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Abstract. In the present study, the effects of fluid-structure interaction (FSI) on the trailing-
edge noise are numerically investigated, particularly for the cases of wake instability and
Karman vortex shedding. The trailing-edge is modelled as a flat plate with an elastic
cantilever end and its flow-induced vibration is solved by an eigenmode analysis with the
Galerkin method. The FSI analysis is conducted in a fully coupled manner with direct
numerical simulation (DNS) of the flow and sound. Computed solutions for the wake
instability show that when the first-eigenmode natural frequency (w,) of the cantilever is close
to be resonant with the wake characteristic frequency (w.), the sound pressure level (SPL) is
significantly reduced by -20 dB or increased by +15 dB, depending on the ratio of w,/w.. For
Karman vortex shedding, the flow and acoustic details are somewhat different but FSI also
has considerable impacts on the SPL and directivity, if w, is close to o..

1 INTRODUCTION

Trailing-edge noise is an important noise source for airfoils or fan blades. It could be
generated by wake instability, Karman vortex shedding, or edge-scattering of the turbulent
boundary layer eddies'. Comprehensive experimental investigation’, analytical modeling
works™, and computations™® on the trailing-edge noise have been conducted for years. There
also have been some efforts to reduce the trailing-edge noise by modifying the blunt trailing-
edge profile® or implementing a porous media to the trailing-edge’. Recently, Herr and
Dobrzynski'® adopted a brush to the trailing-edge to reduce the trailing-edge noise.

In the present study, a fluid-structure interaction (FSI) effect is considered to reduce the
trailing-edge noise. As shown in Fig. 1, the trailing-edge is modeled as a flat plate with an
elastic cantilever end and its flow-induced vibration is solved by an eigenmode analysis with
the Galerkin method. The beam equation is solved in a fully coupled manner with direct
numerical simulation (DNS) of the flow and sound. The DNS solution is obtained by solving
the two-dimensional compressible Navier-Stokes equations in a moving coordinate system
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with a sixth-order compact finite difference scheme and four-stage Runge-Kutta method for
space and time, respectively.

First, the trailing-edge noise generated by wake instability is considered at Re;=200 and
M=0.4. For the rigid trailing-edge, a dipole tone is generated at St,=fh/U=0.05, which
corresponds to the most unstable mode' in the wake instability. The natural frequency of the
elastic cantilever is a function of its eigenvalues, speed of sound and fluid density, aspect ratio
(h/L, L: cantilever length), and elasticity of the cantilever. Second, the trailing-edge noise
generated by Karman vortex shedding is considered at Re;=1000 and M=0.4. For the rigid
trailing-edge, a much stronger dipole tone is produced at Sz=0.177. In this study, the FSI
effects on the acoustic characteristics of the trailing-edge are scrutinized with various elastic
properties of the cantilever beam.
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Figure 1 : Schematic of trailing-edge noise generation with FSI effect included

2 METHODOLOGIES

In the present study, the effects of fluid-structure interaction (FSI) on the trailing-edge
noise are numerically investigated with a simplified computational model. The flow and
acoustic fields are computed by direct numerical simulation (DNS) of the full compressible
Navier-Stokes equations. The beam equation is solved in a fully coupled manner with the
DNS. Computational methods are described below, including moving grid system and
eigenmode analysis of the elastic cantilever beam.

2.1 Direct numerical simulation (DNS)

The DNS solution is obtained by solving the two-dimensional, compressible Navier-Stokes
equations, written as
00 OE OF OE, OF,
—=+ =—r4+—r,

1
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where 7,7z and 7 indicate viscous dissipation terms and ¢,,q, are neglected.

In order to include the effects of wall deformation of the elastic trailing-edge, the
governing equations are solved in a moving coordinate system. The components of the
transformation matrix between the physical space (x, y, t) and the computational space (¢, 7, 7)
are defined as

dr 1 0 0|ar
dé|=|¢ & &, ||dx| 3)
dn| |n n. n,|dy

where
_n __ X5 __ Y _x
é:x J bl 5)7 J b 77){ J b 77)) J (4)
(=x.y,+x,5,) (xX,y: —x:y,)
=, g =, T
J J

Here, J =x,y,—x,y,,and x, and y, represent moving velocities at each control surface.

The governing equations are integrated in time by a four-stage Runge-Kutta method and
spatially discretized with a sixth-order compact finite difference scheme''. The first and
second derivatives with respect to x are implicitly calculated with a five stencil, i.e.

! 4 ! fi+ _fi— f;’+ _/{i—
alfi—]"'fi"'alﬁnzal 12Ax 1"'b] ZAX :

=2f , ,
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af! + fraf =a,

where a;=1/3, a,=2/11, a;=14/9, b;=1/9, a,=12/11, and b,=3/11.
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Practically, when using a high order scheme to the stretched meshes, numerical instability
are encountered due to numerical truncations or failure of capturing high wave-number
phenomena. Thus, a tenth-order spatial filtering proposed by Gaitonde et al.'* is applied every
iteration to suppress the high frequency errors that might be caused by grid non-uniformity.
For the far-field boundary condition, an energy transfer and annihilation (ETA) boundary
condition'® with buffer zone is used for not allowing any reflection of out-going waves.

2.2 Fluid-structure interaction (FSI)

In this study, the trailing-edge is modeled as a flat plat with an elastic cantilever end and so
its vertical displacement is written as'*

o’ 0’ y(x,1) 0’ y(x,t)
§|:EI(X)7 +m(x)7=f(x,t), O<x<L (6)

where El(x) is a flexural rigidity, m(x) is the mass per unit length, f{x,f) represents the force
distributed over the elastic region, and L is the length of the trailing-edge. The force on the
elastic cantilever beam is usually involved with pressure and shear stress but it is assumed
that shear stress is negligible compared to pressure. In this study, the flow-induced vibration
is solved by an eigenmode analysis with the Galerkin method,

YD =28, (0,0, o

where 7 is the mode number, Y,(x) and #,(f) represent the modal shape and modal coordinates,
respectively. By substituting Eq. (7) into Eq. (6) and applying an orthogonality of the natural
modes, an ordinary differential equation of the modal coordinates can be derived

0+ 0, (0)= [ Y. f(n0dx,  r=12 ®)

An analytic solution for the modal shape, Y,(x)" can be obtained by employing a fixed left-
end boundary condition for the cantilever beam, and is written by

Y (x) =cosh f x—cos f.x—o (sinh f x—sin S x), 9)
where

sinh f L—sin 5 L
o, = : (10)
cosh B L+cosf.L

The eigenvalues of the cantilever beam with a fixed left-end can be calculated by

(11)
cos S Lcosh B.L+1=0.
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Figure 2 : Modal shapes of the cantilever beam

For approximations, only 3 eigenvalues are used: f;L=1.87510, f,L=4.69409, and pf;L=
7.85476. The corresponding modal shapes obtained from Eq. (9) are presented in Fig. 2.

3 RESULTS AND DISCUSSION

3.1 Wake instability

The trailing-edge noise generated by wake instability is considered at Reynolds number
based on a beam thickness, Re;,=200, free stream Mach number, M=0.4. As depicted in Fig. 3,
the computational domain is extended from -400/4 to 300/ in the streamwise direction and
+160/ in the normal direction and non-uniform cartesian meshes of 301x211 points are
distributed. A no-slip wall boundary condition is used at the solid surface, except the region
from -4004 to -2004, where a slip condition is applied. In order to induce the wake instability,
a laminar boundary layer is disturbed with a vortical disturbance at tc../L=40, which is defined
as

()= o(y—yo)exp(o.s(l—(ﬂx—xof+(y—yo)2/hm

(12)

V()= —ﬁUo(x—xo)exp(o.S(l—(J<x—xo>2 FO-r) /h)Z]J

where the disturbance center is located at (x,, ¥,)=(0, 0.1L).

Figure 4 shows the vorticity and acoustic fields over the ‘rigid’ cantilever at a periodic
stage. The wake instability caused by Kelvin-Helmholtz instability produces a dipole tone
from the trailing-edge. The pressure fluctuations monitored at (x/L, y/L)=(0, 2) indicates that
the characteristic frequency is at St,=fh/U;~0.046 (or w.=2xtL/c.~2.31), which coincides
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Figure 3 : Computational domain for the trailing-edge with an elastic cantilever end

with the most unstable mode' in the wake instability, and the predicted sound pressure level
(SPL) at this frequency is about 109dB, as shown in Fig. 5.

In order to have the FSI effects, the rigid trailing-edge is replaced by an elastic cantilever
beam. A non-dimensionalized natural frequency is defined as

h E
= (B L)} — /— 13
w,=(p.L) e \12p (13)

where p and c. indicate the material density and speed of sound, respectively. In the present
study, a parametric study is conducted with various natural frequencies of the elastic
cantilever beam by varying the elasticity E, while other parameters are kept constant, i.e.

1 1
3 w3 _ .
\:;‘ 0 \:;‘ Ie————
-1 -1
-1 0 x1l 2 3 -1 0 x}L 2 3
a) b)

Figure 4 : Wake instability and the corresponding acoustic field around the rigid cantilever beam: a) vorticity (40
contours between -5 and 5), b) pressure fluctuation (40 contours between -0.002 and 0.002)
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Figure 5 : Time variation of pressure fluctuations and SPL spectrum of the rigid trailing-edge at (x/L, y/L)=(0, 2):
wake instability
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p=240kg/m’, c,,=340m/s, and 1/L=1/20. The objective is to find any FSI effect on the acoustic
characteristics of the trailing-edge with elastic cantilever end. Test cases for the cantilever
beams with various elastic properties are summarized in Table. 1.

Computed results indicate that tip displacement of the elastic trailing-edge is so small

(maximum amplitude is about 0.0008%) that almost the same flow and acoustic characteristics
are expected as compared to the rigid one. It is, however, found that the wake frequency is
considerably modulated with this small tip displacement through FSI processes.
In Fig. 6, the modulated frequency wyand the SPL are plotted against a ratio between the first-
eigenmode natural frequency of the elastic cantilever w, and the characteristic frequency of
the wake w.. One can note a considerable variation not only in the modulated frequency but
also in SPL for a range of -10% ~ +10% offsets from the resonant frequency, i.e. w,/o~=1.
When w,/w.1s 0.95, the wake characteristic frequency is altered from 2.31 to 2.22, whereas
for w,/w~1.05, it changes to 2.39. There are also two small variations at the second and third
eigenmodes of the wake characteristic frequency, i.e. w,/®w~0.160 and w,/®.~0.057 but their
effects are obviously much weaker than the first eigenmode.

Table 1 : Test cases for the cantilever beams with various elastic properties

Density Elasticitiy

Ik g /m3] [Pa] W] w2 w3 Wy W
Case A 240 1.91x10° 0.132 0.825 2.310 0.057
Case B 240 6.39x10° 0.241 1.510 4.226 0.104
Case C 240 1.50x10° 0.369 2.310 6.468 0.160
Case D 240 6.72x10° 0.781 4.896 13.709 0.338
Case E 240 5.87x10° 2.310 14.477 40.535 1.000

Case F 240 1.36x10° 3.516 22.034 61.697 1.522
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Figure 6 : Modulated frequency (o,) and sound pressure level (dB) at (x/L,y/L)=(0,2) versus natural frequency of
the elastic cantilever (dashed line: rigid body)

A very similar variation of SPL against w,/@, is observed. When compared to the rigid
body model, the trailing-edge noise with elastic cantilever end is significantly altered;
decreased by 20dB at w,/@w~0.95 or increased by 15dB at w,/w.=1.05 (see Fig. 6). Figure 7
shows the directivities of the pressure fluctuations (at »=L) produced by the cantilever beams
with various elastic properties. As expected, a major difference in directivity between the
elastic and rigid trailing-edges occurs at w,/®.=0.95 and w,/w.=1.05. One can also note in the
directivity pattern that noise reduction (w,/w.=0.95) occurs in all directions. It is also
interesting to note that the SPL alteration is closely related to the frequency modulation, when
eigen-natural frequencies of the cantilever are close to be resonant with the wake

Figure 7: Directivity alterations with various elastic properties of the beam at r=L with a center (x/L, y/L)=(1, 0):
wake instability
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Figure 8 : Variation of tip displacement at various natural frequencies

characteristic frequency w.. In other words, the FSI process affects the wake frequency, SPL,
and directivity pattern.

To clarify the relationship between the frequency modulation and the flow-induced
vibration, the amplitude of the tip displacement is plotted in Fig. 8 against w,/w.. As expected,
tip displacements are noticeably amplified at each eigen-resonant frequency (i.e. w;,/w~=1,
wxy/o~1, and w;/w~1). It is, however, interesting to note that the maximum tip
displacement does not occur at w,/w.~1 but 1.05. This shift may be caused by a non-linear
coupling between the unstable wake and the trailing-edge with elastic cantilever end. From
these results, it is known that frequency modulation and SPL alteration are closely related to
the tip displacement, even though their intimate correlations are still to be investigated.

In order to understand the vibration characteristics of the elastic cantilever, a forced-
vibration calculation is carried out and compared with the FSI results. For the computation of
forced-vibration, an external force is defined as

f(®)=q(x)cos(w,1), (14)
where w.=2.31 and a distributed force g(x) on the beam is modeled as
0 0<x<0.5
q(x):{o.oom(x—o.s)z 05<x<1’ "

As shown in Fig. 9(a), the tip displacement in forced-vibration continuously increases at the
resonant frequency (0% offset), while beats are clearly observed for +5% offset cases. But the
FSI cases show different dynamical behaviors in Fig. 9(b). At resonance frequency, tip
displacement increases initially but converges to an asymptotic value because fluids act as a
damper to the cantilever beam motions. When a natural frequency is 5% offset from the
wake characteristic frequency, beats gradually disappear and the wake frequency is modulated
into a value close to the natural frequency of the elastic cantilever. The most amplified tip
displacement occurs at +5% offset. Thus, it is known that frequency modulation near the
resonance frequency alters the dynamic characteristics of the trailing-edge and eventually
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Figure 9 : Time variation of tip displacement

influences the flow and sound fields.

3.2 Karman vortex shedding

For further investigation of FSI effects on the trailing-edge noise, similar computations are
conducted for the case of Karman vortex shedding. A laminar boundary layer is considered
over the trailing-edge at Reynolds number based on the beam thickness, Re;=1000, free
stream Mach number, M=0.4. The computational domain and grid system are the same as the
wake instability. A no-slip wall boundary condition is applied from -1.5L so that the boundary
layer thickness at the trailing-edge is 1.24. This value is an upper limit (laminar) to invoke the
Karman vortex shedding' with a blunt thickness.

Figure 10 shows the flow and acoustic fields for the rigid cantilever beam at a periodic stage.
Due to the bluntness of the trailing-edge, the Karman vortex shedding produces a dipole tone at
the edge. Computed results at the monitoring position indicate that the characteristic frequency
of the vortex shedding is at St;,=fh/U;~0.145 (or w.=7.28), and the SPL is about 135dB at this
frequency (see Fig. 11). According to Fig. 12, frequency modulation also occurs near w,/o.=1,
similar to the wake instability case (see Fig. 6). The directivity alteration with various elastic
properties of the beam is shown in Fig. 13. A major difference in SPL between the elastic and
rigid trailing-edges occurs, when the first-eigenmode natural frequency of the cantilever is
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Figure 10 : Karman vortex shedding and the corresponding acoustic field around the rigid cantilever beam: a)
vorticity (40 contours between -5 and 5), b) pressure fluctuation (40 contours between -0.002 and

0.002)

+2% offset from w..

The FSI effects on acoustic characteristics are somewhat different from the wake
instability. Noise reduction occurs partially with angles from -120° to +120°. Also, noise is
even reduced for the positive offsets from w. but not as much as the negative cases. The FSI
effects are not so substantial as the wake instability because vortex shedding is a very
localized phenomenon at the trailing-edge. If density of the material changes, more
pronounced alterations in SPL are expected. Further investigations will be reported in one of
the upcoming presentations.
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Figure 11 : SPL spectrum for the rigid trailing-edge at (x/L, y/L)=(0, 2): Karman vortex shedding
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Figure 12 : Modulated frequency (w;) versus natural frequency of the elastic cantilever (dashed line: rigid body)
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Figure 13 : Directivity alterations with various elastic properties of the cantilever at =L with a center (x/L,
y/L)=(1, 0): Karman vortex shedding

4 CONCLUSIONS

In this study, the FSI effects on the trailing-edge noise have been investigated for the wake
instability (Re;=200 and Ma=0.4) and Karman vortex shedding (Re;=1000 and Ma=0.4). The
FSI effects are scrutinized with various elastic properties of the cantilever beam. From the
computed results, it can be concluded that

- when the first-eigenmode natural frequency of the cantilever is near the characteristic
frequency of the flow (within the range of -10% ~ +10%), the frequency modulation
results in noise reduction of 20dB in all directions (wake instability), or 10-12dB
partially (Karman vortex shedding)
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- the tip displacement of the elastic trailing-edge is closely related to the frequency
modulation as well as the SPL
beats observed in force-vibration do not occur in FSI process by fluid-damping.
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