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Numerical Study on the Lateral Jet Flow of
Helicopter Rotor:
Part 1. Tip Vortex of Fixed Blades’
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ABSTRACT

Blade vortex interaction noise (BVI), which is generated by an impulsive change in the pressure
distribution 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 a higher harmonic
control method, active tabs, 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 biowing 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 unsteady Euler code with an
aeroacoustic code based on the Ffowes-Williams and Hawkings formulation.

The present report corresponds to the first part of this effort: determining the effect of blowing air from
the blade tip on the tip vortex of a fixed single blade. The computed circumferential velocity profiles of the
tip vortex are compared with experimental results with a single fixed wing to validate the numerical
technique. The numerical results include the position of the vortex center along the vortical flow, the size and
strength of the rolled tip vortex, and the circulation and maximum tangential velocity of the tip vortex under
various jet conditions. Jet flow from the wing tip can diffuse the tip vortex such as producing larger core
sizes and lower velocity gradients, which can be effective ways to reduce BVI noise from a rotary wing.
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1. INTRODUCTION interaction with boundary layer and near-wake
turbulence, which controls the high-frequency part
1.1 Various noises in helicopter of spectra. !

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- Blade-Vortex

" : < Interaction noise
rotor, are of interest in the fields of aerodynamics
and aeroacoustics.

Tail Rotor Noise

Engine Noise

. . L. : High-speed
Helicopter rotor noises can be divided into 4 Impulsive Noi

kinds of noise mechanisms as shown in Figure 1.2!".
One is discrete loading noise due to steady and
azimuthally dependent blade loading, which
dominates the lower harmonics of the blade passage
frequency. Next is discrete impulsive noise, or
Blade Vortex Interaction (BVI) noise which is
already well-known to dominate a large number of
harmonics. Broadband noise of Blade Wake Figure 1.1 Several noises in helicopter

transmission
Noise

Interaction (BWI) is dominant at somewhat higher
frequencies because of BWI from blade interaction
with turbulence in and about the general rotor wake.
The last one is broadband self-noise due to blade

This document is provided by JAXA.



Numerical Study on the Lateral Jet Flow of Helicopter Rotor: Part 1. Tip Vortex of Fixed Blades 3

The relative significance of each of these
mechanisms is dependent on rotor operating
conditions. Blade Vortex Interaction (BVI) is
dominant during forward-decent flight, which is
most important to human sensitivity. Blade-Wake-
Interaction (BWI) is known to be significant in
level or climb flight in the mid-frequency range. At
high climb angles, BWI is reduced and self-noise
from blade boundary-layer turbulence becomes the

most prominent.
WAKE TURBULENGE (BW! NOISE)

/

Al
N~
g

A)UNDARY LAYER—

NEAR WAKE
{SELF-NOISE)

TIP VORTEX / '
(BVI NOISE) —

Figure 1.2 Diagram of noise sources in helicopter rotor

An example of typical waveform of noise
spectrum from microphone in Figure 1.3 shows
dominant regions for four individual source
mechanisms. Compared to other noises, BVI
generates critically high noise depending on flight

conditions.

SPL,, SPL,.,
dB” dB
83.0 100 57—

§___,_‘/ Loading noise dominated
73.0 -~ 80 ’é e BV! - higher harmonic
é foading noise dominated

683.0 j— 80 E%‘
|

53.0 70 Wy,

BWI noise

dominated Self-noise
/ wmamd Spectrum

extension

; Antiaiiasing
HAasiT
3 Contamination i‘\{fl’l‘ff?j]_e,m
"

3 0 3 rlemoved
P

43,0 — 80

33.0— 50

25.0 = 40,
Frequency, f , kHz

L 1 L ¢ . | 2 ) : : i
] 5 10

Frequency, f, , kHz

Figure 1.3 Wave forms of noise in helicopter

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 noisel.
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 of

Germanym], ONERA of France!'”, and ATIC of
Japan, respectively!'. Tadghighi et al. [
developed a procedure for BVI noise prediction,
based on a coupling among a lifting-line code (to
provide the vortex wake geometry), a three-
dimensional 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 acoustic signature. Yu et all'’
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.!'® was 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 ad 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 Iocal interaction angle between
the blade an 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 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)"™ method, Higher Harmonic Control
(HHC)?"! method and Tailing Edge Flap (TEF)P!
method. These methods
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
fip 222

are concerned with
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13 Lateral jet blowing method

As one of active control method to reduce the
BVI noise, method of jet-blowing from a blade-tip,
as shown in Figure 1.4, has been tried by many
researchers. The idea of mass injection to control
the tip vortex started in the area of fixed wing.

Lee et al.”"* have used a wing tip modified with
a 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 nature of the tip vortex for the
modified wing does not appear to be appreciably
altered. Wu and Vakili®?” examined the 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.
MineckP? conducted comprehensive experimental
and analytical studies to assess the potential
aerodynamic benefits from spanwise blowing at the
tip of a moderate-aspect-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. Yamadal¥ 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
investigation of the lateral tip-blowing to reduce

BVI noise. The results showed that blowing from

numerical and  experimental

JAXA Research and Development Report JAXA-RR-04-013E

the wing-tip can diffuse the tip vortex and displace
it cutward causing the increased 'wing-span'.

Wing-tip Jet

N

Figure 1.4 Diagram of wing-tip blowing jet of rotor

1.4 Numerical and Experimental Research

The flow field near the rotor must be quantified
to fully cieveiop 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
equa*cions[3 . However, unlike the FEuler 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 swept wing was performed by Mansour™,
and by Kaynak et alP” extended to three-
dimensional shock-induced separation using a
multiblock  Euler/Navier-Stokes method.
Later Srinivasan!*” have extended the simulation of

the flowfield and the vortex-formation around the

zonal

wing tip region to the transonic flow.
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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
theoretical or experimental
researchers trying
qualitatively the structure of a vorticity transport
from a boundary layer near the wing surface to

analyze, most

have been to understand

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 blade than
the fixed wing.

1.5 Metivations and Objectives
The preliminary researches, coupled with
41,42

blowing optimization capabilities*"*”, clearly show
the potential benefits of discrete jet blowing as
means of active control of wingtip vortex flow to
reduce BVI noise. of BVI
phenomena or BVI noise, it is necessary to get an
exact solution of near filed flow of rotor and far
field flow. 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

For the control

using numerical calculation methods.

In the first part, three-dimensional compressible
Euler/Navier-Stokes solver are solved to calculate
the effect of flow air from blade tip on the tip
vortex of fixed single blade. The computed
circumferential velocity profiles of tip vortex are
compared with experimental results with single
fixed wing as a validation of numerical solver. Then,
various flow and jet conditions are applied to the
single blade with Freestream Mach numbers 0.5 and
0.8 at the angles of attack of 5 degree. The
numerical results include the position of the vortex
center along the vortical flow, the size and strength

o1

of the rolled tip vortex, and circulation and
maximum tangential velocity of the tip vortex. Jet
flow 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. The present paper is
corresponding to the first part of the research work:
the effect of blowing air from blade tip on the tip
vortex of fixed single blade.

In the next paper, the predictions of blade vortex
interaction noise will be performed using a
combined method of an unsteady Euler code with
an aeroacoustic code based on Ffowcs-Williams
and Hawkings formulation.

Numerical Wind tunnel (NWT) of NAL in Japan
will be used to get an accurate aerodynamic flow
solution near the rotor blade. The NWT is a parallel
super computer which consists if 166 processing
elements {PEs). The performance of an individual
PE is 1.7 GFLOPS, and each PE had a main
memory of 256MB. High-speed cross-bar network
comect 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 flow
on the intensity of the BVI noise.

This research is conducted as a collaborative
research program between National Aerospace
Laboratory (NAL) in Japan and Pohang University
of Science and Technology (POSTECH) in Korea.

2. NUMERICAL METHODS

2.1 Compressibie Euler solver

The general governing forms of three-
dimensional compressible Euler equations can be
written in generalized coordinate system as the
followings.

Q+E+H =0

ot 0

where

This document is provided by JAXA.
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In these equations,
S

(51352753) = (‘f9ﬂ$§)>
Uy, Up U3y =(U, V., W).

(1, x2,x3) = (x, 3, 2),
(uy,up,u3) = (@, v, w),

And the Jacobian of the transformation is

J =€% ez~ - g20) Hxp g -z
In the above equations, p is the gas density, #, v, w,
the Cartesian velocity components
directions, and U, ¥, W are components of
contravariant velocity. The quantity (2 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

in x, yz

p= (7—1)}}—%/)(142 2 +w2)}

where 7 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 shock. To

remedy this problem, entropy correction is applied
[45]

inadmissible expansion

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 -g" ): — ARHS

JAXA Research and Development Report JAXA-RR-04-013E

is modified as
m n
LHS m(Qn1+l_Qn1)__At(Q A“[Q + RHS mj

where m means the number of the Newton iteration,
In the beginning of the calculation, the steady
calculation is conducted at the azimuth angle,

v =90° by using the implicit time-marching

method. Then, the unsteady calculation is started
from this initial condition by using the Newton
iterative méethod. Four iterations are sufficient to
reduce the residual at each time-step. The typical
dividing number along the azimuth direction is
about 1000 per revolution.

2.2 Compressible Navier-Stokes solver

The general governing forms of three-
dimensional compressible Navier-Stokes equations
can be written in generalized coordinate system as

the followings.

90 OF g po1 95
o 0 a&;
where
p pU;
oy omU;+&i1p
_ -1
g=J ! PU 1y Fi:‘] /7142Ui+§j,2p B
pH3 pusU; +&i3p
e (e+p)U; =i 4p
0 0
— Qg i,j%;
- -1
H=J" pouy t, Si=J78 &y
0 &ij%
0 Ttk * 4i

The metric notations and the Jacobian of the
transformation are same with those of Euler solver.

The variables 7, and g, are the stress tensor and
heat flux respectively. The hypothesis of eddy-
viscosity gives

2
Ty =4+ 1) (”i,j tuj '?‘S‘zjuk,k}

oo 52‘
N
qi: __+_t 2
Pr Pr )y-1

where « and #, are the molecular and turbulent
eddy viscosity, and Pr and Pr, are the laminar and
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turbulent Prandtl numbers which are assumed to be
constant values of 0.72 and 0.9 respectively. The
quantity s is the speed of sound.

The turbulent eddy viscosity above is calculated
with the ¢-« turbulent model, which is two-
equation model developed by Coakley!*". Although
zero equation models have high numerical
compatibility and are effective in attached or
weakly separated flows, the algebraic length-scale
is difficult to estimate for complex separated flow.
And the assumption of equilibrium turbulence
makes it impossible to account for flow history or
stress-relaxation effect. As solving the partial
differential equations directly for both velocity field
and length scale of the flow, two-equation models
gives isotropic
turbulence but also anisotropic complex flows

good solution for not only
including separation.

In this calculation, the ¢- @ turbulent model is
used due to its numerical compatibility and ability
to predict the practical transitional phenomena. The
turbulent kinetic energy & and dissipation rate &
are solved by solving the following equations of the
field variable ¢ and @ , which have relations of

g=+k and w=¢/k.

00 , OB 19,

H,y
o g &

where

Q,—J‘{”q} i = *{MU’} S P
o PR )
o0 ) 3%,

and

Fu=1-exp-aR) R=FLRe.

12

Pq

=C, [, R
My /zf M © PN
Here, s means normal distance from the wall and
g7 =V& V¢, and the velocity field D and the strain

rate invariant S are represented as

2.2
Dupr,  S=lujrupiu; 3P

Turbulent constants are set to
Cj =0.405f, +0.045, =092, C,=0.09,

o = 0.0065, oq= 1.0, o, =13 7]

2.3 Grid system and boundary conditions
for single blade

Generalized body-fitted curvilinear grid systems
can be constructed using C-H-type mesh or H-C-
type mesh according to the solver. For the
convenience of grid attraction to jet slit area, H-C-
type grid may be a proper topology, as shown in
Figure 2.1. This grid good for
concentrating grid near the jet slit of the wing tip,
for the slit has comparatively small area with high
gradient of velocity. But near the tip region of
leading and trailing edge, excessively small grid
spacing may cause the calculation unstable.
Another typical grid type for wing problem is C-H-
type grid system as shown in Figure 2.2. Outer

system is

region from the wing tip is set to be branch-cut
boundary condition. It is good for well-distributed
grid near leading edge of airfoil and easy to create
from two-dimensional sectional grid plan, but
difficult to put enough grids on jet slit area
compared to H-C-type grid.

This document is provided by JAXA.
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(a) Perspective view

(b) wing-tip and slit

Figure 2.1 H-C-type grid system

(a) 2-D grid in C-type of NACA0012
Figure 2.2 C-H-type grid system

At the surface of the wing, the normal direction
component of the velocities are specified to be zero
for inviscid Euler computations, which is known as
the "no-penetration” condition and
represented by

can be

(V" )wah' =

At the far-field boundaries, Riemann invariant
condition is used as non-reflecting boundary
condition, which prevented the outflow effects from
entering into the computational region. At the
inboard boundary, the flux is set to be zero to
permit a cross flow unlike 2-dimensional analysis.
This boundary condition is known to have little
effect on flowfields. In the region containing the

(b) Perspective View

blade root, two kinds of boundary conditions, (a)
normal and (b) symmetric boundary condition, is
imposed. Even though condition (a) yields better
results, this region is not so much dependent on the
boundary conditions.

3. RESULTS

3.1 Grid system of a fixed single blade

Comprehensive tip-vortex flow behaviors are
numerically analysed in this chapter with a single
blade of OLS airfoil section, which had been tested
for full-scale aerodynamic experiment and noise
data measurement in NASAM®. Figure 3.1 shows
three-dimensional grid systems for single blade

This document is provided by JAXA.
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model and detail view of grid system near blade tip.

Figure 3.2 shows the sectional grid for blade and tip.

The computational domain consisted of C-H-type
grid  system using 719,656 grid points
(chordxnormalx span, 181 x56x71). The blade tip
is simplified to have a sharp edge, where much
condensed grids are applied in order to set accurate
jet boundary conditions. The jet slit at the tip is
located from 20% to 65% of the chord length from
the leading edge, and has a slit width of about 20 or
30% of the thickness of the airfoil section. The
computational domain has a range of 5-chord
lengths in the free-stream region around the biade

and a 10-chord length wake region behind the
trailing edge. Flow conditions are simplified from
one of the flight condition data of helicopter model-
rotor experiments. The free-stream Mach number is
set to be 0.5 or 0.8, with the angle of attack to be 5
degrees to the free-stream flow. To see the effect of
various jet conditions, jet direction, jet Mach
number and jet slit area are altered. Considering the
outcome of preceding numerical work!™, the

variation of jet direction is more specified from —45
degrees forward to 45 degrees backward with an
increment of 15 degrees.

(a) 3D grid system

(b) grid system near blade

Figure 3.1 Three-dimensional grid systems for single blade model

(a) blade geometry

(b) grid distribution near tip

Figure 3.2 Sectional grid systems for single blade
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3.2 Yalidatien of Euler/Navier-Stokes solvers

The computations of tip vortical flow by
Euler/Navier-Stokes
performed in order to simulate the vortex behavior
induced by the experimental facility of Appendix A.
Free-stream Mach number is set to be 0.0882 at the

angles of attack of 5 and 10 degrees, which is the
same condition as that of experiments. As shown in

compressible solvers are

the diagram of jet flow and tip vortex near tip in Fig.

3.3(a), the circumferential velocity profiles, i.e. the
tangential velocity component, of tip vortex of
calculation are compared with experimental results
as a validation of numerical solver in Fig. 3.3(b),.
For convenience of comparison, circumferential
velocities and distances from the vortex center are
maximum

non-dimensionalized by each

Free siream flow

Leading edge « Forward jet

root ~B>Normal jet

Trailing edge ~Backward jet

Vortex core size | I‘ I
S

elocity

\fortex center

(a) diagram of jet flow near tip

circumferential velocity and vortex core radius
respectively. Although the numerical dissipation
appears, the effect of angle of attack on the strength
of circulation is reasonably captured by the present
code. Furthermore, the profile of circumferential
implying that this
compressible code can be used for the study of tip
vortex with jet flow. Figure 3.4 shows the variation
of the non-dimensional circulations at 3, 7, 10, 14

velocity is matched well,

chord lengths from trailing edge. The circulations
are calculated in the same way of line integral,
which is used in experimental results®™ and they
are non-dimensionalized by chord length and free-
stream velocity. From this figure we can estimate

the numerical dissipations along the tip vortex,
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(b) Comparison of circumferential velocity profile

Fioure 3.3 Comparison of circumferential velocity profile of tip vortex
g p ) p p

between experimental and numerical results (square tip, «=5°10°)
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Figure 3.4 Nondimensional circulation at distance from trailing edge for various computations
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inflow

Euler Calculation

M=0.8

M=0.5

(a) Euler calculation

N-8 Calculation
M=0.8

(b) Navier-Stokes calculation

Figure 3.6 Diagram of test cases for Euler and Navier-Stokes calculations

33 Various jet flow parameters

Figure 3.5 shows the diagram of cases with
various directions of tip jet flow and jet slit area.
Forward jet is defined to have jet direction against
the free stream flow, while normal jet means the jet
flow with the right angle with respect to the free
stream flow. Backward jet is blowing the free-
stream flow. This calculation is conducted with

single grid of single fixed blade as the preliminary
study. The same condition will be calculated with
overlapped fine grid system for forward flight
condition. The shape of jet slit is rectangular, and
two different cases for jet slit area are calculated.
Various jet condition are simulated to study the
effect of parameters such as jet Mach number, jet
slit area, and jet direction for two freestream Mach
numbers, which represent the tip Mach number of
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advancing side and retreating side of rotor blade in
moderate flight condition respectively. Forward and
backward jet conditions are considered important
from the
Industries, Inc. (Appendix A.3%""*)) and are more

results of experiment by Kawada
specified using 15 degrees increase. For Navier-
Stokes solution, smaller numbers of cases are
solved because of computing ability and time. The
whole diagrams of test cases for Euler and Navier-
Stokes calculations are sketched in Figure 3.6.

34 Calculations with Euler solver

Inviscid flow solutions are obtained with Euler
solver for various flow conditions to show the effect
of tip jet flow on tip vortex for single blade. Test
cases for Euler calculations are shown in Table 3.1
with freestream Mach numbers M=0.5 and 0.8 at
the angle of attack 5 degrees.

The different structure of tip vortex depending on
jet flow are visualized clearly in Figure 3.7, which
shows traces of tip vortex by the vorticity contours

Table 3.1 Test cases of Euler calculations

up to 10-chord length behind the trailing edge of the
blade with/without jet flow at M=0.8. Figure 3.7(a)
shows the typical shape of wake spiral and its
formation to be the tip vortex from the fixed wing
without jet flow, which is corresponding to case 4
at Table 3.1. In Figure 3.7(b), air is injected at the
tip in a normal direction to the free-stream in a
spanwise direction with a jet Mach number of M,
=0.6 from an airfoil thickness of the 30% width of
jet slit, which is the case E at the Table 3.1.
Compared to the small but clear tip vortex without
jet, jet flow from the tip makes tip vortex
dispersed not only near the tip region but also up to
quite far-wake region, showing bigger vortex size.
Even though the tip vortex, which is disturbed by
jet flow, restores its circular shape as it proceeds

along the wake region, the core size of the tip
vortex seems to be obviously different from the one
without jet flow.

Figure 3.8 compares velocity vectors at the
chordwise sectional plane (70% chord-length from
leading edge) of the blade and vorticity contours at

Euler, M=0.5, 0.8
Case e Reh J;trzzt Jet direction
number %)

A - - No Jet
B 0.6 30 Forward (+45°)
c 0.6 30 Forward (+30°)
D 0.6 30 Forward (+15°)
E 0.6 30 Normal (0°)
F 0.6 30 Backward (-15°)
G 0.6 30 Backward (-30%)
H 0.6 30 Backward (-45°)
1 0.6 30 Upward (+45°)
J 0.6 30 Downward (-45°)
K 0.3 30 Normal (0°)
L 0.9 30 Normal (0 °)
M 0.9 20 Normal (0°)
N 0.6 20 Normal (0°)
0 0.9 20 Normal (0 °)

77777777 IR e
(b) with normal jet flow
Figure 3.7 Comparison of vorticity contours upto L=10C
distance for with/without jet flow
(Euler, a=5°, M=0.8, M;=0.6)
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the 10 chord length behind trailing edge. Vector
plots shows effect of jet flow on the formation of
the attached vortical
developed into tip vortex as it leave the trailing

flow, which would be
edge. Compared to the small vortex of the case
without jet, jet flow accelerates the induced flow to
make the vortical motion larger. This enlarged
vortical motion consequently causes the bigger
vortex size, as shown in the vorticity contour.
Figure 3.9 shows crossflow velocity vectors and
formation of tip vortex at the mid-section of 90%
chord length at 5-degree angle of attack with
freestream Mach number M=0.8. Compared to the
typical rollup process originating the tip vortex
close to tip region as seen in Figure 3.9(a), the jet
flow produces more complicated structure of tip
vortex in Figure 3.9(b). As jet flow begins near the
leading edge in the normal direction, it plays a role
in extending the wing-span, and the rollup flow,

which is driven by the pressure difference between
the upper and lower surfaces, and also follows the
extended span away from the tip. As a consequence
of this outward-driven rollup flow due to the jet
flow, the induced spiral flow, vortex a, is located at
a distance from the tip. As long as the jet flow is
maintained blowing, vortex a continues to elongate
outward and upward, which could get separated into
two vortices, vortex a and vortex b. When the jet is
no longer blowing near the trailing edge on tip, the
rollup flow tries to come over onto the upper
surface directly to generate a small secondary
swirling flow, vortex ¢, attached on the tip near the
upper surface. Departed from the trailing edge into
a wake region, vortex ¢ is observed to disappear,
and vortex a and b grows to merge together as a
well-organized spiral character of tip vortex, being a
larger core size, which is considered as one of main
contributions of jet flow.
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Figure 3.8 Comparison of velocity vectors and contours various jet, directions (Euler M=0.8, M=0.6)
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Figure 3.9 Crossflow velocity vectors at mid-section of 90% chord length for tip vortex formation (Euler, o= 59, M=0.8)

The effects of various jet flows on the core size
and the strength of tip vortex can be compared more
clearly with velocity profiles at the vortex center.
Figure 3.10 shows the characteristic circumferential
velocity distributions for various jet directions with
respect to each vortex center at 10-chord lengths
behind the trailing edge of the blade. For the
convenience of comparison, the circumferential
velocity and the position from the vortex center are
non-dimensionalized by the free-stream wvelocity
and the chord length of the blade respectively. In
this figure, jets are dispersed in four different
directions at the angles of 45 degrees in respect to
the x-direction with Mach number 0.6,
corresponding to the cases A4, B, E, F, I and J in
Table 3.1.

The core size of the tip vortex is defined as the
distance between
velocities, while its strength is defined as the mean
gradient of the circumferential velocity to the core
size. From the figure, whatever jets are applied, the
core sizes of tip vortex are enlarged and the strength

two peak circumferential

of tip vortex became weak in general. The graph
shows that the forward jet gives most favorable
effect on the core size or strength of the vortex. In
the case of backward flow, the core size becomes
larger, and thus the vortex strength can be smaller
even though the maximum circumferential velocity
becomes slightly larger.
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Figure 3.10 Comparison of tangential velocity
distributions at L=10C according to jet directions
(M=0.8, M=0.6)

Figure 3.11 efficiently illustrates the correlation
between the vortex core size and its strength for all
the test conditions. From the figure, it is clearly
seen that the smaller the core size gets, the stronger
the vortex becomes regardless of the jet flow. When
jet direction alters from forward to backward (cases
B, C D, E, F, G, and H), the overall tendency
shows that the core size decreases and its strength
both M=0.8 and M=0.5 with
exceptions of some forward jet flows.

The case of forward jet at 15 degree (case D)
shows similar phenomena with the case of normal
jet (case E), but the forward velocity component
appears to disturb the opposite free-stream to
dominate the jet flow in normal direction, which

increases for

results in stronger outward movement of rolled-up
vortex than that of the normal jet case. Therefore
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forward jet is more effective in improving the jet
effect of larger core size. Increasing injection angle
(case C of M=0.8) can amplify the jet effect, but
when forward velocity component becomes too
large with respect to free-stream flow (case B of
1=0.8), excessive disturbance on flow may bring
about a counter effect, as observed in the correlation
figures. In the flow of smaller free-stream Mach
number (M=0.5), the forward jet has relatively
stronger effect in producing instability easily than
the larger free-stream Mach number (#4=0.8). As a
consequence of the counter effect, the cases of
higher dispersion angle (cases B and C of 4=0.5)
show the core size of vortex smaller and its strength
stronger than those with lower injection angle (case
D of M=0.5).

Even though the case of backward jet at 15
degrees (case F) also shows a similar phenomenon
with the case of normal jet (case E), the backward
velocity component causes not only rollup flow
acceleration to make a strong vortex, but also
secondary vortex delay, which causes earlier
inward-movement of existing vortex to make a
smaller vortex core size. Therefore even the normal
velocity component of 15-degree backward jet
comes up to almost 96.6% of that of normal jet, the
core size of vortex gets smaller and its strength
grows stronger with backward jet conditions. As the
injection angle increases, the phenomena of
backward jet approach that of no jet case.

When the jet changes from upward to downward
(cases I, E, and J), there is no clear pattern in the
change of core size and strength. Upward and
downward jet flows show a similar mechanism of
vortex formation, but the positions of rollup vortex
and secondary vortex are different depending on the
jet direction. Upward jet flow produces vertically-
biased rollup vortex, and the secondary vortex
originates close to the tip under the existing vortex.
Downward jet flow prevents the rollup flow from
coming up to the upper surface in the similar way as
a stronger jet extending wing-span. This extended
span produces horizontally-biased rollup vortex,
and the secondary vortex is located inward on the
left of the existing vortex. Even though downward
dispersion seems more effective in the way of larger
core size for some cases, the complex structure of

vortex merging makes it difficult to generalize the
effect of upward jet and downward jet.

Considering the variations of jet Mach number
(cases K-E-L or M-N-Q) and slit area (cases M-K,
N-E or O-L), each larger jet area and higher jet
Mach number produces bigger disturbance into the
tip vortex to make core size larger and vortex
strength less. Even though there are many variations
in core size and strength according to the jet
conditions, it is certain that core sizes of tip vortex
are enlarged and their strength becomes weaker
under any kind of jet condition compared to that
without jet (case 4).
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Figure 3.11 Comparison of vortex core size and strength
with various jet directions(Euler, M=0.8, 0.5)

As mentioned before, the core size of tip vortex
and its strength are important parameters on BVI
noise generation, which is in direct proportion to the
magnitude of pressure gradient on the blade surface.
The pressure on the surface undergoes a rapid
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change when a blade bumps against the tip vortex
generated from the preceding blade. The bigger the
core size becomes, the less the pressure gradient
would be, implying that the smaller BVI noise
would be developed. In the same way, the weaker
strength of the tip vortex would make BVI noise
smaller. Therefore the results with fixed blade show
that jet flow can play a positive role in reducing
BVI noise by increasing the core size and
decreasing the strength of tip vortex.

Figure 3.12 shows the positions of the vortex
center at 10-chord length behind the trailing edge of
the blade for various jet conditions. Even though the
jet flow tends to displace the tip vortex outward
causing an increase of wing span near tip region, the
vortex center is dragged inward as tip vortex
developed compared to the tip vortex without jet.
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Figure 3.12 Comparison of vortex position in x- and z-

axis with various jet directions(Euler, M=0.8, 0.5)

The positions of the tip vortex with forward jet
indicate that as jet injection angle decreases (cases
B, C, B, E, and F), the vortex center moves
outward to approach the position of vortex without
jet (case 4). But when backward injection is too
strong (cases G and H), the positions of the fip
vortex exceed outward that of vortex without jet.
The same pattern can be seen when the direction of
jet is changed from upward to downward (cases I, £
and J). Even though the change of vortex positions
are lack of consistency depending on jet slit area
and jet Mach number, every jet condition push the
center of vortex upward compared to the one
without jet (case A4). Since severe BVI noise is
considered to occur when parallel interaction
happens during descent flight, upward movement of
tip vortex may increase miss-distance between
blade and vortex resulting in the reduction of BVI
noise. So, the above figure implies that jet flow can
also play a positive role in reducing BVI noise in a
way of increasing miss-distance.

3.5 Calculations of blade with

Navier-Stokes solver

single

The viscous effect is examined with the solution
using Navier-Stokes solver for the same free-stream
flow and jet conditions as used in Euler calculations
with a Reynolds number of 1.77x10” based on the
chord length. The free-stream flow and jet
conditions are listed in Table 3.2
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Table 3.2 Test cases of Navier-Stokes calculations
for free stream Mach number, jet Mach number,

slit area, and jet direction

Navier-Stokes, M= 0.8
Case J zi ;4551 Jztrzlét Jet direction
(%)
A - - No Jet
B 0.6 30 Forward (+45°)
C 0.6 30 Normal (0°)
b 0.6 30 Backward (-45°)
E 0.6 30 Upward (+45°)
F 0.6 30 Downward (-45°)
G 0.3 30 Normal (0°)
H 0.9 30 Normal (0°)
i 0.3 20 Normal (0°)
J 0.6 20 Normal (0°)
X 0.9 20 Normal (0°)
The viscosity of Navier-Stokes calculations

produces much dissipation to make larger core size
and thus weaker vortex strength. Figure 3.13 shows
the comparison of tip vortices resulted from Euler
and Navier-Stokes calculations by comparing the
vorticity contours
profiles of vortex cores at 10-chord length behind

and circumferential velocity

the trailing edge. As mentioned above, viscous
computations show larger vortex core sizes in
vorticity contours and much less gradient in the
velocity profiles, which in turn means less vortex
strength compared to the those from inviscid
computations. And the effects of jet flow on tip
vortex show same tendencies just as in Euler
computation, i.e. larger core size and smaller
strength.

Figure 3.14 shows the distribution of vortex core
size and vortex strength for various jet conditions.
The overall variation shows the similar pattern with
that of Euler computations. The core size of tip
vortex is enlarged and its strength became smaller
compared to those without jet {case A4) once jet flow
is applied at any condition. Figure 3.15 shows the
positions of the vortex center at 10 chord lengths
behind the trailing edge of the blade at various jet
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Figure 3.13 Comparison of tip vortex between results of
Euler and Navier-Stokes calculations (M=0.8, M=0.6)
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Figure 3.14 Comparison of vortex core size and strength

with various jet directions(Navier-Stokes, M=0.8)

conditions, which shows the same effects to push
the center of vortex spanwise outward. Viscosity
affected the repositioning of tip vortex, but the
behavior of movement remains similar to inviscid
resulfs.
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Figure 3.15 Comparison of vortex position in x- and z-
axis with various jet directions
(Navier-Stokes, M=0.8)

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 jet flow are
analyzed for the generation and behavior of tip
fixed blade.
Comprehensive numerical investigations on the tip
vortical characteristics with Euler/Navier-Stokes
solvers are performed for various conditions to get

vortical flow  from single

the following conclusions.

(1) Numerical results show that the compressible
solvers are valid for further study on the flow
phenomena with jet flow. Jet flow has effects on
tip vortex to weaken the vortex strength and
enlarge its core size compared to those without
blowing. Also jet flow moves tip vortex upward
and outward which increases miss-distance
when BVI occurs.

(2) Comparing the results of various jet conditions,
moderate forward jet is found to be more
effective than normal or backward jet. Although
upward/downward  blowing doesn’t
consistency contribution to the behavior of the

show

tip vortex, downward injection is proved to be
more effective in the way of bigger core size.
Increasing jet Mach number or slit area makes
the tip vortex be of larger core size and weak
strength.

(3) In spite of a lot of varieties of structure and

behavior of tip vortices depending on jet
conditions, any kind of jet could produce larger
core size and weak strength of tip vortex than
those without jet. As a result, lateral jet blowing
can be positively applied to the helicopter rotor
for reducing BWI noise.

With these results above, the method to use jet
blowing can be effective way to reduce the peak
noise in the helicopter BVI phenomena.
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APPENDIX A.

Experimental Research for Tip Blowing Method
in Kawada Industries, Inc.

The experiments are carried out in Gottingen-
type Low-speed wind tunnel of National Aerospace
Laboratory (NAL) of Japan, which has 75m length,
25m width. The test section was 5.5m wide, 6.5m
high, 9.5m long with octagon-shape, which was
made by cutting 1 m at each corner of rectangular
test section. It has single-stage axial blower directly
connected to a driving motor with 10-bladed
variable-pitch rotor of 9.3m diameter and 8-bladed
stator installed downstream of the rotor. The
capacity of motor is 3,000 kW with 30 - 214 RPM
to produce the wind of Im/s ~ 70m/s speed by
changing the dynamic pitch angle and rotational
speed.

The experiments are conducted with vortex
generator of a 350mm-chord-length NACAQOQ12
airfoil which has 2100mm span length, as shown in
Figure A.l. The blade model was made from
Aluminium alloy (A7079). The model was attached
to Model Support System of the wind tunnel and the
angle of attack can be altered from -10 to 10
degrees. Also, the blade tip can be changed with
different shapes. Figure A.2 shows two kinds of
wing tip shape, rectangular and tapered tip.
Rectangular tip has tip-span length, ¢=350mm, and
tip-chord length, b=350mm. Tapered tip has tip-
span length, ¢=350mm, and tip-chord length,
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b=350mm, which decrease to be 1/3 at the tip.

A 7-hole yaw probe measurement system was
used to measure the time-average velocity in
turbulent flow with calibration procedure. The
probe used in this study has a stem of 6.lmm in
outer diameter and 4.8mm in inner diameter. Within
the stem are seven tubes, each of internal diameter
l.lmm. The tip of the probe is machined in a
conical shape with a half-angle 30 degrees. The tip
vortex was visualised using Laser Light Sheet
(LLS) technique with 4W argon-laser and smoke
generator. The equipment system in the test section
was shown in Figure A.l, and the vortex/smoke
generator was shown in Figure A.3. The objectives
of this experiment are to study tip vortex structure (b) tapered tip
(1) to compare with mathematical models and (2) to Figure A.2 Two Tip Shape for Wing Model
check the effect of tip shape on tip vortex.

Low-spaed Wind Tuna
Test Section

7
Smoke generator /\

v

Lad

NACA0D012

Vortex generator

b

Ty

A

50mm

(i 10~ 10deg &
100~ 100mm

Figure A.1. Diagram of test section equipment system

Figure A.3 Diagram of vortex/smoke generator

Table A.1 Experimental test cases and results

; Angle of | Maximum Core Core - :
Sg;pe attack Velocity | Diameter | Radius Clrcurlatmn 1( ggc)[ ;( ;
P a [deg] Vinax [M/s] d [mm] a [mm] 7
10 14.17 30 15 1.34 8.6
Square
5 6.46 20 10 0.41 57
—— 10 10.49 25 12.5 0.82 7.1
5 5 4.78 15 75 0.22 4.3

(a) square tip
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The crossflow velocity, v and w, near the vortex
core are obtained in the downstream section of 14-
chord length behind the trailing edge of blade tip
and the results are shown in Figure A.4 for two
kinds of tip shape, square and tapered at the angle
of attack of 5 and 10 degrees. Since NACAQ012
airfoil is of symmetric shape, the cases for 10
degree and -10 degree angle of attack showed
identically symmetrical vector plots. The vector plot
shows that square tip at IO—deg angle of attack has
maximum circumferential velocity measurement, i.e.
strongest tip vortex. As the angle of attack increases,
the core size of tip vortex and its strength increase.
The measured and calculated results are described
in Table A.1. The circulation of the vortex was
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(c) tapered, ar=10deg

defined with the maximum circumferential velocity
and radius of vortex core as

=27V axa -

The maximum circulation value was also shown
for the square tip at 10-deg angle of attack, and the

circulation increases as the angle of attack increases.

The difference in circulation for between square and
tapered tip shapes can be explained by the fact that
tip vortex has its origin from the pressure difference
between upper and lower surfaces of blade tip.
Since the tapered tip shape has not only the short
range for developing tip vortex but also small area
in tip region, the square tip showed the stronger tip
vortex in the way of core size and circulation.
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Figure A.4 Vector plot for vertical velocity components, v and w (square and tapered, 10mm pitch, x/c=14)
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Figure A.5 shows the circumferential velocity
profiles of tip vortices measured at 14-chord length
behind the blade for cases of the square and tapered
tips at the angles of attack of 5 and 10 degrees. In
this figure, velocities are non-dimensionalized by
the maximum circumferential velocity and the
distances from vortex center by the core radius of
vortex. When the profiles are compared with some
mathematical vortex models, experimental results
are observed in good agreements with Scully model
Figure A.6 shows the
formation of tip vortex visualized by Laser Light

or Power-law model.

Sheet (LLS) technique using a smoke generator at
the distance of 14-chord length behind the blade.
The enlightened part of circular shape and the
center of vortex core of the tip vortex are clearly
seen by this LLS visualization technique.

" Power-law model |
* Scully model

: Oseen maodel

: Rankine model

square ,&¢ =10deg
A\ square, @ =5 deg|-__ e

(] : tapered,&@ =10deg iy
K : tapered,@ =5 deg

Nondimensional circumferential velocity (V. AV,...)

0

0 5 . 10

Nondimensionalvortex position (r/a)

Figure A.5 Comparison of circumferential velocity
profiles of tip vortices
(rectangular, a=10deg ,x/c=5)

Vortex section

-ho )i

Figure A.6 Tip vortex visualization using LLS
(rectangular type tip, a=10°)
APPENDIX B.

Experimental
Kawada Industries, Inc

research for tip blowing in
[51,52]

The experiments are carried out in low speed
wind tunnel of Kawada Industries, Inc. in Japan
with 2.0m wide, 2.5m high, 15.0m long test section.
It has single-stage axial blower directly connected
to a driving motor with 12-bladed variable-pitch
rotor of 4.0m diameter and 8-bladed stator installed
downstream of the rotor. The capacity of motor is
220 kW with 0 ~ 360 RPM speed to produce the
wind of 2m/s ~ 45m/s speeds.

The experiments are conducted with a blade
model of 26mm-chord-length NACAO0015 airfoil,
which has 150mm span length and 5.77 aspect ratio.
The free stream velocity was set to 20.0m/s,
corresponding to a Reynolds number of 3.6x10°.
The mean flow quantities in the near wake region
are measured with a 10mm diameter pitot tube. And
tip vortex was measured at 1.3 chord length behind
from the trailing edge using traverse with 110mm
wide and 90mm high cross plane. The angle of
attack was fixed at 10 degrees. The system diagram
of wing-tip blowing experiment with fixed wing is
shown in Figure B.1. The jet was injected at the tip
by internal pressure P, of blade chamber, P,=0.05,
0.1, 0.2, 03, 04, 0.5Kg/em>. The injected
compressed air can be non-dimensionalized with
the injection velocity, F), sound velocity, a,
injection Mach number, M, air properties, Py, © 4,
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Ty , injected air properties, P, 0, T, the ratic of
specific heat, - 7, and Gas constant, R. o
The injection Mach number can be calculated by

Fiui
M= 2 [ 5 7.3
J \(}/—I R+P,

The injection Mach number is 44=0.3, 0.4, 0.5,
0.6,0.7,0.8
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Figure B.1 System diagram of wing-tip blowing

experiment with fixed wing

Rotary wing modei -

Figure B.2 System diagram of wing-tip blowing

experiment with rotary wing
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Figure B.4. Jet slit and diagram of jet blowing system

with two injection angles

The objective of this experiment is to investigate
the effect of tip-jet blowing for a fixed wing at
speeds.
conducted with rotary wing model. The figure B.2

various jet Another experiments are
shows experimental system with rotary wing test.
The objective of this experiment is to see the effect
of tip-jet blowing for rotary wing at various jet
speed and injection angles, and to compare the
effect of rotation with fixed wing cases. The noise
level was measured with microphone above the
rotor.

Two kind of jet slit systems, one of which are
shown in Figure B.3, are used to compare the effect
of injection angles. Figure B.4 shows jet blowing
system with two injection angles equals to 9
degrees and 70 degrees. The jet slit was to be
concentrated with 4 mm diameter circle, and the
noise reduction levels are calculated.
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Figure B.5 shows the comparison of vortex
position according to internal pressure for tip jet
blowing. As internal pressure increases, which
means the amount and velocity of jet blowing also
increases, the center of vortex moves outward from
the tip. Compared to the experimental data,
numerical calculation of Euler compressible solver
shows more distinct movement of vortex core to
outward direction.

Figure B.6 shows the comparison of BVI peak
of rotor according to various tip jet speeds when the
tip rotation speed, V;,=62.8m/s. As injection Mach
number increases, the noise level decreases up to
3.6dB at specified experimental conditions. Figure
B.7 shows comparison of BVI noise level reduction
according to jet flow rate and injection angle. In this
experiment, backward injection was found to be
more effective to reduce the noise level compared to
normal injection.

—40 T T
O : Numerical Vortex position
i 0.8 B : Experimental vortex position |
—20r ; 1
Numerical 0.7
'E leading edge
E | 08
b ol 0.6 i
Experinmental
L 0.5 4
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40 . - :
—-800 -700
y [mm]

Figure B.5. Comparison of vortex position according to

internal pressure for tip jet blowing
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Figure B.6. Comparison of BVI peak of rotor according
to tip jet speed (V;,=62.8m/s)
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