ISSN 1349-1113
JAXA-RR-04-014E

JAXA Research and Development Report

Numerical Study on the Lateral Jet Flow of
Helicopter Rotor: Part 2.
Blade Vortex Interaction Noise of Rotary Wing

Choongmo YANG, Takashi AOYAMA,
Shigeru SAITO and Jehyun BAEK

January 2005

Japan Aerospace Exploration Agency

This document is provided by JAXA.



ABSTRACT .....................................................................................

1. INTRODUCTION .........................................................................
“{1 BVI ln Hehc()pter ...................................................................
1.2 Various method to reduce helicopter rotor noise «ororererererrserrreenees

13 I\vgotlvatl()n and Objectives .......................................................

2. NUIVEERICAL METHODS .............................................................
21 Overlapped gl‘ld SySteH} Wlth two blades ........................................
22 Compressible Euler SOIVer .......................................................

23 Fa—r_field aCOt}StiC p‘fediction I‘neth()d ...........................................
3' RES{JLTS JET BLO‘V—ING ‘VITH TWO BLADES ..................................
31 Comparison Wlth experimental ot cccrerrrrrrrerteiteeseriniiiiiscaoraaiones
32 Calculation Of'jeﬁ blOWlng ..........................................................
33 Study on the gnd dependency ....................................................
4. SUMMARY AND CONCLUSIONS ....................................................

REFERENCES ...............................................................................

ACKNOWLEDGEMENT rerereererrotraaroiatiiiiitiitiiiiiiiiioiniisitiistescionne

This document is provided by JAXA.



This document is provided by JAXA.



Numerical Study on the Lateral Jet Flow of
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ABSTRACT

Blade vortex interaction (BVI) noise, which is generated by impulsive changea in the pressure over the interacting
blade preceding the pressure jump, propagates sound to far field observers. In general, these interactions occur in
forward-descent flight conditions, especially during a landing approach. The acoustic signal from BVI is generally in the
frequency range to which the human subjective response is most sensitive. In order to reduce BVI noise, many
researchers have been studying not only passive remedies such as rotor tip design and leading edge modification, but
also active devices such as the higher harmonic control method, active tab, active flap, and tip-jet blowing.

The National Aerospace Laboratory (NAL) in Japan and Pohang University of Science and Technology (POSTECH)
in Korea have conducted a collaborative research program on the effects of lateral wing-tip blowing to reduce BVI noise
from helicopter rotors. The lateral wing-tip method is one of the active control methods to control the generation and
behavior of tip vortical flow by blowing a jet flow at the tip of the main rotor. In the first stage of the research, three-
dimensional compressible Euler/Navier-Stokes equations are solved to calculate the effect of blowing air from the blade
tip on the tip vortex of a fixed single blade. In the next stage, predictions of BVI noise will be made by combining an

nsteady Euler code with an aercacoustic code based on the Ffowes-Williams and Hawkings formulation,

In the present report, predictions of BVI noise are performed for a two-blade rotor. A moving overlapped grid
system with three types of grids including blade, inner and outer background grids is used to simulate the BVI of a
helicopter with two blades in forward/ descending flight. The body-fitted blade grid moves with the blade motion, and
the background grids in this Cartesian system are placed around the rotor disk in order to include the trace of the tip
vortex. The effects of lateral blowing in the tip region to reduce BVI noise are examined using various jet blowing
conditions including jet speed, jet slit area and injection direction, which are also used in the fixed rotor calculations.
Calculations show that the reductions in BVI noise peak and the sound pressure level are more dependent on the jet
velocity and flow rate than on jet directions, and the maximum decrease in BVI noise is 2.55 dB.

Keywords: Blade Vortex Interaction (BVI), CFD, Euler Equation, Helicopter, Tip vortex, Aeroacoustics, Ffowes-
Williams and Hawkings formulation, Overlapped Grid
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1. INTRODUCTION

1.1 BVIin helicopter

There are several kinds of noise sources in helicopter
as shown in Figure 1.1. Among these noises, rotor noises
including main rotor and tail rotor, are of interest in the
fields of aerodynamics and aeroacoustics. The
mechanism of BVI noise generation is impulsive change
in the pressure distribution over the interacting blade
preceding pressure jump, as shown in Figure 1.2,
These sudden changes in pressure propagate sound to
far field observer. In general, the interactions occur in
descent flight conditions, especially during approach to a
landing. The noise generated by the interactions radiates
mostly below the helicopter’s tip-path plane in the
direction of forward flight. The acoustic signal is
generally in the frequency range most sensitive to human
subjective response (500 to 50001{2)[2’ 31, The BVI noise,
therefore, prevents that the commuter helicopter is
widely used in the densely populated area.

The blade vortex interaction can be viewed as an

unsteady, three-dimensional close encounter of a curved- -

line vortex, at an arbitrary intersection angle, as shown
in Figure I.S(a)m The limiting cases of such encounter
for A = 0o and 900 are drawn in Figure 1.3(b) and (c),
which are corresponding to the parallel blade vortex

interaction and vertical blade vortex interaction,

Blade-Vortex

Interaction noise § Tail Rotor Noi

/|
L

in-Rotor/Tali-Rotor
‘ctior Noise e

High~-speed
Impulsive N

fransmission
Nois

Figure 1.1 Several noises in helicopter

ROTOR

(8) LEVEL FLIGHT

ROTOR WAKE

Figure 1.2 Interaction of tip vortices with a rotor disk
Sfor level and descending flight
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Figure 1.3  Diagram and two critical cases of BVI

respectively. The former encounter is essentially two-
dimensional but unsteady, whereas the latter can be
considered as steady but highly three-dimensional.

Figure 1.4%" show an example of a typical wave form
of full-scale in-flight helicopter impulsive noise including
high speed compressibility noise and blade vortex
interaction noise. The series of positive and negative
peak values are associated with blade vortex
interactions, and the following large negative peak
comes from high-speed noise. All of these impulsive
features originates from rapid pressure changes, and it
may cause weak shock wave. Thus both high-speed
noise and blade vortex interaction noise are complicated
phenomena of nonlinear, or transonic effects in the flow
field around the blade and in the resulting radiating
wave.

At low speed, the rotor wake stays in the hover plane
for several rotor revolutions during the interactions
because of positive inflow conditions, resulting in

complicate aerodynamic and structural dynamic

problems. During these interactions, the tip vortex may
be distorted and enlarged because it is close to blade.
The tip vortex will affect the blade flapping, torsional
deformations and these blade deformations will in turn
modify the wake structures. Computational modeling of
these phenomena may require a reliable, comprehensive
analysis and particularly wake modeling with high order
accuracy such as vortex-embedding technique, or
adaptive unstructured-grid system in order to prevent

numerical dissipation[6].

1.2 Various methods to reduce helicopter rotor
noise

The aerodynamics and acoustics of BVI have been
examined both analytically and experimentally up to
now, and many researches have been conducted to
reduce or control BVI noise" %, Several methods which
couple aerodynamic and aeroacoustic codes have been
developed to predict the BVI noise by the Aero-Flight-
dynamics Directorate (AFDD) of the U.S.Army""", DLR
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Figure 1.4 Typical BVI noise pattern 157

of Germany!'®, ONERA of France™, and ATIC of
Japan, respectively[m. Tadghighi et al. 181 developed a
procedure for BVI noise prediction, based on a coupling
among 2 lifting-line code (to provide the vortex wake
unsteady full-potential
code (to provide blade surface pressure), and an
acoustic code using Farassat’s 1A of the Ffowcs Williams
and Hawking (FW-H) formulation. Several research
groups have been also developing prediction code using
various combinations of analytical codes to obtain wake
geometry, airload or blade surface pressure, and

{16]

acoustic signature. Yu et al. summarized the
comparisons of the analytical results for Operational
Loads Survey (OLS) model rotor. The activity of the BVI
working group by Caradonna et al' g also reported,
and their work provided a plenty of progress in the
helicopter noise research.

BVI is function of many geometrical and aerodynamic
parameters, such as hover-tip speed, advance ratio, wake
geometry, vortex strength and core size, miss distance,
blade deformations, intersection angle and so on. The
intensity of the BVI noise is strongly affected by the
factors, 1) the local strength of the tip vortex, 2) the core
size of the tip vortex, 3) the local interaction angle
between the blade and vortex line, and 4) the miss-
distance between the vortex and the blade. Each
research has approached to one of these parameters to
reduce BVI noise.

Passive devices have been considered to suppress high
noise levels by rotor tip design and leading edge

modification. Many researchers have been trying to

Wing-tip Jet

N & Blade

Figure 1.5 Diagram of wing-tip blowing jet of rotor

modify the blade-tip planform to limit shock-wave
generation and stall occurrence on the advancing rotor
blade."'® ') Active devices in BVI noise have been
employed such as Individual Blade Control (IBC)[ZO]
method, Higher Harmonic Control (HHC)[ZH method and
Tailing Edge Flap (TEF)® method. These methods are
concerned with changing miss distance by disturbing
blade or tip vortex. Another way in active control is
changing vortex core size or strength using jet-blowing
from the tip or attaching Canard wing at the blade tip.[zg’
24]

As one of active control methods to reduce the BVI
noise, method of jet-blowing from a blade-tip, as shown
in Figure 1.5, has been tried by many researchers. The
idea of mass injection to control the tip vortex started in
the area of fixed wing.

#5210 have used a wing tip modified with a

Lee et all
long single slot to produce a spanwise jet sheet. The
effect of this sheet appears to be modification of the lift
distribution similar to that produced by an increase in
aspect ratio. Unfortunately, the fundamental natures of
the tip vortex for the modified wing do not appear to be

28-31 .
I examined the

appreciably altered. Wu and Vakili
use of discrete wingtip jets for fixed wing to disperse the
wake vortex. They have shown that the concept of
discrete jets has the potential to effectively disperse the
vorticity present in the coherent wing tip vortices. The
mechanism for the change appeared to be the formation
of multiple auxiliary vortices that decreased the tip
vortex strength and introduced increased instability into
the flow field. Gowanlock™ and etc. and other many
researchers conducted experimental studies to show jet
blowing from a blade-tip can be effective in reducing the
strength and velocity gradients of tip vortices. Mineck™!
conducted comprehensive experimental and analytical
studies to assess the potential aerodynamic benefits

from spanwise blowing at the tip of a moderate-aspect-
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swept wing.

For the application to helicopter rotor blade, Tan et
al.®¥ conducted wind tunnel test to reduce BVI noise by
blowing compressed air from blade tip of helicopter
rotor. They showed that the vortex intensity is reduced
while the vortex location is moved outward which
resulted in lower BVI noise level. Yamada™ conducted
parametric study using three-dimensional compressible
Euler code to calculate the effect of blowing air from
blade tip on the tip vortex of single fixed or rotary blade
at the various free stream velocities and blowing
conditions, such as injection angle, mass flow rate of jet
blowing. Yang et al.”®%! conducted comprehensive
numerical and experimental investigation of the lateral
tip-blowing to reduce BVI noise. The results showed that
blowing from the wing-tip can diffuse the tip vortex and
displace it outward causing the increased ‘wing-span’.

The flow field near the rotor must be quantified to
fully develop the understanding of the physics of BVI
phenomena. Various studies have been carried out by
many researchers in the aerodynamic analysis of the
helicopter rotor such as the momentum (energy) method
by Rankine and Froude, the vortex lattice method and
the lifting surface method based on the potential and
vortex theory, the methods using the transonic small
disturbance equations[?’?] and advanced full potential
equatiens[%]‘ However, unlike the Euler and Navier-
Stokes equations, these equations cannot take into
account the transport of vorticity, the roll-up of the wake
following the blade and contraction of tip vortex past the
blade, so they are less perfect model for the prediction of
aerodynamic loads on rotor blades.

Since the computing power has been increased
progressively over the last two decades, the analysis of
helicopter rotor flows in hover and forward flight has
progressed from the solution of transonic small
perturbation equations and full potential equations to
that of Euler equations and more recently to that of
Navier-Stokes equations. The recent numerical
simulation of the flow in the tip region of a transonic

[39], and by

swept wing was performed by Mansour
Kaynak et al. "% extended to three-dimensional shock-
induced separation using a multiblock Euler/Navier-
Stokes zonal method. Later Srinivasan'*!! have extended
the simulation of the flowfield and the vortex-formation

around the wing tip region to the transonic flow.

The three-dimensional flow field round a helicopter
rotor blade can be characterized mainly in a tip vortex
generated at the tip of a rotor blade and a rotating effect
by the rotation of the rotor. The tip vortex generated in
the backward vortex of a fixed wing of a helicopter rotor
blade has a great importance with an aerodynamical
view. Since this tip vortex generally occurs in a complex
three-dimensional separating flow which is difficult to
analyze, most theoritical or experimental researchers
have been trying to understand gqualitatively the
structure of a vorticity transport from a boundary layer
near the wing surface to trailing concentrated vortex.
The tip vortex is known to cause not only flow instability
such as a sudden decrease of an induced drag or a stall
in boundary layer but also acoustic noise. Especially in
the rotating blades such as propellers or helicopter
rotors, more complex vortical wake is occurred by the

interaction of following biade than the fixed wing.

In the previous paper, Numerical Study on the Latreal
Jet Flow of Helicopter: Part L. Tip Vortex of Fixed Wing,
three-dimensional compressible Euler/Navier-Stokes
solver are solved to calculate the effect of blowing air
from blade tip on the tip vortex of fixed single blade. The
numerical results included the position of the vortex
center along the vortical flow, the size and strength of
the rolled tip vortex, and circulation and maximuim
tangential velocity of the tip vortex. It showed that the
jet blowing from the wing tip can diffuse the tip vortex in
the way to make larger core sizes and less velocity
gradients, which can be effective way to reduce BVI
noise of the rotary wing.

Main objective of this research work is to study on
lateral tip-jet blowing as one of method to reduce BVI
noise using compressible flow solver with overlapped
grid system. For this purpose, first numerical analysis
technique will be constructed to solve the BVI
phenomena of the helicopter rotor in forward flight.
Quantitative calculation will be compared with
experimental data. Then using the code developed, BVI
analysis will be conducted with various jet blowing
conditions to construct database of predicting optimal
condition. The numerical results include the position of
the vortex center along the vortical flow, the size and

strength of the rolled tip vortex, and circulation and
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Figure 2.1 Geometric dimensions of computational
domain of inner and outer background grid

maximum tangential velocity of the tip vortex.
This research is conducted as a collaborative research
program between National Aerospace Laboratory (NAL)

in Japan and Pohang University of Science and

e

echnology (POSTECH) in er-na
echnology (POSTECH) in Korea.
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2. NUMERICAL METHODS

2.1 Overlapped grid system of two blades

The predictions of Blade-Vortex Interaction (BVI)
noise are performed using a combined method of an
unsteady Euler code with an aeroacoustic code based on
Ffowes-Williams and Hawkings formulation. A moving
overlapped grid system with three types of grids (blade
grid, inner and outer background grid) is used to
simulate BVI of helicopter with two OLS-airfoil blades in
forward/ descending flight condition. Figure 2.1 shows
the computational domain for three types of grid and the
geometric dimensions for whole domain. The blade grid
rotates in the Cartesian background grid. The Cartesian
background grid is divided into the two parts as shown
in Figure 2.2. One is the inner background grid and the
other is the outer background grid. The inner
background grid is placed around the rotor disk, and the
cuter background grid covers whole computation region
with sparse grid density. The calculated flow data are
exchanged between inner and outer background grids
during calculation steps. Huge numbers of grid points
are distributed to the inner background grid to achieve
higher resolution, because the density of grid directly
affects the strength of numerical viscosity.

The body-fitted blade grid in O-H topology, which is

Quter background grid

2

Inner 5ackgrcund grid Blade grid

43
(a) three kinds of grid system

Koro fnd gﬁ‘d}

ner backgmanﬁ arid

(b) zoomed view of blade grid and inner background grid

Figure 2.2 Whole grid system including blade grids,
inner background grid, and outer background
grid

shown in Figure 2.3, moves with the blade motion
including rotation, flapping, feathering, and lagging. The
inner background grid in Cartesian system is placed
around rotor disk to include blade grid. The flow data
are exchanged between the blade grids and the inner
background grid at the outer boundary of the blade
grids. The number of grid points in span-wise direction is
considerably increased to match the grid density of the
blade grid with that of the inner background grid. The
size of the blade grid in normal direction is nearly egual
to the chord length as shown in Figure 2.4. Table 2.1
shows the numbers of grid points for each grid system.

Two different inner background grids (fine and coarse)

This document is provided by JAXA.
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are constructed for testing the grid dependency. The grid
spacing of the inner background grid corresponds to
0.11c (fine) and 0.19¢ (coarse), where ¢ is the chord
length. The outer background grid in Cartesian system
covers all computational domain, including inner
background grid and blade grid.

The dynamic blade motions such as flapping,
feathering, and lagging are defined by the input data.
These input data can include azimuth-wise data or Ist
harmonic function data obtained by measurements or
other codes, such as CAMRADII (Comprehensive
Analytical Code for Rotorcraft Aerodynamics and
Dynamics)[‘lzl. In the present calculation, the collective
pitch, cyclic pitch, flapping, and lagging angles measured

by the wind tunnel experiment by ATIC are used as the

)(//\«\‘Y

Branch-cut
boundary

Figure 2.3 Cross section of blade grid and boundary
condition

I [Outer background grid|
3l

Blade grid]

N
T

T

L NI RLAt o e

Innier background grid |

&
TTTT

A

N
o e

(a) for whole grid system

input data. The inertial forces by these dynamic motions
have not considered yet in the present calculations.

The calculation procedure is shown in the diagram of
Figure 2.5. The search and interpolation to exchange
flow data, Q@ =(r, ru, v, rw, ), between three different
grids are executed in each time step because the blade
grid rotates with the rotor blade in the background grids.
The computation time spent for search and interpolation
is one of the disadvantages of the moving overlapped
grid approach. In our computation, this problem is
severe because a vector and parallel computer is used.
Therefore, a new algorithm using tri-liner interpolation is
developed and it is vectorized and paralellized[43]. The
typical calculation time for the interpolation costs upto
about 20% of all calculation time in the parallel
computation of 2-bladed rotor case.

The pressure distribution on the blade surface
calculated by the CFD code is stored every 0.5 degrees in

azimuth-wise direction as the input data in noise
Iculation. The aeroacoustic code is based on the FW-H
formulation without the quadruple terms, which is
discussed in the following section.

Only the detailed procedure of the data exchange from
the blade grid to background grid is described here. The
other procedure of the data exchange from the Cartesian
background grid to the blade grid is easier than that from
the blade grid to the background grid.

Figure 2.6 shows the procedure of new search and
interpolation algorithm. In the first step, the grid indexed
(4, 7, k) of the background grid point that might be inside

of the each blade cell are listed. In the second step, the

(b) for blade and inner background grid

Figure 2.4 Cross section of blade grid and inner background grid
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Table 2.1 Specifications of grid systems

Grid Fine grid Coarse grid

Inner (x Xy Xz) x Xy Xz)
Background grid 450 X 400 X 80 = 14,400,000 290 X 230 X 50 = 3,335,000

Outer (x Xy Xz
Background grid 83 X 79 X 49 =321,293

. (chord X normal X span) X blade
Blade grid (81 X 34 X 140) X 2 = 771,120
Total 15,492,413 points 4,427 413 points
Grid spacing of

Inner background 0.11c (=0.006R) 0.19¢ (=0.0105R)
Grid in rotor disk

Reading =
= Calculation parameter:
e Grid data ;
s Plowe data o

\ List Indext of ovid polnts I

J

] ; i@é»e%i; the pesitien eﬁgﬁs@ point {@m%&g‘e or eutside) '

' '
1 '
' 1
' |
1 '
i |
i |
i |
i |
' '
' |
' 1
' i
' :
1 1
1 P
““““““““““““““““““““““““““““““““““ ' 1 0
1 s '
i i
3 |
i |
f |
' '
' |
1 |
' |
' |
' '
1 5
1 '
1 t

©Calulstion steps

’ Remove outside grid pelnis from the st 1

’

! L E@%@?@@ééé@ e ?@&&3 E‘s%%:wé;éﬁ e g§*§s§ sgﬁé@zgk : ’

< imer;éa%atish of flow data
inner-background grid. »blade grid-

: ‘En‘terpd%aiian of flow éa‘ta
“hlade grid Finnerbackground grid

’ Exchange nterpoisted velues hetween PEs J

Interpolation of flow date ) vector computation - -2 - - parallel computation

“nner background grid = outer backaround grid

Figure 2.6 Procedure of new search and interpolation
algorithm

T : Interpolation of flow data SRR
woutsrhackyround grid = inner background grid

: 2.2 Compressible Euler solver

R The general governing forms of three-dimensional
L - Writing flow data

compressible Euler equations can be written in

Figure 2.5 Diagram of procedure for flow calculation . . .
g g fp Jor i generalized coordinate system as the followings.

Q , of,

listed indexes are checked whether they are located YAy H=0

inside or outside of the grid cell. The position of the

point is expressed by three scalar parameters, s, ¢, and © where

for the use of tri-linear interpolation. In this step, values

of s, t, and u for each index are calculated. When all s, ¢, P PU; 0

and ¥ are between zero and one, the point is judged to be Fi puals + Siap Pk

Q=JNpus L, F=J puU; +&1p LH=JY pQuy

located inside of the cell. ous pusU; + Eap 0
Figure 2.7 shows bi-linear interpolation for simplicity. e (e+ pU; - Eiup 0

Then the grid points ocutside of the cell are removed from

the list and the flow data are interpolated to temporal In these equations,

array. The each processing element (PE) of the (), =0/t (), =a/dx;,

supercomputer NWT performs these procedures in (1, %2, %3) = (%, ¥, 2), (E1,E,8) = (E,1,0),

parallel. Finally, the interpolated values are exchanged (ur, 1t2,u3) = (w,v,w), (U,Us,Us)=U,V, W),

between the processing elements. )
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Figure 2.7 Diagram of bi-linear interpolation for
overlapped grid system

And the Jacobian of the transformation is

Cartesian velocity components in x, y, 2 directions, and
U, V, W are components of contravariant velocity. The
quantity £ is the angular velocity of the blade rotation,
and e is the total energy per unit volume. The pressure p

is obtained by the perfect gas equation by

r 1 I
4
p=(r —1)[e—§p(u2 +v? + w?)
where y is the ratio of specific heats, usually as y = 1.4

for air.

The inviscid flux vectors are discretized using Roe’s
flux difference splitting (FDS) method™!. The flux
difference across a cell interface is divided into
components associated with each characteristic wave
with third order accuracy using TVD scheme.*®! TVD
scheme has a good capability of capturing the shock
wave without adding artificial dissipation. Roe’s
approximate Riemann solver does not satisfy the entropy
condition and thus permits physically inadmissible
expansion shock. To remedy this problem, entropy
correction is applied U 1n addition, an upwind scheme
based on TVD by Chakravarthy and Osher!™® is applied
for the inviscid terms of the explicit right-hand-side.
Each operator is decomposed into the product of lower
and upper bi-diagonal matrices by using diagonally
dominant factorization. The accuracy of this solver in

space and in time is 2nd-order and lst-order,

respectively.

For time integration, Euler Backward Implicit Time
Integration is used in the conventional delta form. In
order to obtain the unsteady solution in the forward
flight condition of helicopter rotor, the Newton iterative
method is applied. In this method, the above-mentioned

scheme

LHS(Q™1 - Q") = -AtRHS

is modified as
LH, m(Qm—i—l _ Qm) = _At(% + RHSmj

where m means the number of the Newton iteration.

In order to reduce the residual, six times sub-iterations
are used at each time-step. The typical dividing number
along the azimuthal direction is about 9000 per
revolution for the fine grid and 4500 for the coarse grid.
It corresponds to azimuth angles about 0.04° and 0.08°
ectively. The unsteady calculation is
impulsively started from the azimuth angle of 0°. From
the previous research, the starting vortex can be
negligible in forward flight calculation. For the fixed
wing calculation, the same numerical scheme is used for
a single biade.

Background Cartesian grid, which has relatively
coarse grid spacing compared to the blade grid, uses a
high accuracy explicit scheme to maintain the strength
of tip vortex from blade grid. To contain the movement
of tip vortex in wide range, it needs a large
computational space, i.e. 2 high computing cost. By
using high accuracy scheme for Cartesian grid in the
background grid, we can save computing cost. The
compact TVD scheme is employed for spatial

91 and MUSCL cell interface value is

discretization
modified to achieve 4th-order accuracy. Simple High-
resolution Upwind Scheme (SHUS)PY is employed to
obtain numerical flux. SHUS is one of the Advection
Upstream Splitting Method (AUSM) type approximate
Riemann solvers, which is known to have less numerical
diffusion. Among the explicit time integration methods,
the four-stage Runge-Kutta method is used for the
present calculation. The free stream condition is applied
for the outer boundary of the outer background grid.
Numerical Wind tunnel (NWT) of NAL in Japan is used

to get an accurate aerodynamic flow solution near the
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Figure 2.8 Noise Analysis Methods and Procedure 1851

rotor blade. The NWT is a parallel super coraputer which
consists of 166 processing elements (PEs). The
performance of an individual PE is 1.7 GFLOPS, and
each PE has a main memory of 256MB. High-speed cross-
bar network connects 166 PEs to make the total peak
performance to be about 280 GFLOPS and the total
capacity of main memory as much as 45GB. For the
calculation of this paper, the typical dividing number
along the azimuthal direction is about 2000/rev. The
NWT makes it possible to conduct parametric study of
the effect of the lateral jet blowing on the intensity of the
BVI noise. It takes about one week to obtain a fully
converged solution of a rotor Euler calculation with

about 15 million grid points using 36CPUs.

2.3 Farfield acoustic prediction method

The prediction method of the far field acoustic
pressure is based on the combined method of CFD
technique with acoustic equation sclver. The prediction
method of rotor noise is composed of three steps:
calculation of sound pressure of the noise source,
acoustic prediction computation at the observer
position, and post-processing of the noise data in the
way of sound level, visualization or audible converting.
Figure 2.8%Y shows the diagram of noise analysis
procedure and acoustic prediction methods.

Several prediction methods are available. Direct
computation can be used to get the noise solution
directly from the flow calculation with CFD based
methods, but this is available only near field, and best

way is the coupled with integral method for far-field

prediction. Acoustic Analogy, which is re-arranged in to
Ffowes Williams?Hawkings Equation and Kirchhoff
formula are widely used and still under construction for
better applications.

The idea of Lighthill’'s acoustic analogy[52] starts from
the rearrange governing equation into a wave equation as

following, P%5°!

9 [9p  dpu] g cintinuily
6 om

g

iy

999

Ffowcs-Williams and Hawkings source contributions

linearly superimpose as
p’(&',t) = pt’(BE, t) + pl’(f,t) + pé(?c',t)

to develop quadrupoie source prediction independently,

and can identify contributions from each source. Ffowcs-

Williams and Hawkings formulation without quadruple
term can be expressed in integral form.
: 1 2T
p(x,t)=i{jfmd2+—ifpbcosed2+fpbcosed2+ d, fldV\
47rkc’lt A e Y rA r2A dxzdn;? rA )

A= \;“’1+M’,% - 2M, cos@
Ty = pow; + pyj - c§(0 = Po)d ; Lighthill’s stress tensor
Retarded time solution to Ffowcs-Williams and
Hawkings equation, neglecting quadruple noise, can be
written in the following equations,

9 L

o .__a_ ”L v 1)
4mp'(&,t) = at /£0 r(l—Mr)Lth 0% /[O{r(l‘M’)]retds

as the form of ™%

a Q+L /c L, -Ly
amp(F)= [ | DELLC ) o | Tty ) g
ﬂp(x ) /L) r<1_Mr)2 ret S+/£O 7‘2(1—]‘4'])2 ret i

(@ + Ly / )b, + (M, - M2
+/[ (Q+ c)(r +c(3 )) ds
=0 rz(l—Mr) »
" dmp'(%1) = poltn +vi)+ /e ool Lot | g
, /“[0 i“(I—Mr>2 ret l() rz(l_Mr)Q ret
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where

»'(%,1) : acoustic pressure at position & and at time ¢

L, : components of the local force intensity acting
on the fluid

M : Mach number according to freestream sound
speed, ¢

7 : distance from the observer ¥ to the source
position i

L, =L, Lr = Lﬂ”i, L = Pijnj, Ly = L /¢,

¢, M, =vir;/c, Q= povn, = PoUy = PoV;7L;

where

(1) subscript r and n indicate a dot product of the main
quantity with unit vectors in the radiation and
surface normal directions, respectively

(2) dot over variables indicates source-time
differentiation

(3) [ 1., indicates the integrands are evaluated at the
retarded (emission) time

2an L R o T R =T
in 4 different noises:

L /¢ L /c M,

-+ Clds loading noise (far field)
r(1-M,) r(1-M,)

L. -Ly Lr(Mr - M2}1|JS

n : loading noise {near field)
P2(1-,° r(1-M,)

[ po(0n +0:)  povw 1M,

o ~|ds: thickness noise (far field)
r(i-M,) #2(1-M,)

_povnc(Mr - MZ)

L |ds thickness noise (near field)
r2(1 - M r)

Hypothesis of Ffowcs-Williams and Hawkings
equation[m to be satisfied are known that the noise
source must lay in low speed flow, and viscous and
turbulent stress contribution should be negligible with
respect to pressure on the body surface. Also observer
should be located outside source region (i.e. outside
boundary layer, separation flow or wake) in order to
avoid the nonlinear effect. In most cases, observer is
assumed to move in the same direction and at the same
speed of the moving body to keep the constant distance

between the observer and the moving body.

3. RESULTS: Jet Blowing with Two Blades

3.1 Comparisons with experimental data

Numerical computations are performed by the present
method for the realistic rotor system, which was tested
in the anechoic Neutsch-Niederlaendischer Windkanal
(DNW). Acoustic data have documented the blade vortex
interaction (BVI) impulsive noise radiated from a 1/7-
scale model main rotor of AH-1 series helicopter. The
model rotor of two blades with high aspect ratio is
designed to duplicate the AH1-OLS full-scale, pressure-
instrumented blades, which also have been used for full-
scale aerodynamics and noise testing by NASA.®¥ The
thickness and chord of the full-scale 540 rotor blade are
increased slightly (4% and 5%, respectively) to
accommodate surface-pressure transducers, thus
defining OLS airfoil shape. The characteristics of the
model rotor OLS blade of 1.916m diameter (6.61t) are
shown in Fig. 3.1. The whole rotor test system mounted
in the DNW open test section is schematically shown in
Appendix.

The dimension of the calculated rotor and the
operating conditions are summarized in Tables 3.1.
Three cases of shaft tilt angle are selected to evaluate the
capability of our code to predict BVI noise. The shaft tilt
angles are corrected by the Heyson's method B9 Taple
3.2 shows many operating conditions for experiments
and three test cases which are selected as numerical
calculation. Even the most critical BVI phenomena,
which are marked in black-filled circle, cannot be
calculated because of numerical instability, the three test
cases (case 1, 2, 3) are known to show the physics of
BVI phenomena and noise peak successfully. In the
following calculation of jet blowing with two blades in

forward flight, the case 1 will be used on account of its

| 858 m |
|

§ c/4
i E 0.184 m

ROTATION ‘ 1
18.2% & OLS AIRFOIL 100%R
9.79% tfe —— (MODIFIED BHT 540)

o STRAIGHT LINE
TRAILING EDGE

Figure 8.1 Geometric dimensions of OLS model rotor
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Table 3.1 Operating conditions

Tip Mach Number, M, 0.664
Advance ratio, u 0.164

Tip path plane angle 3.0
Coliective pitch angle, 6, 5.20
Cyclic pitch angle, 6, 2.72

Table 3.2 Operating conditions for experiment and

calculation
u=0.164 u=0.194 1=0.224 u=0.270
tip path | M,=0.664 | M,=0.664 & M,=0.664 | M,=0.664
plan angle | C,=0.0054 | C,=0.0054 | C;=0.00564 | C,=0.0054
M,,=0.773 | M,,=0.793 | M,,=0.813 | M ,,=0.843
-5 O O O O
—4 O O
-3 O O O
-2 O O O
—1 O @ O O
0 & O O S
1 O O @) O
2 O O O
3 Case 1 Case 2 Case 3
4 O O O
O
6
7 &
& : largest BVI noise in each condition

high peak value in BVI noise.

These calculations are impulsively started from a free
stream condition. The computation is carried out on
Numerical Wind Tunnel (NWT) in NAL to perform large
scale and accurate computations. NWT is a vector
parallel super computer consists of 166 processing
elements (PE). Each processing element has a vecior
processor with 1.7 Gflops peak performance. The CPU
time is about 20 hours per revolution using 12 PEs for
coarse grid calculation and 30 PEs for fine grid
calculation. The periodic solution is obtained after 4
revolutions. The required memory sizes are 3GB and
8GB for the coarse and the fine grid calculations,
respectively.

Figure 3.2 shows the time history of lift coefficient at

one point on blade surface according to the rotating time

0.005 ;
r | i
- | - - 1stblade |
| i e 2nel blade |
0.004 ‘ —
.0.003 b (
Q i ;
3 \
0.002 1 L
0004 bbb b e L
: 1000 2000 3000 4000 5000 6000 7000
Time
0.005
- T
- 1st blade |
i | - 2nd blade |
£.004
] i A
| ‘ i f
] il
,0.003 H )
O
0.002 |
0.0015 ‘ 500 BT 1500

Azimuth angle

Figure 3.2 Time history of lift coefficients according to
rotating time and azimuth angle

and azimuth angle during about 4 revolutions of rotor
blade. These calculations are impulsively started from a
steady solution using a free stream condition. The
history profile of two blade shows phase difference for
half revolution, which can be easily predicted {from the
blade geometry. When the profile get shifted in phase
according to the azimuth angle, the peak values of two
blades grow to be consistent at the 4th revolution, which
indicates that the flow calculation is converged.

Figure 3.3 shows the microphone positions in the
experiment. One of thirteen traverse microphones of
experiment on the horizontal plane of 2.43m (1.16R)
below the center of the rotor are used. The sound
pressure level (SPL) is calculated from blade surface
pressure using the aeroacoustic code based on the FW-H

formulation. The calculated SPL waveform of BVI noise
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Figure 8.4 Diagram of several noise sources for one
revolution

clearly shows distinct spikes caused by the interaction
between blade and vortex. The higher accuracy
numerical schemes in background grids and very large-
scale computation lead us to these satisfying results. The
difference between calculated and measured waveforms
is due to the disagreement of intensity and location of
BVI In addition, the azimuthal width of the spike seems
to be stretched in the calculated SPL waveform. The
reason of the stretch might be the expansion of the core

radius of tip vortices. Concerning a core radius of tip
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Figure 8.5 Comparison of sound pressure level (SPL)
histories between calculation and

measurement for case 1,2,3

vortices, further study will be needed.

Figure 3.4 shows the several kinds of noise sources
including thickness noise, far- and near-field noise, and
total noise for both single blade and two biades. The
magnitude of thickness noise is relatively small when
compared to that of far-/near-field noises, and the main
noise comes from far field noises which are dominated
from blade vortex interaction. Total noise for two blades
shows the typical BVI noise pattern for one revolution.

Figure 3.5 shows the comparison of sound pressure
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Figure 3.6 Diagram of noise sowurces for OLS rolor cases

Figure 3.7 Case diagram for various jet conditions in overlapped grid system

level (SPL) histories between measurement and
calculation for case 1, 2, 3 during one revolution of
rotor blade respectively. Even the peak values are not
exactly correct in magnitude, the calculation show good
agreements in the peak position, which implies that the
calculation can predict the BVI phenomena for forward
flight.

Some explanations of difference of minor peak values
in sound pressure level are shown in Fig. 3.6. The highest
peak in positive values comes from the main blade
vortex interaction, but the lowest peak in negative values
is supposed to originate from the interaction between
vortex and root tip of the rotor blade. In real or model
helicopter, the flow characteristic near root tip region is
controlled by the hub system, which is not considered in

the calculation.

3.2 Calculation of jet blowing

The predictions of Blade-Vortex Interaction (BVI)
noise with various jet conditions are performed using a
combined method of an unsteady Euler code with an
aeroacoustic code based on Ffowcs-Williams and
Hawkings formulation. A moving overlapped grid system
with three types of grids (blade grid, inner and outer
background grid) is used to simulate BVI of helicopter
with two OLS-airfoil blades in forward/ descending
flight condition B9 The model rotor blades are set to be
AH1-OLS blades, which also have been used for full-scale
aerodynamics and noise testing by NASA. The rotor
motion is also set to be one of the test cases of NASA
experiment.

Figure 3.7 shows the diagram of cases with various

directions of tip jet blowing. Case A is the rotor without
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Figure 3.8 Visualized tip vortices of vorticity contours (M = 0.8, M] = 0.6, case I using coarse grid without jet)

jet blowing, and the various jet blowing condition are
applied to from case B to case F. Case B is 45 degrees
forward blowing and case D is 45 degrees backward
blowing. Case E is 45 degrees upward blowing and case
F is 45 degrees downward blowing. To see the effect of
blowing volume flow, case G has 2 times larger area of
Jjet slit than that of case C, and case H has both wide jet
slit area and higher jet Mach number of 0.9.

Figure 3.8 shows vorticity contour at several sections
together to visualize the trace of tip vortex in forward
and descend flight condition using coarse grid system at
the azimuth angle of near 100 degree. It clearly shows
the trace of tip vortex which are generated by two rotor
blades, and also shows the interaction of blade and tip
vortex. The tip vortex are shown to lasts up to nearly 3~4
revolution causing several interactions with following
blades. Near blade root there are another significant tip
vortex, which are not supposed to happen in real
helicopter system. This extra vortex structure is
considered originated from the absence of rotor hub
system in computation, which is already mentioned in

the previous section.

To see the detail of vortex movement, the contours of
vorticity on the plane of several intersectional planes in
z-a3xis are shown in Figure 3.9. Tip vortex generated from
two blades in forward and descending flight moves
slightly upward, but still remains near the rotation plane
(or rotor disk), which makes blade vortex interaction. As
mentioned above, from this contour, we can see that the
vortex generated from the preceding blade pass through
the following blade. Although the critical blade vortex
interaction is supposed to occur during direct interaction
between vortex and blade at the most front part of the
leading edge, it may cause the numerical instability
during calculations.

The computed pressure coefficient (C) histories on
blade surface are plotted in Figure 3.10 for various jet
conditions. The fluctuations caused by BVI are
successfully captured in the way of sudden changes of
pressure coefficient, which are observed in the
advancing side (from 0° to 90%) and the retreating side
(from 270° to 360°). The reason of the disagreement is the
difference of the miss-distance between vortex core and

rotor blade in BVI region. In the tip region (#/R = 97%
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(a) no jet

(b) normal jet

Figure 3.9 Contours of vorticity on the plane of several sections

Upper surface: ——

Lower suiface: - - - -

One Revoiution

Figure 3.10 Computed pressure coefficient (i Cp) histories on blade surface

and 87%), the number of BVI events in the calculation is
less than that in the experiment in advancing side. In the
middle span station (#/R = 61%), on the other hand, the
nummber of BVI events in the calculation is more than that
in the experiment. In addition, the azimuth position of
BVI is shifted forward compared with that in the
experiment. It can be supposed from these results that
the position of calculated tip vortices in the BVI region is
lower than that of measured ones. Thus the calculated
location where tip vortices intersect the rotor disk might
be moved inside and forward compared with the
measured one. Consequently, the locations of BVI are
not in good agreement. This feature is observed for all
three cases. The quantitative discrepancy between

calculation and measurement mentioned above is caused

by the difference of angle of attack because blade
elasticity is not considered in the present code. The
discrepancy of miss-distance, which causes quantitative
disagreement of the pressure coefficient, is caused by
the strong downwash induced by the over-estimation of
thrust.

To see the detail of vortex movement at the several
sections along tip vortex, the contours of vorticity on the
sectional planes are selected in Figure 3.11. Figure
3.11(a) shows the diagram of sectional contours in the
perspective view of vorticity contour. Section (a) shows
the tip vortex just behind advancing rotor blade, and
section (b) shows its development and the other tip
vortex at the same time. Section (c¢) shows the

intersection with retreating rotor blade and section (d)

This document is provided by JAXA.



Numerical Study on the Lateral Jet Flow of Helicopter Rotor: Part 2. Blade Vortex Interaction Noise of Rotary Wing 17

section {a). e section (b}

o1

0.05

£ 55 57

section (¢} section {d}

section {s} soiSection (i}

038 03 55 ) 1 75 PERE T

(b) vorticity contours without jet

Section{d).

section{e)

7
section (¢}

EH MK i E A BE TR T

section {e}

PR & T 735 P B

(¢) vorticity contours with jet

Figure 3.11 Contours of vorticity on the plane of several sections along tip vortex

shows both the formation of new tip vortex and the
break down of old tip vortex. Section (e) and (f) show
the sections of middle passage of tip vortex. Figure
3.11(b) shows the vorticity contours at six sections
without jet and figure 3.11(c) shows the vorticity
contours at six sections with normal, fast, and wide jet.
As shown in figures above, the tip vortices with jet
blowing seem more disturbed by jet to produce bigger
core size, as illustrated at section(a) and section(d) in
figure 3.11(a) and (b). Also the center of tip vortex in the
middle of passage, as shown at section (e) and (f) is
moves upward, which is especially important in the miss-

distance of BVI in section (e). This effect is also seen in

section (a), which shows the tip vortex from the
previous advancing blade remains upward owing to the
jet blowing.

Figure 3.12 shows the diagram and zoomed view near
BVI using iso-contour of vor‘tiéity of tip vortex.
Perspective view of iso-contour of vorticity of tip vortex
shows the significant traces of tip vortex in figure
3.12(a). To see the effects of jet blowing at the BVI of
advancing blade, zoomed view of vorticity iso-contour
near BVI is illustrated in figure 3.12(b).

The iso-contours of vorticity of tip vortex near BVI
interaction are illustrated for the case without jet

blowing in figure 3.13(2) and for the case with fast, wide
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(b) zoomed view near BVI

Figure 3.12 Diagram of zoomed view near BVI using
iso-contour of vorticity of tip vortex

jet in figure 3.13(b). The tip vortex with jet shows larger
core size, but it seems less disturbed by the interacting
blade by keeping its original shape of tip vortex. It means
that jet blowing moves the tip vortex upward during
interaction to make the tip vortex less disturbed. So jet
blowing plays a positive role to reduce BVI noise in both
ways: at first, by increasing the core size to produce less
pressure gradient during BVI, and at second, by pushing
the vortex center upward to increase miss-distance
during BVL

Figure 3.14 shows the pressure coefficient distribution
according to azimuth angles for upper and lower blade
surface according to the jet conditions. The pressure
coefficients show the similar patterns globally in spite of

different jet conditions, but small differences near the tip

(a) no jet

(b) wide fast jet (M = 0.9)

Figure 3.13  Iso-coniour of vorticity of tip voriex near
BVI

region at both advancing and retreating sides can be
detected.

The computed pressure coefficient (C) histories on
blade surface are plotted in Figure 3.15 with/without jet
conditions. To see the global differences of jet effects,
the comparison of pressure coefficient (C,) histories are
drawn in Figure 3.16 according to various jet conditions
for one revolution at one position near leading edge on
upper and lower blade surface. For most jet conditions,
the difference occurs at the retreating side (azimuth
angles from 270° to 360%) in the tip region (/R = 97%
and 87%).

Figure 3.17 shows the sectional lift coefficient (C,;)
distributions and lift forces along the spanwise direction
for azimuth angle, and Figure 3.18 shows the comparison

of sectional lift coefficient (C,) distributions and lift
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PFigure 8.14  Pressure coefficient distribution according to azimuth angles

forces along the spanwise direction for various jet
conditions at azimuth angle of 0 degree and 306 degree.
The results showed that any kinds of jet blowing from
the rotor tip caused the increased lift coefficient (C))
distributions and lift forces near tip region, and these
increase are thought to originate the phenomena so
called the increased ‘wing-span’ by the jet blowing.

According to azimuth angles, each rotor blade

experiences unsteady pressure history, which has a
sudden change when blade-vortex interaction happens.
After applying aeroacoustic code based on Ffowcs-
Williams and Hawkings formulation, we can get sound
pressure history for one revolution of rotor. Figure 3.19
shows the comparison of sound pressure level (SPL)
histories for one revolution of rotor biade according to

the jet conditions. Compared to the results of single
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Figure 8.14  ((continued))

fixed blade calculation, the solutions of different jet
condition show not so much difference with each other.
The reason of small effect of jet blowing can be thought
of a numerical dissipation in the inner background grid,
which is sparse to project the tip vortex core correctly.
The numerical dissipation causes this result in spite of
using higher accuracy numerical scheme.

Maximum BVI noise peak, which is shown in the

positive peak value, is reduced when jet blowing is
applied at rotor tip with any kinds of jet conditions. Even
the other BVI noise in the negative peak value increased
owing to jet blowing, the method to use jet blowing is
effective to reduce the peak BVI noise, which is more
critical to human’s hearing.

As shown in Table 3.2 of sound pressure level, when

converted into sound level, the maximum decrease in
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Figure 83.17  Sectional lift coefficient (C,) distributions along the spanwise direction for azimuth angle
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Table 8.2 Comparison of BVI noise reductions for several

cases

SP (W/mz) Noise (dB) | difference (dB)
No Jet 18.62 119.38 -~
(narljgjv‘f‘;‘}j e g | 1860 119.36 0.02
(W;\(Ii‘:%l Jo 6 | 1635 118.25 113
(m%?]?f? ie(‘;.g) 13.85 116.83 2.55
F(cj’gvi‘”g.gt 17.87 119.02 0.36
B’“&j}j’fffﬁget 17.73 118.95 043
%gf%jgt 18.03 119.10 0.28
D%E‘fg_‘get 18.45 119.30 0.08
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Comparison of sectional lift coefficient (C,) distributions and lift forces along the spanwise direction for various jet
conditions

BVI noise is 2.55 dB for the wide and fast jet blowing.

From the results with overlapped grid system above,
the effect of jet blowing direction is not so big to change
the BVI noise, compared with the big difference as
results with fixed blade. The reason is supposed to be
the periodic alternation of flow condition of rotor owing
to rotor rotation during forward flight.

These aeroacoustic results demonstrate the capability
of our code to predict the BVI noise. However,
inaccuracy of miss-distance between vortex core and
rotor blade causes some disagreements of intensity and
location of BVIL. The strong downwash induced by the
over-prediction of thrust causes descend of tip vortices
that strongly affect BVI property. Consideration of blade

elasticity and correction of control input (e.g. collective
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Figure 3.19  Comparison of sound pressure level (SPL) betweer. cases with overlapped grid system

and cyclic pitch angles) should be made for the 3.3 Study on the grid dependency

improvement of the prediction. Improvements in CFD The predictions of Blade-Vortex Interaction (BVI)
computation, especially in the estimation of tip vortex noise with fine grid system are performed using a
positions, will be required to obtain more accurate noise combined method of an unsteady Euler code with an
prediction. It is necessary to study more about the effect aeroacoustic code based on Ffowcs-Williams and
of discrete jet blowing according to flight condition and Hawkings formulation. Two different inner background
rotor movement. grids (fine and coarse) are constructed for testing the

grid dependency. A blade grid and outer background grid

in moving overlapped grid system are used the same as
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Figure 3.20 Pressure coefficient distribution according to azimuth angles for upper and lower blade surface

the previous calculation, and inner background grid is
rebuilt using nearly 1.8 times more grids in each
direction than the previous one. BVI of helicopter with
two OLS-airfoil blades in forward/ descending flight
condition are simulated with and without jet blowing. As
mentioned in the numbers of grid points for each grid
system of Table 2.1, the grid spacing of the inner
background grid corresponds to 0.11c (fine) and 0.19¢

(coarse), where ¢ is the chord length.

Figure 3.20 shows the pressure coefficient distribution
according to azimuth angles for upper and lower blade
surface using fine grid system in inner background grid.
The pressure coefficients show the similar patterns
globally with those of coarse grid system, but the fine
grid system calculated more specified pressure field near

the tip region at both advancing and retreating sides. It
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Figure 3.20 ((continued))

means that even the fine grid system is mainly related to
the inner background system, the flow field in blade grid
system is affected from changing boundary interpolation.

Figure 3.21 shows the computed pressure coefficient
(Cp) histories on upper and lower blade surfaces, and
Figure 3.22 shows the comparison of pressure coefficient
(C,) histories for one revolution at one position near

leading edge on upper and lower blade surface using fine

grid system. With these figures, we can show the change
of global quantities according to the grid system and jet

o

condition. The greatest difference occurs at th

)

retreating side (from 270° to 360°) in the tip region
(r/R = 97% and 87%).

Figure 3.23 shows the lift coefficient distributions and
lift forces along the spanwise direction for azimuth angle

with and without jet conditions. Figure 3.24 shows the
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Figure 321 Pressure coefficient (1 Cp) histories on upper and lower blade surfaces

comparison of lift coefficient distributions and lift forces
along the spanwise direction for both grid systems and
jet conditions at azimuth angle of 0 degree and 306
degree, where differences are critical according to grid
systems.

In Figure 3.25, tip vortices are visualized by the iso-
surface of vorticity magnitude in the inner background
grid at top view for coarse and fine grid systems
with/without jet condition. Even the similar image in the
isc-surface is observed between both coarse and fine
grid results, a distinct difference in the iso-surface exists.
For both coarse and find grid systems, the tip vortex
generated from two blades in forward and descending
flight moves slightly upward, but still remains near the

rotation plane (or rotor disk), which makes blade vortex

interaction. Compared to the values from coarse grid, the
vorticity from fine grid are shown to keep its strength
longer, which is displayed by the fact that vortex last
more rotor revolutions. Also the effect of jet blowing is
clearly seen when using the fine grid system.

Figure 3.26 also takes the different point of view for
contours of vorticity magnitude in the cross section
parallel to the flow direction (+/R = 0.8, retreating side).
From these results, it is found that the coarse grid
calculation captures only weak tip vortices. From this
contour, we can see that the vortex generated from the

receding blade pass through the following blade. The
tip vortex of fine grid system shows not only more clear
and concentrated vortex but also stronger vorticity

magnitude.
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Figure 3.22  Comparison of pressure coefficient (C,) histories for one revolution at one position near leading edge on upper

and lower blade surface

There are two reasons for these differences between
coarse and fine grid calculation. The first and most
important reason is a numerical dissipation in the inner
background grid. While tip vortices in the fine grid keep
their strength, those in the coarse grid are dissipated
immediately. The numerical dissipation causes this
result in spite of using higher accuracy numerical
scheme. The second reason is a loss of vorticity strength
at the interpolation of flow data between blade grid and
inner background grid. The loss is shown in the most
upstream region where the blade grid system is located.
The vorticity strength in the coarse grid is weaker than
that of the fine grid, though the influence of numerical

dissipation is negligible in this region because the tip

vortex is just projected to the inner background grid.
This vortex strength loss is caused by the lack of
resolution of the coarse inner background grid. The grid
spacing, 0.19¢, of the coarse inner background grid is too
sparse to project the tip vortex core correctly, which is
generally 0.2¢ in diameter.

Figure 3.27 shows the comparison of sound pressure
level (SPL) histories for both coarse and fine grid system
with and without jet conditions. At the maximum peak
position (A), the values of fine grid system shows the
sharper peak in sound pressure level distribution than
those of coarse grid. Considering the results of
comparison of computed sound pressure level with that

of experiment, the calculation with fine grid system
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Figure 3.24  Comparison of lift coefficient distributions
and lift forces along the spanwise direction
Jor both grid systems and jet conditions

approaches the experimental results in the way of larger
peak values when blade vortex interaction happens, and
it means that fine grid system should be used to get the
more accurate solution of blade vortex interaction. And
from the difference of sound pressure level between the
cases with/without jet blowing, the fine grid system
show more distinct decrease on account of the jet effect.
It ascertains the conclusion of the previous chapter that
jet blowing method can reduce the blade vortex

interaction noise.

(b) fine grid without jet
J

Figure 3.25 Iso-surface of vorticity at top view for coarse
and fine grid sysiems

4, SUMMARY AND CONCLUSIONS

As one of the active control method to reduce Blade-
Vortex Interaction (BVI) noise of helicopter rotor, the
effects of lateral wing-tip blowing are analyzed for the
generation and behavior of tip vortical flow from rotary
two blades. Comprehensive numerical investigations on
the tip vortical characteristics of fixed/rotary wing are
performed for various conditions to get the following
conclusions. The predictions of blade vortex interaction
noise are performed using a combined method of an
unsteady Kuler code with an aeroacoustic code based on
Ffowes-Williams and Hawkings formulation. A moving
overlapped grid system with three types of grids
including blade grid, inner and outer background grid is
used to simulate BVI of helicopter with two OLS-airfoil

blades in forward/ descending flight condition.
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- - Jet effect
N

(¢) coarse grid with normal jet

T T et effect

d) fine grid with normal jet

Figure 3.25 ((continued))

The calculated sound pressures of test cases are
compared with experimental results, and showed
good agreements in capturing the BVI noise peak. It
means that this unsteady flow solver has the ability
to simulate the BVI phenomena and BVI noise
analysis can be successfully predicted when
combined with aercacoustic code.

The jet blowing plays a positive role to reduce BVI

noise in both ways: at first, by increasing the core

Table 8.8 Comparison of BVI noise reductions for several
cases using fine grid system

SP (W/m%) | Noise (dB) | difference (dB)
No Jet 18.62 119.38 —
Normal Jet 18.60 119.36 0.02
Fine, No Jet 18.97 119.54 —
Fine, Normal Jet 18.49 119.31 0.23

size to produce less pressure gradient during BV],
and at second, by pushing the vortex center upward
to increase miss-distance during BVL

(3) The effect of lateral blowing at tip to reduce BVI
noise is examined using various jet blowing
conditions including jet speed, jet slit area and
injecting direction, and most of jet blowing can
reduce the BVI peak noise more or less. Maximum
BVI noise peak in sound pressure level is reduced for
some jet condition at rotor tip, and when converted
into sound level, the maximum decrease in BVI noise
is 2.55 dB for the case with wide and fast jet blowing.

(4) The solution of fine grid showed more distinct peak
of blade vortex interaction noise in sound pressure
level. The minor difference between the cases with
and without jet revealed more clearly in the solution
of fine grid system than that of coarse one. The
reason is a numerical dissipation in the inner
background grid, which is most important to keep
the accuracy of tip vortex calculation. The second
reason is a loss of vorticity strength at the
interpolation of flow data between blade grid and

inner background grid.

With these results above, the method to use jet
blowing can be effective way to reduce the peak noise in
the helicopter BVI phenomena. The BVI noise can be
solved well enough to check the global characteristics
using coarse grid system, while fine grid system is
suggested in order to obtain more accurate results of jet
effect.
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(a) coarse grid

(b) fine grid

Figure 3.26 Vorticity contour on the spanwise inlersection
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Experimental System in DNW
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