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Abstract

For the basic understanding of the tip vortex shructure
during the blade-vortex intevaction (BVI), the flow field
measurement around the tip vortex of the rotating blade
were made with the aid of 2-dimensional particle image
velocimetry (PIV) system,

The measured data such as the flow field vectors, the core
size and the civculation strength of the blade tip vortex are
shown in this paper as the fimnction of the yotor thrust Jevel.

The results of the rotor noise measurement and the 113
flow visualization are also presented, which were performed
in order to determine the test condition for the PIV
measurement, -

Notation

c : Blade Chord Length

T : Blade Spanwise Position

R : Rotor Radius

Q : Rotor Rotational Speed

x/eyiezlic : Tip Vortex Position normalized
by Blade Chord Length

o : Shaft Angle of Mode] Rotor

Ue : Wind Tunnel Flow Velocity
Vtan  :Tangential Velocity of Vortex

] : Advance Ratio
r . Cireulation of Tip Vortex
LIntroduction

As the helicopter operations over populated city areas are
increasing, the BVI noise during the approach flight is
becoming the main problem of the helicopter external noise.

The BVI noise is generated by the vapid change of the
blade surface pressure induced by the interaction of the tip
vortices from the foregoing blades as shown in Fig.-1.

Tigure-1 Concept of BVI Phenomenon

The analysis of this BVI noise is usually made through
following 3 steps. (Ref.1)

step-1: Calculation of Rotor Wake Geometry and Circulation
Strength by using Vortex Theory

step-2: Calculation of Blade Surface Pressure including BVI
effect by using CFD

step-3: Calculation of Acoustic Field based on the Pressure
Distribution obtained from step-2 by using Acoustic
Equation

In order to increase the accuracy of the BVI noise analysis,
more accurate caleulation of the wake geometry and the
vortex strength is required.

Therefore, it is very important to understand the position,
the strength and the core radius of the tip vortex for this
purpose.
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To get these information, many researchers have studied 92%R 15 a simple trapezoid (with taper ratie=0.6).
the behavior of the blade tip vortex using the flow The picture is shown in Fig.-2 and the main feature of the
visualization technigues such as LLS (Laser Light Sheet), test stand and the model rotor blade ave shown in Tahle-1.
LDOV(Laser Dopplex Velodmetyy) and so on. (Ref. 2,3

Furthermore, the new flow measurement techrique of
PIV have been developed recently and alveady been applied
to the flow around the votor, (Ref4)

This paper presents the PIV results performed by using a
small model rotor of about 1m radius in ordex to get the
information of the blade tip vortex,

The main objectives of this study ave as follows.

{1} Acquisition of Basic Data of Blade Tip Vortex

(2)Acquisition of Validity Data for Wake Analysis

(3)Establishment of PIV Technique for the Rotor Flow
Measurement

2. Test aratus . : ; .
(I)Model Rotor Test Stand ’ Figure-2 Picture of model rotor test stand
For the PIV measurement of the blade tip vortex, the

general model rotor test stand of Kawasald Heavy 1 Motor Power | 37HF max.
Tndustries, Ltd. (KFD) was used. This test stand is designed |- 2| Rotor Test Stand Hub Type Fully Articulated
for the general purpose of the helicopter wind tunnel tests 3 Balance E\(;;{::ll :;e Balance

such as the rvotor performance test and the aerodynamic
intexference evaluation test between a rotor and a fuselage. Chord Length | 64.6mm
The dyive motor of this test stand is a 37-HP electric Twist -10deg(iinear)

1 Rotor Radius 98 1mm
A
3
magnetic motor controlled by an inverter system and has 4 | Model Blade Tip Shape Trapezoid (>92%R)
5
6

the capability to drive the small size model rotor of up to Taper Ratio 0.6

about 1.25m radius under the maximum rotational speed of gigiggg (g;;)t)
2400 rpm.

Table-1 Main spec of mode] rotor test stand and model blade
In order to measure the rotor forces and the fuselage forces, {\
two sets of 6-force components internal balances ave
installed in this system and the outer fuselage shell is
changeable according to the test purpose.

Adrfoil

(2)PIV System

In our PIV system, a double-pulse Nd-YAG laser of
400mdJ maximum pulse energy is used to generate the laser
light sheet.

The flow image data ave obtained by the CCD camera of
2Kx2K pixels. Up to 10 image data can be taken in one time
measurement process and these data are once stored into
the hard disk unit before calculating the flow field data.

The basic hardware for the system control and the PIV

Because the fuselage aerodynamics is not so important in
our study, a dummy fuselage shell of rotating NACA aixfoil
shape is applied and no fuselage forces ave measuyed.

The hub is the 4-blades fully axticulated type. The
flapping angles can be measured by potentiometers and
these signals are used for the trim contiol of the rotor.

The blade used in this test i3 the KHI's standard model
blade made by composite material. The radius and the chord
length of this blade are 96 Imm and 64.6mm respectively,
and this blade has a linear twist of 10 degyees. The airfoil
section is a combination of DKR120B (from root to 92%R)
and DKR105B (at tip). The geometyy of the tip region outer

processing is based on an IBM PC-AT compatible computer.
This computer has two special interface cards in it. One is
the iming control card to synchronize the laser emission
with the CCD-camera shuttering and the rotating mirror
speed, and the other is the digital signal processing card in
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order to help a large amount of calculation in the PIV data
processing.

The PIV software used in this test is on the market.

For the caleulation of the velocity fields from the flow
image data, we adopt the self-correlation algovithm. And we
use the rotating mirror system in order to realize the image
shift effect.

As the seeding particles, the vapor of propylene glycol is
used and this vapor is injected into the flow through the
seeding nozzle which is set upstream the honeycomb core for
smoothing the wind tunnel air flow.

Table-2 shows the main feature of our PIV system.

. Double Pulse N&-YAG Laser
1) Light Souxce (maximum energy 400mJ)
2| Camera 2Kx2K Pixels CCD Camera
3 Measurement 300mmx300mm (max.)
Arvea 150mmx150mm (usual)
4| Image Shift Rotating Mixvor Method
= ! . DOS/V Computer with
5| PIVProcessing | my 1ine Card and DSP Cand
' VISIFLOW
6 Software (AEA technology, Ltd.)
7| Seeding Particle | Vapor of Propylene Glycol
Table-2 Main spee of PIV system
3 Test Procedure

The model rotor and the PIV apparatus setup in the wind
tunnel is shown in Fig.-3.

The wind tunnel used in this test is the 2.5m X 2. 5m low
speed wind tunnel of Kawasaki Heavy Industries, Lid. Its
test section 1s open jet type and has an octagonal shaped jet
nozzle. The model rotor system was mounted on the strut
system and the votor plane was about 200mm above the
wind tunnel center line. Because the stiffness of the base
plate to fix the struf system was unexpectedly soft, the
maximum rotor speed in this test was rvestricted to about
9001pm in oxder to avoid the excessive vibration of the
systemt,

Windtunnel Nﬂ;/,zle
~

Laser Light Sheet

Video Cam§r§CD Came

for LLS Recording
Optics

PIV Processin Seeding Nozzle

Computer

Nd-YAG Laser

Figure-3 Setup of Model Rotor and PIV System

We made this PIV test by dividing the following 2 steps.

(1) Step 1 (noise measurement and LLS flow visualization)
In ovder to establish the test conditions of the PIV test. the
rotor noise measurement and the LLS-flow visualization
were performed prior to the PIV test.
For this puapose, the rotor operational conditions were
changed parametrically as shown in Table-3.

1| Rotor RPM 600" and 88 1rpm

2| Advance Ratio 0.1~0.2 step 0.02

3| Rotor Shaft Angle | 0~15deg step 2.5 deg

4| Rotor Thrust CT=0.0058,0.0064,0.0070

*1:0nly for LLS test
Table-3 Test conditions of acoustic and LLS tests

In the noise measurement test, the relationship between
the rotor noise level and the flight condition was
investigated with 3 microphones which were set at the
positions of ¥=45", 67.5° 90°, /R=80% and 1R below the
roior plane.(See Fig.-4)

These microphone positions were selected based on the
CAMRAD wake analysis results to catch the BVI noise in
the 1# quadrant of votor plane. (From the CAMRAD results,
the parallel BVI was expected at ¥ =60° under the flight
condition of the middle range of advance vatio.)
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the nominal test condition of the PIV measurement. Only
the rotor thrust level was changed parametyically around
Estimatesd MIC1 this nominal condition. (See Table-4)

o

BVl Rugmg\fb =80°) 1C2

R s

, \5{’ 1| Rotor RPM 881 rpm
/ /0.8R 4 .
L 2 | Advance Rafio 0.16
3| Rotor Shaft Angle | 7.5deg.
4| Rotor Thrust CT=0.0058,0.0064,0.0070,0.0077

Table-4 Test conditions of PIV test

We selected 2 planes for the PIV measurement as shown

(a) side view (b} plan view

in Fig.-6. One plane was selected near the blade tip at ¥
=180° in order to get the vortex information just after the
generation at the tip region. The other plane was near
1R=75% at =50" . This plane was selected to acquive the
vortex data in the advancing side BVI region.

Tigure-4 Microphone locations in the acoustic test

In the flow visualization test, the vortex images on 5
different planes (/R=55%,65%,75%,85%,95% at ¥=50" )
were recorded with the video camera in order to confirm the
correlation between the noise leve] and the tip vortex
position. (See Fig.-5)

Measgré';];é'-;;‘r 'a ne
The same laser light source and the same seeding particle J I e

were used as for the PTIV measurement. To catch the image

=180
of the vortices passing under the blade, the flow field was i

illuminated from below the rotor plane.
In this flow visualization test, the rotor rotational speed
was Intentionally reduced to 600rpm in order to freeze the

vortex image in the flow field by synchronizing the rotor rpm
to the oscllating rate of the Nd-YAG pulse laser (=10Hz). {(a)vleasurement plane for the tip vortex
in the blade fip region

(h)Measurement plane for the tip vortex
Figure-5 Flow visualization planes in the LLS test in the BVI region

Figure-6 M : tpl in the PIV test
(2 Step 2 (PIV measurement) igure-6 Measurement planesin the 5

Based on the step 1 vesults, the maximum BVI noise

W No synchronized measuy t with the rotor 1ipm was
condition (£ =0.16,¥=7.5" and CT=0.0064) was selected as ynelroniae vremen »

performed in this PIV test, mainly because of the technical
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problem of our measuwrement system.

The blade azimuth position could not be directly obtained
for this veason, so the azimuth position was estimated from
the tip vortex position on the CCD camera image based on
the LLS flow visualization vesult and the CAMRAD
caleulation.

The rotor trim controls (collective and cyclic pitches) were
adjusted so as to make the tip-path plane perpendicular to
the rotor shaft for every test cases.

4 Results and Discussions
(1)Noise Measurement Result

Fig.-7 shows the influence of the flight condition on the
rotor noise. The contour lines of this graph show the sound
pressure levels measured at each advance ratio and shaft
angle combination. All the noise data ave subtracted by the
wind tunnel background noise which was obtained in the no
rotor cases. Because no corvection was apphed ahout the
sound reflection effect at the wind tunnel wall, the absolute
value of the sound pressure level of this result has no
meanings. Only qualitative comparison is possible.
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Figure-7 Contours of sound pressure level (dB) for
the different flight conditions
{microphone location = 67.5" )

From this fipure, we can get the BVI cccurrence condition
as the ridge of the noise contowrs. In the middle range of the
advance ratio where the helicopter usually uses during
approach flight, we can see the maximumn BVI noise will be
generated under the condition around #=0.16 and «

=75

Fig.-8 shows the comparison of the maximum BVI noise
condition between the experimental and the analytical
results. The circle symbols are the experimental values
which were obtained by extracting the noise peak condition
from Flig.-7 and the solid line is the analytical value. The
analytical value was obtained as the head-on BVI condition
by using CAMRAD.

The agreement of the maximum noise condition of the test
is fairly good with the head-on BVI condition in the
CAMRAD analysis. From this fact, we can confirm the main
paxt of the lavge noise genevated in this test condition range
is caused hy the BVIphenomena.,

(DEQ)
20
@ :Exporimental Max. Noise Condition

= 18 —— [oad-on BVI Condition by CAMRAD
m 16 -
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2
B 6 e !
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2
¢ T 1 i i
0.10 0.12 0.14 0.16 0.18 0.20
Advance Ratio

Figure-8 Comparison of the maxdmum BVI noise
condition between the test and the analysis

(2)LLS Flow Visualization Result

Fig.-9 shows the tip vortex trajectories on X-Y plane
{horizontal-plane) obtained by the LLS technique.

The solid lines with symbols are the LLS results and the
dashed lines ave the CAMRAD results,

As seen from this figure, there is a difference between the
test and the analytical vesult concerning the X-positions of
the vortices, This difference corresponds to about 5 degrees

in azimuth angle. Except this azimuth difference, the flow
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visualization result and the CAMRAD result show a good
agreement in the wake trajectories and the interval length
between each vortices,

Fig.-10 shows the tip vortex trajectories in the Y-constant
plane (vertical-plane) which includes the blade section of ¥
=50° and 1/R=75%. The solid symhols ave the LLS result and
the open symbols are the CAMRAD result. In the CAMRAD
result, the vortices positions at 2 blade azimuth angles are
shown for the correction of above mentioned 5 degrees
azimuth difference of the wake geometry.

By shifting the azimuth angle, the vertical positions of the
tip vortices calculated by CAMRAD also shows the good
agreement with the experimental result.

160

WIND

|

X/R(%

TEST CONDITION
p =016

a =75°

¥ o= 50°

CT = 0.00684

——  VORTEX 1(LLS)
s | VORTEX 2(LLS)
—— VORTEX J(LLS)
—a— VORTEX 4(LLS)

-100 -50 0 50 100
Y/R{%)

Figure-9 Plan view of the tip vortex trajectories obtained by

From the acoustic test and the LLS visualization test, we
can get the correlation between the rotor noise level and the
#ip vortex position with the help of CAMRAD analysis,

(IPIV Measwrement Result

The condition of 2£=0.16,%=7.5" and CT=0.0064 was
obtained as the maximum BVI condition in the middle
range of the flight speed fiom the acoustic test. Therefore,
we selected this condition as the nominal test condition for
the PIV measwrement.

Fig.-11 shows the velocity vectors in the flow field of the
blade tip region at ¥= 180" measured by the PIV system.

In this figure, all the velodty vectors were subtracted by
the velocity of the vortex centex in order to make the flow
rotation avound the tp vortex cleaver.

From this figure, we can see that the tip vortex is
generated at the slightly inhoard position of the blade tip
region (about 97%R). The vortex at this region has a very
flat shape because it is still in the very beginning stage of tip

vortex roll-up process. The vortex core size obtained from the

velocity profile along the vertical line is about 18% ¢,

This value is somewhat lager than the result of Ref. 4.
(about 10% cin mean core size) The main reason of this
difference is probably caused from the difference of the tip
shapes between owr test and Ref, 4. (trapezoid and
rectangle)

In this figure, the averaged velocity data of 20 images ave
also shown. By taking average, the scatteving of the velocity
field is well smoothed. But the magnitude of the peak
velocity vector becomes dull and the small profile of the flow
field disappears.

LLS visualization
v
7z
A:#.’ff"g
’fﬁﬁ;;
20 i
F o e
¥ — T
R [N o
w BLACE P iy
i oy - «: VORTEX HLLS)
0 —— EST CONNTiTH + VORTEX 20LLS}
R 4 =058 o VORTEZ 3L}
A e i . VORTEX HLLS} : J . . . E
-10 R H s CAMRAC(W=80" ) -0 50 4 50 160 S0 50 0
are o CAMAALL $=48"
[ C““”‘"i . f X/C(%) X/C(%)
"2 ayVelocity vectors Averaged velocity vectors
-20 =0 Q 10 2 n 10 k4 60 b ( ) ty w (b) g ty
X/R caleulated from single image caleulated from multiple images

Figure-10 Side view of the tip vortex trajectories obtained by

. D Figure-11 Flow field in the tip vortex generation region
LLS visualization e P g &

at W 180°
(test condition: ¢ =0.16, ¥=7.5" ,CT=0.0064)
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[Fig.-12 shows the velodty vectors in the BVI vegion at
= 50° . The same data processing as at ¥ = 180° was
applied to this data.

From this figure, we can see that the vortex is fully
developed and its shape has neavly civele in this region.

And the increase of the tangential velocity magnitude
avound the vortex according to the rotor thrust level can be
seen in this figure,

By taking average of multiple image data, the reduction of
the peak velocity magnitude oceurs again.

10% Ueo

G

50

8
N
S
00 50 0 50 100
NIC(%) X/C1%)
(1)CT=0.0064 @YCT=0.0077

(a)Veloaity vectors calculated from single image

10% Ueo 10% Ueo

.
LU

ZIC(%)
ZIC(%)
L]

-50

-100

00 40 0 50 [o@ 00 50 0 S0 100
X/C{(Ya) X/C(")
(HCT=0,0064 (2)CT=0.0077

(b)Velocity vectors calculated from multiple images

Figure-12 Flow field in the BVI region at ¥ = 50°
(test condition: 4 =0.16, ¥=7.5" )

Fig.-13 shows the tangential velocity dustribution along
the vertical centerline of the tip vortex. The individual
velocity distributions from 8 measurements and the
averaged velocity distiibution ave presented. Because the tip
vortex trajectory intersected obliquely with the laser light
sheet of the PIV in this region, the tangential velocity data
were corrected with the following formula.

Vtan(eorrected)=Vian(measwed) / cos@intersect angle)

The velocity distribution in the tip vortex core can he
obtained in this fgure.

By comparing the velocity distributions of 8 individual
measurement results, we can see that there is about 30%
maximum fluctuation of velocity among each resulis. This is
probably due to the individual differences among 4 blades,
since the measured data contains the vortex information
from all 4 blades because of the non-synchronized
measurement with the yotor rpm.

This fluckuation ameng each measurements makes the
averaged velocity profile dudl as shown in Fig.-13(h).

04 B

8 o DATA1 G.DATAZ : i
) 4:0ATAS o DATA4) .l o
E 03 OATAS & DATAS |%E ;
£ 02 41 DATA? -:?}ATAB _E_E:,.i! E !’!:‘
: ] X LI [t Iy
S SO R
¢ s b ¢
] + T
a1 3 = 3 TEST CONDITION}-
sh*es, o =018
-2 ﬁgr a =715 L
&Esm; B G s
/R = 754
) CT = 0,0084
04 -
-1 -50 -26 2 2% 50 %
Z2/00%)

{a)Velocity distribution obtaingd from
single image

(G P OAT AAVERAGEH ’I . '

=
K

Vtan/Uco
o
el

u%_ |
o
%

0y - TEST CONDITION
ALALODY, o # =018

[ = a =15
¢ = 50"
r/R=T75%
" | eT =c.o064

6 -5 - 0 25 S0 75
2./C(%)

T

(b)Averaged velocity distribution obtained from
multiple images

Figure-13 Tangential velocity distribution of the TIP
vortex in the BVI region at ¥ = 50°
(test condition: £ =0.16,@=7.5" ,CT=0.0064)

Fig.-14 shows the relationship hetween the mean voriex
core size and the rotor thrust level obtained from the vortex
data in the BVI region. From this figuve, we can see that the
core radius remains about 256% ¢ at each votor thrust levels.
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The dependency of the core size on the rotor thrust level is
not so clear, but we can see the tendency that the cove radins
increases slightly according to the thyust level.

40

Standard Devintion
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=016
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Vortex Core Radius (% Chord)
20

T T T T T
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Thrust Level (CTY
Figure-14 Relationship between the tip vortex core radius
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Figure-15 Relationship between the BVI vortex
circulation and the rotor thrust

Fig.-15 shows the mean cirenlation of the BVI vortex
related to the rotor thrust level.

To deduce the civeulation value from the experimental
data, we assumed the Scully model of the velocity
distribution in the vortex core and get the vortex circulation
strength as the Scully model's parameter by using the curve-
fitting technique.

The circle symbols are the experimental circulation values
and the solid line is the CAMRAD result.

As shown in this figure, both values increase
proportionally to the rotor thrust level.

But the experimental circulation shows about 30~40%
lower value than the CAMRAD resulit.

One reason of this difference is due to the dissipation of
the vortex by the viscosity effect while the vortex passes
through the flow field duving the period of about 1.5 rotor
revolutions. The other reason is probably because the
CAMRAD analysis can't treat correctly the effect of the
trapezoidal tip shape on the tip vortex,

Tn order to confirm these reasons, we are thinking about
an additional PIV test in near future, in which the vortex
data for the difference azimuth angles and the different tip
shapes will be measured. And we also would like to try the
further study about the blade tip vortex by using another
measurerent technigque ox CFD.

5.Conclusion
From this PIV testing, we conclude as follows,

{1)The PIV measurement of the instantaneous flow field
around the tip vortex was performed successfully.

(2)The core size and the chrenlation strength of the tip vortex

in the BVI region were cbtained as a function of rotor
thrust level.

(3)Averaging technique by use of multiple images supplies
the very well smoothed flow field results but has a 1isk to
miss the small flow shructuves.
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