmission
in water and in air. The sound velocity in water is = 4.4 times higher than in air. High
frequencies in water are strongly attenuated. Background noise and reverberations are greater

52




then in air with stronger frequency spreading. Due to cavitation phenomena, water cannot
support pressure below a certain minimum, so the size and depth of the projector limit the
amount of energy that may be putted into the water.

The sound intensity is the measure of the rate of energy or power flow through a unit area. The
intensity of an isotropic point source of known power "W", putted at the origin of a spherical
coordinate system, is a function of the radial coordinate only.

1=‘V
4nR2

where 4nR2 is the area of the sphere of radius "R" through the acoustic energy must flow. The
relation between acoustic intensity and sound pressure levels can be expressed by

2

I=P
pc

where "pc" is acoustic radiation resistance of the medium, "p" is its density and "c" is sound
speed.

Till the acoustic radiation resistance in the water is 1.5 106 kg/m2s and in air is 420 kg/m2s, it
results that the same sound pressure level corresponds to acoustic intensity in air 3570 times

greatcr than in water.
p7
1 Air pC Al

I Water p7
p ¢ Water

For the same reason if the acoustic intensity is the same in air as in water, the sound pressure
level in water is approximately 60 times greater than the corresponding value in air.

P water - chater - ’1'5106 = 60
P air pcAir 420

Therefore the characteristics of a hydrophone or projector must be considerably different from
those of a microphone or loudspeaker. The air - water interface represent a strong discontinuity
and will act as a good reflector.

The consequence of the previous relations is that acoustic intensity and sound pressure levels due
to an isotropic point source will vary according the following logarithmic expression:

6
= 1.5 10 = 3570

10 log I/1) = 20 log P»/P; = 20 log R/R;

that is good till the medium is without energy loss, where 1 and 2 indicate two points in the field

at R1 and R2 the distances from the source.
In the sea, it’s normally used the Thorp [1] equation to evaluate the attenuation coefficient "a" of

sound pressure, in witch the frequency dependency is rising up:
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a(f) = [0.1f%/(1+f) + 40f*/ (4100+ f?) +2.75 10" Vil

where "a" is the attenuation coefficient in dB per thousand yards and "f" is the frequency in
thousand Hertz. '

Getting Ready for Noise Cavitation Tests

To start the cavitation noise test as first has been chosen a ship model whose cavitation patterns
are well known. A twin screw ship model was picked up from INSEAN laboratory with scale
ratio A = 20,26. Two inwards rotation propellers with four blades, able to be oriented in pitch,
external diameter of 182.62 mm, hub diameter ratio of 32.4 %, pitch ratio P/Dg7 = 1.495 and
expanded area - disk area ratio Ae/Ao = 0.710, supply the necessary thrust to reach 31 knots as
full scale speed.
To minimizing the noise due to propulsion system the electric motor has been fitted in a special
box supported by silent blocks on the hull. The reduction gear wheels were carefully chosen to
warrant odd gear ratio, and the shafts were carefully aligned.
A self-propulsion test has been done in the INSEAN n°l towing tank, useful to know the
appropriate propellers rate versus speed. These kind of tests are normally done at the same
relative speed as in full scale, at ship propulsion point. The model resistance is equal to the
propeller thrust plus a towing force that takes account for the different resistance coefficient
between model and ship, so the propeller works in the ship advance coefficient.
With these available data it's possible to have a prevision of back cavitation for our 4-blades
propeller, using the "Burrill" diagram, in which are drawn the thresholds curves of 2.5 - 5 - 10 -
20 - 30 % of back cavitation in the 6.LT plane. The cavitation index is defined as 6 = (p, - pv)/q
(with p, the absolute pressure, py the water vapor pressure, q is the dynamic pressure at 0.7 tip
radius), the propeller load coefficient defined as T = (T/Ap)/q (with T the propeller thrust, Ap
the projected area of the blades). The first diagram is relative to 28 knots ship (Fig. 1) speed, the
second to 31 knots (Fig. 2). The labels that are shown near the marked points are the ambient
pressure values during tests in INSEAN "Circulating Water Channel”, and 80 mbar (8000 Pa) is
the appropriate value to reach the same cavitation index o for model and ship, while with 148
mbar (14800 Pa) the model cavitation index is Omodet = 2.2 Oship, Until the water temperature
during tests was 25.5 +.0.2 °C.
As can be seen by these diagrams, with 148 mbar ambient pressure we are far away (28 knots) or
very close (31 knots) the 2.5 % back cavitation (that means cavitation inception) threshold curve,
while with 80 mbar ambient pressure we are below (28 knots) or upper (31 knots) the 10 % back
cavitation threshold curve.
What about hydrophones and noise measurement equipment? The transducers, the conditioning
“amplifiers, the calibrator, the narrow band and the broad band analyzers, the noise generator and
power amplifier are all built by Bruel&Kjaer.
Receiving transducers are the 8103 B&K miniaturized hydrophones, with a piezoelectric
cylinder as active element. His frequency response in water is practically flat up to 150 kHz, and
directivity patterns show that is omni-directional in all planes up to 100 kHz (+.4 dB). In
addition are available {iansmitting transducers B&K 8104 hydrophones with voltage response of
12 dB/octave in the frequency range below the first resonance (70 kHz); they are coupled with
white/pink noise generator and power amplifier to perform the acoustic characterization of the
test section.
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In the noise cavitation tests one receiving hydrophone has been looked in a Naca profile. This
profile was built in fiberglass with the terminal transducer housing made by perspex. It was
carefully fixed using rubber damping material to reduce any undesired vibration; it was looked in
a vertical plane at 800 mm from the symmetry plane of the model. Other two hydrophones has
been used, the first looked in a special perspex box on the stern shell, up to the starboard
propeller, and the second looked in a special fiberglass box fitted on a perspex window in the
propeller plane as shown in the sketch of fig. 3.

The receiving hydrophone B&K 8103 gets pressure information and sand the electric signal by
its own cable to the conditioning-preamplifier B&K 2650 directly connected with the broad band
analyzer B&K 2134 expanded by B&K 5765 unit, useful till 160 kHz.

Cavitation Noise Measurements

Before cavitation noise was measured the background noise. To get this data the test section was
set at atmospheric pressure and the model was lacking in propellers, the water flow was set at the
appropriate speed to simulate the 28 knots (3.2 m/s) and 31 knots (3.5 m/s), coming from
"Froude" number identity. The shafts were looked so that the pressure fluctuation measurement
gets the background flow noise.

The second step was, always with the model lacking in propellers, at atmospheric pressure, at the
same water speed as in previous case, to measure the background noise with the shafts rotating at
the appropriate revolution rate, as obtained from the self propulsion test, so that the pressure
fluctuation measurement gets the background flow noise with the rotating shafts noise.

Finally the absolute ambient pressure in the test section was reduced to reach the cavitation index
identity. According to the previous paragraph data were kept at two cavitation index, at 148 mbar
with 6 model equal to 2.2 times © ship, and at 80 mbar with ¢ model equal to © ship.

The sketch with the broad band analysis are showed in fig. 4 and 5 for the two ship speed
conditions, and can be seen that the background flow noise is quite big in the low frequency
range, the shaft axis rotation noise can't be kept by the hydrophone fitted in the fin position.

It’s important to note that the cavitation noise is in very good agreement with the percent back
cavitation previsions done with the Burrill diagrams. They showed that at 148 mbar we were far
away (28 knots) or very close (31 knots) the 2.5 % back cavitation (that means cavitation
inception) threshold curve, while at 80 mbar we were below (28 knots) or upper (31 knots) the
10 % back cavitation threshold curve.

The same happens to the cavitation noise levels; they comes up from 2 kHz till 100 kHz from
110 dB to =130 dB only in 31 knots speed condition if the pressure is 148 mbar. They come up
either in 28 or in 31 knots speed, if the pressure is 80 mbar. The hydrophone is positioned in the
fin, in a field point where the cavitation yields high frequency pressure fluctuations; this
phenomena can be similar to the noise produced by a red-hot iron wetted by water. Cavitation
generates different diameter vapor bubbles; they grow up and finally collapse. The broad band
analysis can' give us much more detailed information, but it’s the first step through the deeper
investigation of the phenomena.

What does it happen nearer to the scurce? With our data it’s possible to do only one comparison,
at the pressure condition of 148 mbar and ship speed of 28 knots, that is shown in the graph of
fig. 6. ‘

In this graph are compared the results coming from fin hydrophone (Fin, circle symbol) and stern
shell hydrophone (Tip, square symbol). In this last position, nearer to the source, the low
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frequency pressure fluctuations appear, showing the shaft revolution rate frequency of 16 hertz,
the blade frequency of 64 hertz, higher pressure fluctuations levels in the range 315 + 800 Hz. In

the high frequency range the level at 10.000 Hz comes up.
The hydrophone fitted on the window was too far from the source to be interesting in this report.

Full scale prevision method

The full-scale prevision method used here is described in the Cavitation Noise Proceedings of
1987 ITTC [3]. The first step is to calculate the contribution due to the propeller, keeping away
the background noise. This kind of operation is done for each frequency band making a
logarithmic subtraction. The result is shown in fig. 7, where are reported the propeller induced
pressure fluctuations measured by the fin hydrophone. These data are referred to the 80 mbar
measurements, at the same cavitation index between model and ship.

Second step is to correct these levels taking account of the limited dimensions of the circulating
water channel test section. The result is shown in fig. 8. This correction is done using the
acoustic calibration of the test section, previously done and described in [4].

Third step is to consider the scale ratio effects.

The frequency will be scaled according the following relation:

fp /fm=np / nm

where f and n are indicating frequency and revolution rate, p and m are indicating prototype and
model scale. ,
The pressure levels are scaled according the following relation:

AL(p) =20 10g[(Dy / D (rm /r)* (6 / 0l (1, D It DY (0, / P”]

where D is the propeller diameter, r the hydrophone distance, ¢ the cavitation indcx, n the
revolution rate, p the water density, while the exponent x, y and z are normally equal to x=1, y=2
and z=1.

Applying this equation and considering that the cavitation index for model and ship are normally
the same in the circulating water channel, it will be:

AL(p) ~20 logl(A)(X") *(A2)]=20 log A

The result is shown in fig. 9.

Conclusions and next develop

It’s possible to say now that the cavitation noise pressure levels are fully measurable. The
background noise is not so high and the pressure fluctuation frequency due to cavitation is in
high range values. With the broad band analysis is not possible to say much more. Our
suggestion is that full scale prevision must be deeper studied. ‘
To have more details and deterministic’ phenomena description we will develop new analysis
methods: .

- phase average analysis, sampling pressure data according the propeller position;
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- triggered narrow band analysis.
We are already working in this direction and it’s possible to show the test run result, w1th shaft
rotation rate of 10.7 revolutions per second in fig 10 and 11.
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Sketch of test section with fittings particulars during "Noise Cavitation Test"
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Noise Reduction Potential of Swept Propeller Blades

Dipl.-Ing. R. Drobietz, Dr.-Ing. G. Neuwerth
Institut fiir Luft- und Raumfahrt, RWTH Aachen
Prof. Dr.-Ing. D. Jacob

This project is aimed at the investigation of the noise reduction potential of propellers of
General Aviation Aeroplanes due to a sweep of the blades. Both, the noise emission and the
propeller thrust characteristics are investigated by experimental and theoretical means.

A code has been developed which computes the aerodynamic properties of propellers using a
Prescribed-Wake-Method. The results are used in the implemented aeroacoustic subroutine
which is based on the Ffowcs Williams / Hawkings-equation. The combination with an evolution
algorithm allows the computational optimisation with respect to thrust and noise taking many
different influencing parameters into account,

The experimental investigations were conducted with model propellers of a 1:2 scale of
standard General Aviation propellers in the open test section of the subsonic wind tunnel of the
Department of Aerospace Engineering. The propeller noise was quantified by measuring the
emitted sound power level. The propeller thrust was determined by the application of the
momentum theory on a cylindrical control volume including the propeller stream. Four
different configurations of swept propellers were investigated and compared with an unswept
reference blade.

A blade configuration has been found, which emits less noise at a better figure of merit than
the reference blade. This configuration is characterised by a forward swept shape and an
increased twist compared to the reference. Furthermore it has been observed, that a blade
sweep alone does not lead to a clear reduction of the overall emitted sound power level at equal
thrust. However, a forward swept blade shows a clearly reduced noise radiation in upstream
direction compared to a straight propeller blade. Therefore, the time the observer is exposed to
noise during over flight is shortened with forward swept blades.

Introduction

Due to the growing public complaints on aircraft noise, General Aviation aeroplane noise
certification limits have become more strict in 1999 in Germany. The “Landeplatz-Larmschutz-
Verordnung” from January 5™ 1999 states that General Aviation aeroplanes have to have noise
levels of at least —5 dBA below the noise certification limit to avoid temporal restrictions of their
flight operations. Aeroplanes constructed in the year 2000 and later will face intensified
restrictions with an increased noise control limit determined at —7 dBA below certification limit.
In comparison with the previous increased noise control limit of -4 dBA below certification limit
this means a clearly tightened situation for the pilots and a demand on the General Aviation
Industry.

The main noise sources of a General Aviation Aeroplane are the propeller and the engine.
The presented project deals with the investigation of the propeller noise reduction due to a sweep
of the blades.
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For an observer in the propeller plane, for example, the periodic sound pressure time
signature of a propeller is characterised by a strong peak of negative pressure (figure 1). This
peak is generated at a specific angular position when the blade approaches the observer with

maximum velocity.
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Fig. 1: Qualitative sound time signature at an observer point in the propeller plane

Sound pressure signals of propellers in the time domain can theoretically be divided in
many discrete signals, each signal being generated by a different radial blade element. At the
point of observation all signals can be summed up to the total noise time history of the blade

(figure 2).
A
Observer
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Fig. 2: Sound time signatures of three radial blade elements
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For straight propeller blades every radial blade element passes the specific angular position
at the same time, resulting in the synchronous generation of the peaks, which are superposed to a
peak of high amplitude in the total noise time history at the observer point. Swept propeller
blades have the advantage, that there is a time lag between the sound pressure signatures of the
different radial blade elements, because the elements do not pass the specific angular position
synchronously. This leads to a phase shift when the discrete signals are summarised to the total
sound pressure time signal at the observer location (figure 3). The result is a lower amplitude of
the negative sound pressure peak.
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Fig. 3: Phase shift of the sound time signature of three radial blade elements
of a swept propeller blade

Besides the noise emission the propeller figure of merit plays an important role in propeller
design criteria. Therefore, the theoretical and experimental investigations have to concentrate on
both, the noise emission and the figure of merit.

The developed numerical algorithms and the experimental set up are described in the
following paragraphs. Finally, theoretical and experimental results are discussed.

Aerodynamic and Aeroacoustic Calculation Methods

An easy method to calculate the aerodynamic performance of a propeller is the
combination of blade element and momentum theory [1]. The blade element theory, however, is
based on the assumption that the behaviour of one element is not affected by the adjacent
elements of the same blade. In spite of these simplifications the theory leads to appropriate
results for straight propeller blades. First experimental data, however, have shown clear
differences in the flow field of swept and non-swept blades, indicating that the assumptions of
simple blade element theory are no longer valid. Therefore, theoretical investigations of the flow
field around swept propellers require three dimensional methods.

The three dimensional vortex method developed within this research project replaces the
propeller blades by a bound vortex system and a set of trailing vortices forming a helical surface.
The bound vortices are located along the quarterchord line of the blade. The blade is divided in a
number of radial blade elements. The strength of the bound vortex within each element is
constant, while a stepwise jump between adjacent blade elements is assumed. The trailing vortex
is carried downstream by the flow, forming a half-infinite filament following a helical path. The
strength of the half-infinite helical filaments equals the difference of the adjacent bound vortices.
Each helical filament is modelled by a series of straight vortices. The path of the vortex segments
follows the local flow direction at its radial station and a prescribed wake contraction. The vortex
layer of the outer wake region is concentrated to a single tip vortex (figure 4).

The Biot-Savart-law is then used to calculate the velocities at the blade induced by each
bound and trailing vortex segment. These velocities combined with the relative airflow due to
forward speed and rotation lead to the total airspeed and the flow direction in the disc plane. This
implies an angle of attack at each blade element and hence the radial circulation distribution.
This leads to a new estimate of the strength of the bound vortices and a new trailing vortex
system. The iteration process can be repeated until a converged flow field is found.

Similar methods are described in Ref. [2, 3, 4, 5].
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Fig. 4: Surface panels modelling the trailing vortex sheet

On the basis of the induced velocities obtained in the propeller disc the pressure
distribution on the blade surface is calculated based on two dimensional airfoil theory [6]. The
blade surface is numerically modelled by discrete surface panels (figure 5). The surface pressure
and the thickness distribution are needed for the evaluation of sound emission using the Ffowcs
Williams / Hawkings-equation [7].

Fig. 5: Surface panels modelling the blade contour

Optimisation Algorithm

The optimisation of the sound emission and the figure of merit of a propeller is a complex

problem because of the many influencing and interacting parameters, as for example the number

-of blades, the rotational velocity, the propeller diameter, the radial distribution of blade
thickness, chord length, twist and blade sweep. The number of blades, the rotational velocity and
the propeller diameter can be described by one value, but all other characteristics describing the
blade geometry are formed by a series of data points. The radial blade thickness, chord length
and twist are evaluated by the use of a cubic spline algorithm based on 9 data points. The blade
sweep is generated by a Lagrange interpolation polynomial based on 5 data points.

Because all of these parameters have an interacting influence on sound emission and figure
of merit a multiparametric optimisation algorithm is required. Therefore, a multimembered
evolution algorithm has been chosen as optimisation strategy. Evolution strategies imitate the
natural evolution process. They are very robust concerning the convergence behaviour, even for
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highly complicated multiparametric systems, and they do not need any information on the inner
mathematical connections of the system that has to be optimised.

The strategy is based on the two main principles of natural evolution: mutation and
selection. In an initialising step the first parent generation consisting of 15 configurations is
generated stochastically. Every configuration is described by a specific number of object
parameters defining the blade geometry. The offspring generation consisting of 100
configurations is built up using global recombination and stochastic mutation. The object
parameters are varied within defined boundary conditions. After rating the offspring generation
the best 15 configurations of the whole population are selected and taken as the next parent
generation. The process is repeated until a break criterion is reached. Further information about
the evolution algorithm can be found in [8].

Experimental set up
All experiments took place in the subsonic Gottinger-type wind tunnel of the Department
of Aerospace Engineering. The wind tunnel features an open test section with a diameter of
1.50m and a length of 3 m. Therefore, experimental investigations are limited to scaled
propellers. In the present study the scale factor was set to 1: 2, leading to a diameter of 0.915 m
for the tested propellers.

[ Velocities from 0 through 70 m/s

Volume of the test section:
1.50m X 3.00m

Fig. 6: Wind tunnel and Propeller Test Facility of the
Institut fiir Luft- und Raumfahrt, RWTH Aachen

The model propellers run on a specific propeller test facility which was placed in the centre
of the test section (figure 6). The propellers were driven through a belt by an electric motor
seated underneath the test facility outside the propeller flow. An aerodynamic nacelle was placed
over the shaft and bearings to reduce unwanted drag and turbulence in the wake.

For the assessment of the propeller performance, thrust and power had to be determined.
The power was simply calculated using the electrical power consumed by the motor. The thrust
was evaluated using momentum theory on a cylindrical control volume including the propeller
stream. The sum of internal forces acting on the fluid within the control surface produced a
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change in the flux of momentum. The flux of momentum was determined by measuring the
velocities along the control volume by the use of a hot wire probe and a pitot tube. For the
calculation of the thrust it was assumed that the static pressure along the control surface can be
approximated to be equal in front and behind of the propeller as long as the control volume is
chosen big enough. Furthermore the velocity direct downstream the propeller disc was measured.

The noise emission of the propeller configurations was determined by measuring the
overall sound power level with a rotating microphone in the wind tunnel room, which acted as a
reverberation chamber. Additionally, the directivity pattern of sound radiation of the propeller
configurations was measured. However, only near field data have been recorded because the
microphone had to be positioned inside the flow. This is caused by the fact that sound is
~ deflected at the shear layer around the test section stream tube. Moreover the reflections of the
sound at the wind tunnel walls would have led to significant deviations in the sound pressure
level spectrum.

Theoretical Design Process

The theoretical investigation included a series of optimisation processes with different
preconditions. The primary goal of the optimisation process was the reduction of noise emission.
In this case the most appropriate quality criterion is the overall sound power level. But, an
optimisation process requires the computation of about 4000 different configurations, in
combination with the overall sound power level as quality criteria this would have led to a
computation time of about 20 days for one optimisation process. Therefore, the sound pressure
level at one observation point was chosen as quality criterion. This led to a computation time of
about 24 hours for one optimisation process on a common PC. Tests with observer positions at
different radiation angles have not resulted in different optimum configurations, so that finally a
position at an azimuthal radiation angle of 110° in the far field was determined. 