Influence of Separated Vortex on Aerodynamic Noise of an Airfoil Blade
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In order to clarify the mechanism by which aerodynamic noise is generated from separated flow around an airfoil

blade, the relation between the attack angle and the aerodynamic noise of the blade was analyzed using a wind

tunnel experiment and a CFD code. In the case of rear surface separation, the separated vortex which has a

large-scale structure in the direction of the blade chord is transformed into a structure that concentrates at the

trailing edge with an increase in the attack angle. The aerodynamic noise level then becomes small according to

the vortex scale in the blade chord. When the flow is separated at the leading edge, a separated vortex of low

pressure is formed at the vicinity of the trailing edge. The pressure fluctuations on the blade surface at the vicinity

of the trailing edge become large due to the vortex in the wake. It is considered that the aecrodynamic noise level

increases when the flow is separated at the leading edge because the separated vortex is causing the fluctuations

due to wake vortex shedding.
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Introduction

Since the fluid around an airfoil blade flows along the
body, the blade has an advantage in that the pressure drop
and slipping can be controlled in turbomachinery. It has
been confirmed experimentally that the flow controlled
by the airfoil blade is effective for reducing the noise of
the jet fan when a symmetrical airfoil blade is employed
for the impeller [1]. In a fundamental investigation of the
discrete frequency noise (DFN) generated by a NACA
series blade, Hayashi et al. visualized the flow around the
blade using a water tunnel [2]. According to their study, it
has been clarified that the DFN generated by the blade
relates to the characteristics of the flow in the dead air
region. On the other hand, Suzuki et al. discussed fea-
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tures of the aerodynamic noise in NACAO0012 airfoil in
the flow of several stalled conditions [3-4]. In their expe-
riment, the existence of a separation bubble formed on
the suction pressure side of the blade was demonstrated
by directly measuring surface pressure fluctuations.
Moreover, they have clarified that the aerodynamic noise
in stalled conditions is dependent on the static pressure
fluctuation of the re-attachment point on the blade sur-
face. However, even when the fan is driven under actual
operating conditions, the flow has an deviation angle
from that of the blade. In such a case, the flow is totally
separated from the blade surface. Therefore, the relation
between such an aerodynamic noise and the separated
flow becomes a major issue on the application to the fan
noise.



Nomenclature

A. correlation area of noise source (m?)

C chord length (m)

d scale of vortex (m)

f frequency (Hz)

L, noise level (dB)

Pa sound pressure (Pa)

p pressure fluctuation (Pa)

Ds static pressure (Pa)

- digtance from sound source to observation
point (m)

t thickness (m)

U main flow velocity (m/s)
u' velocity fluctuation (m/s)
X. chord-wise correlation length (m)
Z. span-wise correlation length. (m)
Greeks
a attack angle (°)
& direction in the center line of the blade (m)

Superscript

root mean square

. time deviation

In this study, in order to clarify the mechanism by
which aerodynamic noise is generated by the separated
flow around the airfoil blade, the influence of the attack
angle on the aerodynamic noise of the NACAOQO series
blade is analyzed using a wind tunnel experiment and
numerical simulations.

Experimental Setup

Experimental apparatus

The airfoil blade NACAO0008 used in this experiment
is shown in Fig. 1. The main dimensions of the blade are
listed in Table 1. Blades NACA0008 and NACAO0018
were used in this experiment. The attack angle is defined
as the angle formed by the center line of the airfoil and
the stream line of the main flow. The two surfaces of the
blade are called the “Front Surface” and “Rear Surface”.
Generally, the separated shear layer forms on the rear
surface side of the blade.

(b) test blade

(a) schematic view

Fig. 1 Configuration of the NACA0008

Table 1 Main dimensions of the NACAOO series blades

NACA0008 NACAO0018
Chord length, C (mm) 30 30
Thickness, ¢ (mm) 2.4 5.4
t/C 0.08 0.18

Span length, L (mm) 100 100

Figure 2 shows the measurement methods for flow
and noise in the wind tunnel experiment. A uniform flow
of air is jetted from a 100 mm square nozzle. When the
Reynolds number defined by the length of the nozzle is
approximately 2.0 x 10°, the turbulence of the main flow
within the measurement region is less than 0.5%. The
leading edge of the blade is set at 100 mm downstream
from the nozzle exit. The hot-wire probe can be moved in
three directions by a traverse machine provided with the
programmed coordinate data. The velocity and velocity
fluctuation of the wake measured by the I-type hot wire
are converted into a voltage signal using the hot-wire
anemometer; the signal is sent as input to the computer
through an A/D converter. A 1/2-inch microphone is set
at a distance of 0.5 m from the trailing edge; the angle
between the main flow and the microphone is 90°. The
signal from the noise level meter is sent as input to the
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Fig. 2 Measurement device in the wind tunnel experiment



FFT analyzer, and the frequency response characteristics
of the noise is analyzed in each 1/3 octave band frequen-

cy.
Numerical simulations

The unstructured grid around NACA0008 in a numer-
ical simulation is shown in Fig. 3.The normalized dis-
tance y' < 10 is given to the minimum grid width to ex-
press the turbulent boundary layer on the wall surface.
The number of computational grid elements to solve the
flow of one blade is approximately 500,000. SCRYU/
Tetra (Software Cradle Co., Ltd.) is used for the CFD
code. The SIMPLEC method is used for pressure correc-
tion, and the SST model is employed for the turbulence
model. The number of iterations for the unsteady flow
simulation is 10,000. The influence of the departure vor-
tex is removed in the analysis of the periodic fluctuation
phenomenon.
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Fig. 3 Unstructured grid around NACA0008

For instance, in reference [5], the aerodynamic noise
generated from a flat plate blade has been given as:
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Then
A(x,z)=(n/dX (x,2) Z,(x,2)

where, A4, is the correlation area of the noise source, p; is
the pressure fluctuation on the blade surface, X, is the
chord-wise correlation length, and Z. is the span-wise
correlation length. According to this expression, the
aerodynamic noise relates to the pressure fluctuation and
the correlation length of the noise source. Generally, the
chord-wise correlation length is determined by the
two-dimensional scale of the vortex; the span-wise cor-
relation length is estimated by its three-dimensional
scale.

Results and Discussion

Figure 4 shows the relation between the attack angle

and the overall noise level. The noise level of NACA
0008 decreases from 12° to 20°; it increases from 28° to
36°. In comparing the two blades, the influence of the
blade thickness ratio on the noise characteristics of the
separated flow at large attack angles is small. Moreover,
it is clear that the aerodynamic noise generated from the
blade does not simply increase monotonically with the
attack angle. Based on the flow pattern around the blade
obtained by the wind tunnel experiment, in the explana-
tion that follows, the flows at attack angles ranging from
12° to 20° will be called the “Rear Surface Separation
(RSS)” while those at attack angles ranging from 28° to
36° will be referred to as the “Leading Edge Separation
(LES).”

The spectral distributions of aerodynamic noise gener-
ated from the two types of blade are compared in Fig. 5.
This figure shows the spectra at the attack angle where
the noise level becomes maximal in Fig. 4. The back-
ground noise of the wind tunnel is shown as the broken
line. Overall noise level is almost identical for the two
blades (86.1 dB). The frequency at which the noise is
maximal is higher for NACA0008 than for NACAO0018.
It is possible that a Karman vortex street with high fre-
quency is shed into the wake because the width of the
wake in NACAO0008 is narrower than that in NACAO0018.
The characteristics of the discrete frequency noise in the
vicinity of this attack angle have already been studied in
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reference [2]. Thus, the characteristics of the discrete
frequency noise are not discussed in this paper.

Comparisons of the spectral distribution of noise at
different attack angles are presented in Fig. 6. In the case
of rear surface separation, the broadband noise level dis-
tributed to 2000 Hz or more at an attack angle of 20°
becomes smaller than that at an angle of 12°. On the oth-
er hand, the broadband noise becomes larger when the
flow pattern changes to leading edge separation. At at-
tack angles of 12°, 28°, and 36°, a discrete frequency
noise due to wake vortex shedding can be recognized. In
this spectral distribution, it can be confirmed that not
only the broadband noise, but also the discrete frequency
noise, becomes similar to the characteristic overall noise
level.
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Fig. 6 Comparison of the spectral distribution of noise at
different attack angles

Figure 7 shows the measured flow pattern on the rear
surface of NACAO0008. The attack angle is 10°. In Fig.
7(a), an area with high velocity is formed in the vicinity
of the leading edge. The velocity fluctuation, shown in
Fig. 7(b), becomes large in the vicinity of the high veloc-
ity domain on the rear surface. It can be recognized that
the aerodynamic noise source at this attack angle exists
on the rear surface. The separated flow in the case of an
attack angle of 20° is shown in Fig. 8. The flow separates
from the leading edge, creating a separated shear layer on
the rear surface. The velocity fluctuation becomes strong
in the separated shear layer from the leading edge to
trailing edge. At this attack angle, the velocity fluctuation
in the shear layer is larger than the fluctuation on the
blade surface.

The distribution of calculated mean velocities around
the blade is shown in Fig. 9. The velocity distribution can
represent the high velocity domain at the leading edge

and the separated shear layer on the rear surface of the
blade (see Fig. 7(a)). The measured and calculated flows
in the wake are compared in Fig. 10. The attack angle is
set at 10°. The circular symbols represent measured val-
ues and the solid line shows the calculated values. The
velocity distribution of the numerical simulation can
represent the width of the wake and the diffusion of the
actual measured flow.

The mean pressure around the blade obtained by CFD
is shown in Fig. 11. At an attack angle of 12°, a domain
of low pressure generated by the separated vortex is
formed on the rear surface. At an attack angle of 20°, a
pressure domain is formed at the vicinity of the trailing
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Fig. 7 Measured flow pattern on rear surface at a = 10°
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Fig. 10 Comparison of the measured and calculated flows in
the wake
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Fig. 11 Calculated mean pressure around the blade in the case
of rear surface separation

edge. It can be noticed that the flow pattern related to the
aerodynamic noise is shifted from the rear surface to the
trailing edge with an increase in the attack angle that
causes rear surface separation.

The distribution of pressure fluctuation on the blade
surface is compared in Fig. 12. The horizontal axis shows
the position along the center line of the blade from the
leading edge normalized by the chord length. The pres-
sure fluctuation on the rear surface is larger than that of
the fluctuation of the front surface. The domain of large
pressure fluctuation at an attack angle of 12° is more ex-
tensive than that at an angle of 20°. According to Fig. 11,
it is possible to consider that these pressure fluctuations
are generated by the separated vortex on the rear surface.
A large-scale separated vortex aligned along the direction
of the blade chord is transformed into a structure that is

concentrated at the trailing edge when the attack angle
increases in the region of rear surface separation. It is
considered that the acrodynamic noise in the state of the
rear surface separation is reduced by the scale of the vor-
tex in the direction of the blade chord.

The measured velocity fluctuation around the blade in
the state of leading edge separation is compared in Fig.13.
In Fig. 13(a) and Fig 13(b), the attack angles are 20° and
40°, respectively. Since a symmetrical swirl of velocity
fluctuation is formed in the wake, it is considered that a
Karman vortex street is shed into the wake in each attack
angle. The velocity fluctuation becomes larger at posi-
tions in which the vortex swirls in the wake. Therefore,
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Fig. 12 Comparison of pressure fluctuation on the blade sur-
face in the case of rear surface separation
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the wake vortex becomes one of the factors comprising
an aerodynamic noise source. The distribution of velocity
fluctuation in the vertical direction in relation to the main
flow is shown in Fig. 14. The position of the measured
section is the point at which the velocity fluctuation be-
comes maximal in the wake (broken line in Fig. 13). The
wake characteristics based on the distributions of veloci-
ty fluctuation are summarized in Table 2. The scale of the
vortex is estimated by the half width of the distribution.
The maximum value of the velocity fluctuation at an at-
tack angle of 40° increases from that at an angle of 20°
by 14.8%. On the other hand, the scale of the vortex at an
attack angle of 40° becomes 51.0% larger than that at an
angle of 20°. Even if the kinetic energy concerning the
sound pressure of the aerodynamic noise is estimated by
the square of the maximum velocity fluctuation (i.e.
double the ratio of the increase in fluctuation), the influ-
ence of the scale of the vortex becomes a major factor in
the aerodynamic noise source under conditions of leading
edge separation.
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Fig. 14 Distribution of the velocity fluctuation in the wake

Table 2 Wake characteristics of NACA blades

NACA0008 NACA0018
Velocity fluctuation, u /U 0.203 0.233
Scale of vortex, d (mm) 10.2 15.4

The mean pressure distributions around the blade at
attack angles of 28° and 36° are shown in Fig. 15. At
each attack angle, a separated vortex of low pressure is
formed at the vicinity of the trailing edge of the blade. It
is considered that the aerodynamic noise caused by lead-
ing edge separation is influenced by the separated vortex
formed at the trailing edge.

The distribution of pressure fluctuation around the
blade is shown in Fig. 16. A domain of the pressure fluc-
tuation distribution at an attack angle of 36° is more ex-
tensive than that at an angle of 28°. In the case of leading
edge separation, it is clear that one of the reasons for the
increased noise level is the scale of the vortex at the
trailing edge. It is considered that the noise source in-

duced by the separated vortex at the vicinity of trailing
edge is formed by the fluctuation of the vortex shedding
in the wake.

(b) a = 36°

Fig. 15 Calculated mean pressure around the blade in the case
of leading edge separation
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the blade surface in the case of leading edge separa-
tion

Conclusion

From the results of analyses on the relation between
the attack angle and the aerodynamic noise of the airfoil
blade, the following conclusions are derived.

The aerodynamic noise generated from the blade be-
came small when the flow separated from the rear surface



of the blade with an increase in the attack angle; the noise
increased with an increase in the attack angle when the
flow separated from the leading edge. The influence of
the blade thickness ratio on the noise characteristics was
small.

In the case of rear surface separation, the velocity
fluctuation at the vicinity of the separated vortex formed
on the rear surface of the blade became large. The
large-scale separated vortex aligned along the direction
of the blade chord was transformed into a structure con-
centrated at the trailing edge with an increase in the at-
tack angle. In this case the aerodynamic noise level be-
came small in accord with the scale of the vortex along
the blade chord.

A separated vortex of low pressure was formed at the
vicinity of the trailing edge when the flow was separated
at the leading edge. The pressure fluctuation on the blade
surface at the vicinity of trailing edge became large due
to the vortex in the wake. When the flow was separated
at the leading edge, the aerodynamic noise level was in-
creased by a separated vortex that caused fluctuations
due to wake vortex shedding.
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