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Vortex sound radiation in a flow duct with a dipole source
and a flexible wall of finite length
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(Received 9 May 2016; revised 8 February 2017; accepted 26 February 2017; published online 22
March 2017)

The noise attenuation of fan-ducted noise at low blade-passage frequency remains a challenge. The
present study investigates the noise reduction mechanism of a tensioned membrane housing device
that directly controls the sound radiation from the doublet which is enclosed in an infinitely long
duct with a point vortex. The time dependent sound radiation mechanism and the vibro-acoustics
coupling mechanism of the systems are studied by adopting the potential theory and matched
asymptotic expansion technique. The silencing performance of such a passive approach depends on
the amplitude and phase of the sound field created by the doublet and the acoustic pressure induced
by the membrane oscillation in order to achieve sound cancellation. Results show that the response
of membrane vibration is strongly associated with the flow field induced by the grazing uniform
flow and also the fluid loading generated by the inviscid vortex. The geometrical property of the
cavity and the mechanical properties of the flexible membranes play important roles in controlling

the performance of the proposed device. © 2017 Acoustical Society of America.

[http://dx.doi.org/10.1121/1.4978521]
[IDM]

I. INTRODUCTION

Ventilation systems are an essential component in mod-
ern commercial buildings as they effectively improve the
comfort of human beings by circulating the air and deliver-
ing treated air to occupied zones within the building through
ductwork from the air-handling unit. However, the noise
from the air handling unit caused by the operation of fans
continues to propagate to the work areas. The attenuation
of the associated noise, including the tonal noise induced by
the rotor and stator interaction and the broadband aerody-
namic noise generated by vortex shedding and turbulence
(Sharland, 1964; Longhouse, 1977), remains a technical chal-
lenge using passive noise control methods. Traditionally,
duct lining (Ingard, 1995; Beranek and Vér, 2006) in which
the porous material dissipates the noise by converting the
acoustical energy into heat is commonly adopted in air condi-
tioning systems. However, its performance is ineffective at
low frequencies due to high impedance mismatch at the inter-
face of air to traditional porous material. Apart from this, the
environmental problem caused by the use of fibre material is
also problematic (Fuchs, 2001a,b). On the other hand, a fibre-
less reactive silencing device, expansion chamber (Munjal,
1987), or multiple chambers (Ji, 2005) can be feasible solu-
tions to control noise levels through the mechanism of sound
reflection due to the change of cross-sectional area. However,
these noise reduction mechanisms induce unavoidable pres-
sure loss and thus increases the power consumption of the
fans. In order to eliminate the pressure loss, active noise
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control was proposed to attenuate the tonal noise from a
small axial flow fan (Wang et al., 2005). Although it success-
fully provides tonal noise reduction, the requirement of sen-
sors and actuators makes the system difficult to implement.
Huang (1999) introduced the concept of a drum-like silencer,
which is composed of two stretched light membranes covered
with two side branch cavities. The prototype device has been
examined successfully without flow (Huang et al., 2000;
Choy and Huang, 2002) and with mean flow (Choy and
Huang, 2005). The harmonic responses of the membranes
and the noise attenuation were analytically obtained in the
frequency domain (Huang, 2002). However, the silencing
performances predicted in the previous studies are limited for
duct systems with uniform mean flow. The turbulent flow
generated during fan operation has not been considered.
When the fan is in operation, the flow generated is turbulent
and hence the time-varying turbulent flow interacts with the
flexible boundaries of the housing device in a more intricate
vibro-acoustic mechanism. An analytical model of the turbu-
lent boundary layer and the motion of the unsteady turbu-
lence is complicated. Therefore, recent work by Ostoich
et al. (2013) used a direct numerical simulation approach in
order to investigate the coupled fluid-structural interactions
between the turbulent boundary layer and the thin steel panel
with a free-stream Mach number of 2.25. The fluid domain
computed by the compressible Navier-Stokes equations and
the structural solution calculated by the nonlinear, finite-
strain finite element solver were coupled through matching
nodes at the interface. Later, Zhang and Bodony (2016)
extended the simulation database to study the detailed
behavior in and around the honeycomb liner, to estimate the

0001-4966/2017/141(3)/1999/12/$30.00 © 2017 Acoustical Society of America 1999
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discharge coefficient, and to predict the acoustic impedance
of the liner in the presence of grazing laminar and turbulent
boundary layers as well as the incident sound waves. Apart
from the direct numerical simulation, Howe (2003) employed
a vortex analogy as a semi-analytical approach which simply
models the turbulent eddies as discrete point vortices. Tang
et al. (2005) worked out the vortex motion, the far-field aero-
acoustic radiation, and monopole sound pressure fluctuation
induced by an oscillating flexible wall which interacts
strongly with the inviscid vortex and grazing flow, where the
cavity was not a consideration in the model. Afterwards,
Tang (2011) studied the performance of a membrane covered
by a cavity, which is the so-called drum-like silencer in the
duct under low Mach number flow. However, he considered
that acoustic pressure inside the cavity is distributed uni-
formly and is limited to a very shallow cavity. In fact, the
corresponding height of the cavity would be one of the deter-
minant factors in designing the silencing device as the flexi-
ble boundary vibration depends on the pressure loading
acting on it.

On the other hand, fan noise can be controlled directly
at the source itself. Recently, Liu ef al. (2014) introduced a
device consisting of two tensioned membranes backed with
cavities housing the axial fan, which is the so-called mem-
brane housing device for suppression of the sound radiation
from the axial fan directly. This membrane house device can
effectively suppress the low frequency noise analytically and
experimentally. For realistic application in air conditioning
systems such as air handling units with fan operation, where
there are a number of aerodynamic noises created during fan
operation. Regarding the aeroacoustics research for rotating
machines, Gutin (1948) was the first to quantify the propeller
noise caused by the rotation of steady loading that is called
Gutin noise. The acoustic analogy of Lighthill (1952) con-
tributed a formal platform to study aerodynamic sound. The
first extension of Lighthill’s theory was proposed by Curle
(1955) who considered the effect of solid boundaries by
replacing them with distributed dipoles. Afterwards, Ffowcs
Williams and Hawkings (1969) formally extended the
work of Lighthill by taking into account the effect of all
solid boundaries in arbitrary motion. The solid surfaces act
as “mirrors” of aerodynamics quadrupoles, giving rise to
dipoles distributed over the solid surfaces. Generally speak-
ing, there are three types of noise sources in any machine
with moving blades: monopole from the blade motion,
dipole from the fluctuating forces on blades, and quadrupole
emanating from the core of turbulence jets. Focusing on the
operation of axial fans at subsonic speed, it is found that the
dominant noise source is often the unsteady pressure fluctua-
tion arising from the interaction between the rotating blades
and stationary blades. In the present study, the noise gener-
ated by the tip leakage flow and the turbulent layer on blade
and rotor-stator interaction induced fluid loading fluctuation
is characterized as a dipole source. The performance of using
the membrane housing silencing device to control subsonic
axial fan radiated tonal noise of a dipole nature directly at
the source position was recently investigated by Liu et al.
(2012) analytically with the mean flow condition simplified
as steady uniform flow and validated by experiments.

2000  J. Acoust. Soc. Am. 141 (3), March 2017

Previous work was conducted in a frequency domain in which
the time-dependent excitation from the fan and response of
membranes were neglected. The influence of flow turbulence
and the corresponding to the unsteady flow sound generation
mechanism were not presented.

A simplified theoretical aeroacoustic model of the mem-
brane housing silencing device flush-mounted on the wall at
the source location is established in the present study to gain
insight into the flow-structure-acoustics interactions and
aeroacoustics generation mechanism. The proposed theoreti-
cal model has the following distinct features. (a) It is differ-
ent from the previous studies which mainly focused on the
vortex-membrane interactions. A dipole sound source is con-
sidered, which leads to more complicated fluid-structural
interactions. Moreover, the noise attenuation mechanism of
the membrane housing device controlling the dipole source
is studied with different designing parameters. (b) Inside the
backed-cavity, a non-uniform fluid pressure is considered
instead of assuming an even pressure distribution in order
to simulate a more realistic transient response of the fully
coupled membrane-cavity system. In order to examine the
time varying fluid field corresponding to the dipole nature of
fan noise, it is described as a doublet which is composed of
two sources with anti-phase volume flow rate. The unsteady
turbulent eddy is represented by an inviscid point vortex for
simplification. In addition, a finite difference time domain
(FDTD) approach (Kowalczyk and Van Walstijn, 2008) was
adopted to explore the non-uniform fluid pressure distribu-
tion inside both the upper and lower cavities.

In what follows, Sec. II outlines a two-dimensional the-
oretical model and analytical formulation in details. The
analysis of vortex dynamics and the noise radiation mecha-
nism as well as the design parameters affecting the silencer
performance are discussed in Sec. III. In Sec. IV, the main
conclusions are summarized.

Il. THEORETICAL MODELLING

Figure 1 shows the two-dimensional configuration of the
silencing device, which is composed of two flush-mounted
membranes of length L covering a side-branch rigid-walled
cavity with depth A, in an otherwise rigid-walled duct with a
height a. The membranes are supported at both the leading
(x=—L/2) and trailing edges (x =L/2), and the tension T is
applied along the axial direction. A doublet is placed at the
center of the silencing device. The doublet is composed of a
source and a sink which have the same amplitude of strength
Uo and operating frequency f at the small separation distance
2¢. The turbulent flow condition of high Reynolds number
and low Mach number are considered in the present study so
that the effect of viscosity can be ignored for simplicity
(Katz and Plotkin, 2001). An inviscid vortex with circulation
I' is initially located at the x-coordinate x, with the same
axial position of doublet and at the y-coordinate y, which
depends on the length of the blades as it is practically shed
at the trailing edge. The vortex propagates through the
membrane and duct section under the effects of membranes
vibration, doublet radiation, and the mean flow U. The instan-
taneous position of vortex is expressed as (x,, y,) in Sec. [T A.

Chiang et al.
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FIG. 1. (Color online) Two-dimen-
a sional configuration of the membrane
housing device with a doublet.
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A. Vortex dynamics and membrane vibrations

The dipole nature of the sound radiation in the fan-
ducted system is modeled as a doublet inside a channel. The

fluid velocity v, along the duct at any position (x, y) due to
the influence of the doublet and its image, by utilizing the
potential theory (Currie, 2013), is expressed as follows:

cos(r(y = ) fa) — -

— ¢ P rta—ey/
Vdou(X,y) =X 2a {e LGm_g—x)/a — DemYa—e—x)/a Cos(n(y _ yd)/a) 41

N cos(n(y + yq)/a) — e"ae/a

n(xg+e—x)/a

cos (n(y — yd)/a) — eMate—x)/a

P4 R4 cos (n(y + ya)/a) + |

cos(n(y +ya)/a) — e™ate=x)/a

. LZ“W“"“)/“ — 2emlate=n/a cos(n(y — ya)/a) + 1 + e2rlutemx)/a _ pembute)/a cos(n(y + yq)/a) + 1

}

sin(n(y — ya)/a)

_|_)A)£ e (Xa—&—x)/
2a eZn(xd—a—x)/a _ Zerc(x,,—s—x)/a cos (71?()7 _ _Yd)/a) +1

sin(7(y + ya)/a)

n(xq+e—x)/a

_l’_
P/ _ 9emlu=e=9/a cos(n(y + yq)/a) + 1

sin(7(y 4 ya)/a)

y [ sin(n(y — ya)/a)

e2n(xd+efx)/a _ 2e7r(xd+£7x)/a COS(TC(y _ yd)/a) +1

where u is the rate of volume flow issuing outward (inward)
from the source (sink) (Vallentine, 1959), which is expressed
as a harmonic form, i.e., u(t) = pycos(2nfr), (xg4, yo) is the
location of the doublet, 7 represents time, a is the height of
duct, and X and y are the unit vector. Note that the position
of doublet is taken as the middle point between the source
and the sink.

The membranes are initially at rest, it is then subjected
into motion due to the excitation by grazing mean flow, vor-
tex acceleration and also the doublet radiation. For small
membrane vibration magnitudes, the vibrating membranes
are modeled as rigid boundaries with distributed fluctuating
normal velocities presented by Tang (2011). The fluid veloc-
ity, V,.em» at any position (x, y) inside a duct due to the flow
induced by membranes vibration is estimated by an integra-
tion along the membranes. The detail expression of the
induced velocity due to the membrane vibration have been
given by Tang (2011).
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6]

+ e2n(xate—x)/a _ D on(xgte—x)/a cog (n(y + }’d)/a) +1

When the blade starts its motion impulsive from 7 =0,
there is a starting vortex with circulation I'(7) due to flow
separation at the sharp trailing edge of the blade. The growth
of the vortex strength is determined by the Kutta condition.
It is related to the chord-line of blade c, the angle of attack o,
and also the uniform speed is far-field U,. The general
expression of the circulation is I'(t) = 2U0(cUt)">. When 1
— 00, the limiting circulation would be I',=mcal,,
(Saffman, 1992). According to Brown and Michael (1954),
the vortex velocity including its self-induced velocity is writ-
ten as

o —x.dl r my
Vvortex(xvayv) =X|— T E + U+ ECOt P
. v — Yedl
+y l:_y - Y E:| + Vinem (Xv, Yv)

+ Vdou (xwyv)- (2)
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The instantaneous vortex motion, harmonic radiation of dou-
blet and mean flow give rise to fluctuating pressure loading
on the two membranes. The response of membranes are gov-
erned by
0? 0?
M _ 9

on,
72 2 + Da— + (Prauct — Pleaviy) = 0

and

2 2
o, Tf) +D8nu

m o2 o2 It + (pu#cavity _pu,duct) - 07

3

where p is the fluid pressure and the subscript “duct” and
“cavity” represent the meaning of the duct section and cavity
section, respectively. m is the mass density of the membrane,

2sin(my, /a) (e™ )/ cos(my /a) — cos(my, /a))

T is the tension applied on the membrane per unit length,
and D represents the damping coefficient.

The duct-side pressure loading which exists on the sur-
face of membranes can be obtained by the linearized
Bernoulli equations (Peake, 2004)

pl,ducf pO <a¢ + U 8?) ‘y*n
=

and

_ ¢ ¢>
Pu,duct = <8‘C +U Ox ‘ ’1“

where py is the fluid density and ¢ is the velocity potential in
the duct. The total incompressible velocity potential in near-
field at any position (x, y) in the channel is generally written as

G, ,7T) = — 5= tan [

en (x—x,)/a cos ny/g) — COS(TCyl/a))

(entr—x)/a sin(ny/a))2 - (Sin(ﬂ}’v/a))zl

L 1 J /2 ( T+U )log[cosh( (x*x/)/a)*Cos(n()’*m)/a)}dx’

L/2

1 (L2
J ( a””) log [cosh( (x —x')/a) + cos(m(y — nu)/a)]dx'
L2

ﬂ(f> log 2n Xg—E—X /a zen(xd—s—x)/a cos (7'5 Vi — y)/a) + 1

eZn Xq+e—x)/a _ zen(x,ﬂﬁafx)/a cos (TE Va — y)/a) 41

Pramen)/a _ ema=tN /4 cos (n(yy + y) /a) + 1
—1 U 4
+ og lEZn (xg+e—x)/a _ Zen(deﬁufx)/a COS(7T Va +y>/a) 1 + Ux + V(T)v ( )

where 7 is a time function. The expression can be
deduced by using the matched asymptotic expansion
described in Sec. IIB. On the right-hand-side of Eq. (4),
the first term is the flow potentials induced by vortex and
its images with the use of method of infinite images
(Vallentine, 1959). The second and third terms describe
the potentials corresponding to the membranes oscilla-
tions. The contribution of radiations of the doublet and its
images is expressed as the fourth and fifth terms,
respectively.

The flexible membranes are backed by the cavity
with the same length of the membrane as illustrated in
Fig. 1. It is a fully coupled membrane-cavity system. The
vibration of flexible membrane induces acoustic pressure
fluctuation inside the cavity. The pressure loading induced
inside the cavity acts on the membrane and hence affects
the membrane vibration. The pressure distribution in the
cavity can be estimated by the FDTD method with the
conservation of momentum and the continuity equation.
The longitudinal and transverse particle velocities,
denoted as v, and v,, are obtained by discretizing the
governing equations. The two-dimensional basic formula-
tions of FDTD are

2002  J. Acoust. Soc. Am. 141 (3), March 2017

| 1 1 At
nt05( - = ) . n=05(-, = )
E (l 2 J) E (l 2 J) PoAx

X [pgaviry (l + I’J) _p:?avity (I7J)} ®)

1 1 At
n+0.5 n—0.5
5 () =5 () 5
X [p’;avity(i’j—"_ 1) _pgavity(i’j)] ) (6)

where At is the temporal step size and Ax and Ay are the spatial
size for x- and y-directions, respectively. The step sizes Az, Ax,
and Ay must be chosen to satisfy the Courant stability criterion
coAt < (1/Ax+ 1/Ay) ™" for the two-dimensional case (Taflove
and Brodwin, 1975). Integers » indicate the time instant and 7 and
J denote the spatial points along the x- and y-axes, respectively.
The approximations of acoustic pressure at any point inside the
cavity Peaviry are obtained by the discretized continuity equation

)
n+l - PocpAT 05
Pl 1) =Pl ) ~ P8 05 (141 )
_nH05 i—lj _PoC%AT
* 2’ Ay

efros (i) wos (15-1)].
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where ¢, is the speed of sound. Apart from the oscillating
flexible membrane, other three boundaries are rigid walls,
which are treated as locally reacting surface, with frequency
independent boundary conditions

OPcavity OPcavi
Peavity _ —coéy Peavity gy = —L/2 and x=1/2,
ot X

OPcavity OPcavity
ci)a;”) = ¢Sy (Caay% for y=—h. and y =a+ h,,

where &, and ¢, are the normalized impedances in the x- and
y-directions, respectively. The pressure distribution inside
the backed-cavity with different wall impedances can also
be solved by modifying &, and &, (Kowalczyk and Van
Walstijn, 2008). The membranes are initially regarded as sta-
tionary. The vortex accelerates, circulation grows, and mem-
brane vibration starts with t=0. The movement of vortex
and the motion of membrane vibration can be predicted by
time integration of Eqs. (1)—(11) with the use of the fourth
order Runge-Kutta procedure. The motion of the vortex
solved by the Runge-Kutta scheme can be written as

Ky = vyortex(Z:, 7),

Z. + Ky X At/2, 1+ At/2),
Z.+ Ky X At/2, 1+ At/2),
Ky = Vyorex(Z: + K3 X A1, 14 A7),

KZ = Vvortex

K3 = Vioriex

(
(
(
(

At
Zeyne =Ze + (K1 +2K2 + 2K3 + Ka),

where Z = (x,, y,).

B. Far-field acoustic radiation

The solution of far-field acoustic pressure radiation in
the duct can be found using the matched asymptotic expan-
sion which matches the inner region incompressible near-
field solution to the outer region of the plane wave solution
(Tang, 2011). The far-field plane wave equation with steady
mean flow of low Mach number is (Howe, 1998)

o? 2M &? 19?

(1w 2e MO0 106

Ox2 ¢y OxOt  c§ OF

where ¢ is time in the far-field and M is the Mach number,
e., M=U/cy). The general solution, ®, after the time-

Fourier transformation is

® = A_explinx/(co(1 — M))]

+ A exp[—iowx/(co(1 +M))], (8)
where A_ and A, are the complex magnitude of upstream
going wave and downstream going wave, respectively, and
o is the angular frequency. The downstream approximated

velocity potential far from the device, i.e., x—+o0 from Eq.
4), is

J. Acoust. Soc. Am. 141 (3), March 2017

o~ L (ﬂ) —

n\ a
x [*? (87/, 87]) 2en
X I _ M g

+ 2aJL/2 i + £ +Ux+/ )

Since all of the waves propagate towards the downstream
without moving reversely back to the near-field, the magni-
tude of upstream going wave in Eq. (8) is zero, i.e.,

A_=0. By the method of match asymptotic expansion, the

asymptotic solution can be found for very low frequency,
i.e., wx/cy — 0, and very low Mach number, where M — 0
(Sabina and Willis, 1975; Sabina and Babich, 2001). The
leading order of the far-field solution suggests the sole
function to be

L/2
'))(‘C) - ZJL/Z(’?M - nl)dx . (10)

Hence, the complex magnitude A, can be obtained by apply-
ing Fourier transformation to the solution of fluid potential
in far-field which is shown as

Ly, | 2eu

¢ L/2
oo B C — n)d¥.
¢far,+oo a + a +2a JL/z(”Iu 'i/) X

The resultant acoustic pressure radiation far in downstream
is

8¢ ar o0
Pioo = —Po< faf ‘U

8¢far,+ao>
Ox

Po _g <Fy") + %%
14+ M| Ot\a a ot
L/2 9
Co ’
— — — 11
a J_L/z ot (nu ”I/)dx ] ’ ( )

which is evaluated at the retarded time ¢t — x/[c(1 + M)]. The
first term in the bracket is the sound radiation induced by the
evolution of vortex circulation and the vortex velocity. The
second term is the acoustic pressure radiated by the doublet
induced force acting on the fluid. The sound wave generated
by the volumetric flow excited by membranes vibration is
expressed as the last term. Following similar procedures, as
there is no wave moving back toward the near field form
upstream, i.e., A, =0, the low frequency acoustic wave radi-
ation in upstream is given as

a¢ ar,—oo 8¢ ar,—oo
P-oo = _p0< f +U 1o, >

ot ox
_ Po |:g (ryv> o %%
1 -M |0t \ «a a ot
L/2 b
Co /
—n)dx" |, (12)
J L/2 375( ") 1

with retarded time ¢ + x/[c(1 — M)].
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In the current study, the silencing performance of the
membrane housing device is indicated by an insertion loss
(IL) which is shown as

Wori inai
IL = 10log,, 2 (13)

silenced

where “original” refers to the unsilenced system and
“silenced” refers to the silenced system with the membrane
housing device. The acoustic power radiated, W, is obtained
by integrating p,,,s>/poco over the cross section area of duct.

lll. RESULTS AND DISCUSSION

In the present study, all variables are normalized by the
duct height a*, the fluid density p,*, and the maximum
mean flow speed U, * chosen for the foregoing discussion
with low Mach number conditions. The speed of the grazing
uniform flow is ranged from zero to 50 m/s such that the cur-
rent study is restricted in the subsonic regime. Three major
mechanical properties of the membrane including the mass
density m*, the applied tension on the membrane per unit
length 7%, and the damping coefficient D* are normalized by
a*po*, Unax*po®, and a*( U™’ po*, respectively. The
damping coefficient is assigned as the same value as Tang
(2011), i.e., D* = (po*co*a*), for very weak damping condi-
tion (Frendi et al., 1994). The center of the membrane is
located at x =0 and the total length is L =2. The circulation
of vortex remains I'.,=2.74 x 10> which has been normal-
ized by a*U,,,*. The initial coordinate of vortex is x,=0
and y,=0.1. Since the doublet is not movable, the position
of doublet is fixed at (0, 0.5) in the present study with time
dependent strength p = ppcos(2nft), where p is the ampli-
tude of the volume flow rate per unit length that has been
normalized by a*U,,..*. The spatial sizes of the cavity are
Ax=Ay=0.02 and the time step At is chosen as 0.001 such
that the Courant stability condition is satisfied.

A. Flow-structural interactions

Figure 2 illustrates the effect of cavity depth of the
silencing device and mass density of membrane on the vor-
tex trajectories in the duct for the speed of grazing flow
U =0.2. The doublet has the strength uy=6 and frequency
f=0.68. The vortex initially started its motion at y,=0.1.
Figure 2(a) shows the vortex path at different cavity height
for membrane property m = 50 and T = 20. Generally speak-
ing, the vortex path eventually bends upward as the cavity
height is increased. For the relatively shallow cavity 4. =0.5
(solid lines), the upward motion of the vortex is less signifi-
cant when comparing with the cases of having deeper back-
ing cavity. In addition, the vortex is bended upward and
resumes close to its original height shortly after for a shal-
lower cavity such as h.=0.5. It seems that the vortex is
propagating to the downstream of the duct with upward and
downward movement under certain frequency. As stated by
the previous study of Tang, the motion of vortex is strongly
influenced by the membranes vibration which is fully cou-
pled with the fluid pressure inside the duct and cavity. The
change of cavity depth affects the compressibility of trapped
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FIG. 2. Effects of cavity height and mass ratio on the vortex dynamics
(f=0.68, up="6, U=0.2, T=20, y,=0.1) for (a) m=50, (b) m= 100, (c)
m=150.

air inside the cavity and thus, causes different membrane
motion (Dowell and Voss, 1963). The details describing the
corresponding vibration of membrane will be discussed
later.

With increasing the mass density of the membrane, the
similar trend of the vortex path is obtained as shown in Figs.
2(b) and 2(c). However, the magnitude of maximum varia-
tion of the vortex height slightly decreases with increasing
membrane mass. It is observed that the maximum deviation
of vortex height is 0.5% for h. =2 and m = 50. The deviation
is slightly reduced to 0.42% and 0.37% for m =100 and
m =150, respectively. Apart from it, the corresponding peak
position of the vortex is shifted axially to the trailing edge of
the membrane section when the mass of the membrane is
increased. The same observation is found when a larger uni-
form flow speed U = 1.0 is considered in the duct. The maxi-
mum deviation of vortex height for 4.=2 reduces from
about 2.9% to around 1.3% when the mass density of mem-
brane increases from 50 to 150.

Figure 3 shows the corresponding displacement and
velocity along the lower membrane which influences the
vortex movement as described in Fig. 2(a) with cavity height
h.=0.5 (solid line) and h.=1.0 (dashed line) at different
time instants. Three instantaneous locations of the vortex
and the corresponding time are chosen. The circle and cross
marked on the lines indicate the longitudinal position of the
vortex at that specific time. Figures 3(1a) and 3(2a) show the
vibration shape and the transverse velocity along the lower
membrane, respectively, at t=0.498. This shows that the
phase at different positions of the membrane vibration is the
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same for different cavity heights at the beginning when x,, is
close to 0.1. The magnitude of the membrane vibration is
slightly higher for larger cavity heights. Figures 3(1b) and
3(2b) show the response of the membrane at 7=1.239.
When the cavity height is 1.0, the vortex reaches the peak
position at T = 1.23 that is consistent with the motion of the
membrane. When the cavity is shallower i, =0.5, the trans-
verse velocity of the vortex is slower due to the weak
response of the membrane covered by the shallow cavity.
However, the vortex height is not always at higher levels for
a deeper cavity. Figure 3(2c) shows the velocity of the mem-
brane at 1 =2.971. At this moment, the vortex reaches the
longitudinal position x=0.6 and the corresponding vortex
height for 4. =0.5 is higher than when /.= 1.0. This obser-
vation can also be explained by the membrane motion. As
shown in Fig. 3(1c), for h.=0.5, the membrane has a larger

upward displacement when the vortex flies over at x=0.6,
resulting in an increase of vortex height. It is believed that
the vortex motion depends critically on the phases of the
membrane vibration at the instant the vortex interacts with
the membrane.

Figures 4(1a)—4(1c) show the time history of the modal
response of lower membrane with mass density m =50,
m=100, and m=150, respectively. The membrane
responses are obtained by solving the motion governing
equations as shown in Eq. (3). The first, second, and third
modal response are represented by solid, dotted, and dashed
lines, respectively. It is found that the oscillation of the
membrane is dominant at odd modes while the second mode
of vibration is less significant for different mass densities of
the membrane. With the same excitation by the doublet and
grazing flow at U=0.2, the maximum amplitude of the
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lower membrane for 4.=0.5. The first
row represents the modal magnitude
while the second row represents the
x 10 time variation of vibration displace-
ment of lower membrane of (a)
m =150, (b) m= 100, (c) m = 150.
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membrane response is nearly the same for different mass
densities of the membranes, but their oscillating frequencies
are not the same. The in vacuo wave speed along the mem-
brane, cT:(T/m)O'5 , will be higher for lighter membranes.
Hence the membranes oscillate at higher frequency when
they respond to the same excitation of fluid loading. Figures
4(2a)—4(2c) depict the contour of the displacements of the
lower membrane as a function of time 7 and axial position x’
for m =50, 100, and 150, respectively. The dashed line repre-
sents the longitudinal position of the vortex x, at the corre-
sponding time. As previously discussed, the odd modes are
dominant in the membrane vibration such that the maximum
amplitude of displacement is always reached at the center of
the membrane. Since the shed vortex has the initial x-position
x,=0, which is also the center of the membrane, it has
a higher chance to gain a larger transverse velocity caused by
membrane vibration if the membrane could reach its vibration
amplitude within a shorter time before the vortex is swept to
the downstream of the silencer due to the mean flow.

With a shorter chord length of blade, the shed vortex
evolved at the trailing edge of the fan blade is assumed to
have a higher initial height. Figure 5 shows the relative
transverse velocity of the vortex along the axial direction
for different initial heights of vortex y,, which is indicted in
Eq. (2), when the membrane has m =100, T=20 with the
cavity of h.=0.8 at U=0.1. Tang showed that the increase
of the initial height of the shed vortex weakens the interac-
tion between the inviscid vortex and the lower membrane
vibration. However, unlike the case of Tang, as shown in
Fig. 5, the vortex transverse velocity is not weakened by the
pressure-releasing effect of the upper membrane when a
doublet is introduced to the duct. Figures 5(a) to 5(c) show
variation of the relative vortex path at f=0.68 for the
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x10”
1 . .
0 05 1 15

FIG. 5. Effect of doublet strength and initial vortex height on the vortex
path for 2. =0.8. (a) to=3, (b) uo==06, (c) to=29.
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strength of a doublet o =3, 6, and 9, respectively. Roughly
speaking, the variation of the vortex height is increased with
the strength of the doublet. Therefore, the instantaneous
position of the vortex is not only influenced by the mem-
brane vibration, but also the potential of the doublet radia-
tion. In addition, there is a periodic fluctuation of the vortex
height when the vortex initial height is increased or closed to
the doublet position. As shown in Fig. 5(b), an even more
significant vortex transverse velocity can be found by intro-
ducing a stronger doublet, i.e., uy= 6, when the vortex is ini-
tially shedded at a higher location. From the dotted lines in
Figs. 5(a)-5(c), the vortex reaches its first peak at T ~ 0.76
and the second peak at t ~ 2.20. The results show that the
oscillating frequency of the vortex path is around 0.69,
which is close to the radiation frequency of the doublet. It is
believed that the interaction between the pressure loading
released by the doublet and the vortex dynamics becomes
more dominant when initial vortex height is increased.
However, the significance of the doublet effect vanishes
when the vortex continuously propagates towards the trailing
edge of the membrane. The flight paths of vortex are pre-
dicted with a similar shape when x, > 0.5 for the cases of
v.=0.1, 0.2, and 0.3, which is associated with the membrane
motion instead of the fluid potential of doublet.

B. Far-field acoustic pressure radiations

In order to further investigate the constituent of the
sound pressure radiation to the downstream of the duct, the
contributions from each noise source are examined in this
section. The average sound pressure radiation from vortex
with the strength I'.,=0.00274 is about one tenth of the
total sound pressure radiation, which is significantly less
than that of doublet and membrane. Hence the acoustic con-
tribution from the vortex is not considered here. Figure 6
shows the sound pressure radiation generated by the doublet
and membrane with different depth of backing cavity for
m=100, T=20, f=0.68, and uy=~6. The far-field acoustic
radiations of the doublet and membrane shown as the last
two terms of Eq. (11) are expressed as root mean square
value. Generally, the sound radiation from the membrane is
increased with the increasing of mean flow speed since the
flow causes the change of the source strength of the acoustic
field by the term UO¢y,. 1 ~/Ox in Eq. (11). Also, as shown
by Sucheendran et al. (2013), the acoustic-structural cou-
pling is more significant at higher flow speed, thus the acous-
tic response of the membrane vibration increases with Mach
number. The cavity effect on the resultant sound radiation
due to the membrane vibration which depends on the Mach
number can be classified into three regions: region I is the
zone with very small Mach number with 0.006 <M < 0.013,
region II is the intermediate zone for 0.013 <M < 0.018, and
region III is the zone with M > 0.018. In region I, the root
mean square value of the sound pressure induced by the
membrane, p,,,s.m, 1S relatively small compared to a doublet,
Prms.a- The effect of cavity depth on the acoustic pressure
radiation slightly increases with the Mach number. Since the
excitation on the membrane caused by the grazing uniform
flow is small, the induced pressure loading inside the cavity
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FIG. 6. Effect of mean flow speed on the sound radiation of membranes. (a)
Root mean square value of acoustic pressure radiation; (b) Maximum sound
power radiation. (¢ =16, f=0.68, U=0.1, m=100, T =20, y,=0.1).

is relatively small and thus the effect of cavity depth on the
amplitude of sound pressure is not significant in this case.
When the Mach number is increased to that of region II, the
sound generated by the membrane is comparable with that
generated by the fluid force from the doublet, p,, . The
influence of cavity height on the sound pressure radiation
from the membrane becomes more crucial in this intermedi-
ate range. More than 41% sound radiation enhancement is
found for the cavity height increased from 4. =0.5 to 0.8 at
M =0.01324. Moreover, Fig. 6(a) shows that if the Mach
number is further increased reaching region III, the mem-
brane is then driven into a vigorous vibration such that sound
would be amplified even for a different design of backed-
cavity in this situation. Therefore, a better silencing perfor-
mance could be achieved in regions I and II with low Mach
number. The noise control mechanism with different design
of the silencing device will be discussed in Sec. IITI C.

Figure 6(b) shows the maximum value of total sound
power W, radiated to the downstream of the duct as a func-
tion of flow speed. The acoustic power radiation is higher for
larger cavity depth 4. at any mean flow speed. The maximum
of sound power W, increases with the mean flow speed
nonlinearly. The same observation can be also found from
region III illustrate in Fig. 6(a). The maximum sound power
is possible to be expressed as the function of the grazing flow
speed by a quadratic function in a normalized form

Winax = (834.5U% — 92.28U + 3.848) x 1077, (14)
for the case m =100, T =20, f=0.68, and py==6.
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C. Noise attenuation

The noise attenuation can be achieved by using the pro-
posed membrane housing device based on the sound cancel-
lation mechanism. The membranes are driven into vibration
to generate sound which is accordingly superimposed with
the aerodynamic noise and the dipole sound. Therefore, the
amplitude and frequency of sound waves radiated by the
cavity-backed membrane vibration are fairly important in
determining the performance of such passive noise silencing
devices. The designing parameters that affect the membrane
motion shown in Eq. (3), including the geometric feature
specified as the cavity depth and the mechanical properties
of the flexible membrane such as the mass density and
applied tension, would cause a change of the frequency and
the amplitude of sound radiated by the membrane vibration
and result in a different performance of the silencing device
(Kim et al., 2016). This will be discussed briefly in the fol-
lowing. The numerical results are obtained with three differ-
ent mean flow speeds, U =0.05, 0.1, and 0.2.

Figure 7 shows the sound pressure radiated by the dou-
blet p,,, (dotted line), and that induced by the membrane
vibration p,,., for three different cavity heights 7.=0.4
(solid line), 0.6 (dashed line), and 0.8 (dash-dot line) with
=034, up=38, m=90, and T=40. From Fig. 7(a), it is
observed that the oscillation frequency of acoustic pressure
radiation from the membrane becomes lower with increasing
cavity height. When the shallow cavity is adopted, the cavity

5 . . .
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tx/e(1+M)]

FIG. 7. Effect of mean flow speed and cavity height on the sound
radiation of membrane (uo=3, f=0.34, m=90, T=40). (a) U=0.05, (b)
U=0.1, (c) U=0.2. (- - =) Paous (—) Pmem for h.=0.4, (= = =) ppen for
h.=0.6; (= =) Pem for h.=0.8.
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stiffness becomes more significant at lower frequency.
Hence, the frequency of sound pressure radiation from the
membrane becomes higher for shallower cavity. The same
observation could be found for higher mean flow speed, i.e.,
U=0.1 and 0.2 as illustrated in Figs. 7(b) and 7(c), respec-
tively. From Figs. 7(a) and 7(b), it is observed that, at
1< 10, the phase difference between p,,.,, and pg,, for
h.=0.6 is small in this period. Therefore, the noise could
not be attenuated, but reversely enhanced due to the occur-
rence of constructive interference. However, if the cavity is
replaced by a shallower alternative h.=0.4, a higher fre-
quency response of the membrane vibration is found. That
phase difference between the sound radiated by membrane
and doublet in this case is close to ~180° at times. As such,
a better silencing performance can be achieved and some of
the noise from the doublet could be cancelled due to the
anti-phase sound radiation of the membrane. Besides the
geometric feature of the silencer, the mechanical properties
including the mass density and applied tension of the mem-
brane are also regarded as another critical factor to improve
the performance of the noise control device. Figure 8 shows
the mass effect of the membrane on the sound pressure radia-
tion for cavity height #.=0.7, T=40, and three different
mass ratios, i.e., m =80 (solid line), 100 (dashed line), and
120 (dash-dot line). When the flow speed U =0.2 as shown
in Fig. 8(c), the membrane induced sound pressure much
higher than that of doublet, i.e., p,;s.4 18 only 17.1% of p,us.m
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FIG. 9. Effect of mean flow speed and tension on the sound radiation
(o=38, f=0.34, h.=0.7, m=90). (a) U=0.05, (b) U=0.1, (c) U=0.2.
(- = 9) Pdows (—) Pmem for T=20, (= = =) pem for T=40, (= - =) Py for
T=060.

when m = 120. The sound radiated by the silencing device is
also too large to attenuate the noise from doublet. In Fig. 8,
there is a reduction in the amplitude of p,,., with the
increase of m as a heavier membrane has a greater inertia
and hence requires a greater loading to drive a heavier mem-
brane into motion. Figure 8(a) indicates that, when the mass
of membrane is reduced from m =120 to 80, the frequency
of p,.em increases. The same results are obtained if a mem-
brane is used with a higher tension as illustrated by Figs.
9(a) and 9(b). The wave speed c7, which depends on both
the mass ratio and tension of the membrane, becomes high
for higher tension or less mass ratio. Therefore, the mem-
brane will oscillate and radiate sound in a higher frequency
for higher tension. Figures 9(a) and 9(b) show that the mem-
brane with T'= 60 radiate sound nearly in the same phase as
that of the doublet when the doublet radiates noise at the fre-
quency f=0.34 and strength iy = 8. Thus, two sound waves
superimpose together and sum up to induce a larger acoustic
pressure. On the other hand, if the tension of membranes is
further reduced to 7'= 20 (solid line), the frequency of sound
induced by membrane vibration is lower. It is found that the
a phase difference comparing between p,,e,,, and py,, is close
to 180° such that the doublet noise can be canceled by the
sound radiated by the membrane and hence the proposed
silencing device can only work well at the optimal tension.
Figure 10(a) shows the insertion loss (IL) of the system,
expressed as Eq. (13), with different combinations of the
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physical properties of membrane, which is represented by cy.
The doublet noise to be controlled with 1y =8 is examined
with three different frequency f=0.14, 0.24, and 0.34 which
are marked by squares, circles, and crosses, respectively.
The cavity depth is kept as constant, i.e., #.=0.7, and the
flow speed is maintained at U =0.05. From the solid and
dash-dot line which are marked by square and cross, respec-
tively, only negative IL is obtained when the wave speed of
the membrane is ranged from ¢;=0.471 to 0.817. It indi-
cated that the performance of the silencing device with such
kind of design is poor in attenuating the doublet noise with
f=0.14 or 0.34. However, when the noise radiated by the
doublet is f=0.24, the silencing device provides positive IL
if ¢ is smaller than 0.633. The far-field acoustic pressure
radiation with ¢7=0.577 and 0.471 are illustrated as Figs.
10(b) and 10(c), respectively. Figure 10(b) shows the
components of the far-field acoustic pressure induced by the
vortex (dotted line), doublet (dashed line), and the mem-
brane vibration (dash-dot line), respectively. The total sound
pressure radiation p , ., by summing up all the components is
also indicated by the solid line in Fig. 10(b). The membrane
in this case has the properties m =120 and T =40, i.e.,
cr=0.577. At the beginning, the amplitude of the total
acoustic pressure radiation, p, . is close to that of the dou-
blet component p,,,. As time passes, p, ., becomes smaller
than p,,, since the membrane radiates pressure p,,.,, is anti-
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tx/[c(1+M)]

FIG. 10. Silencing performance of proposed membrane housing device. (a)
Spectrum of inserting loss (IL). (b) and (c) are the ingredient of sound pres-
sure radiation for ¢z =0.577 and ¢7=0.471, respectively. (—) total sound
pressure radiation, (- - -) pressure radiated by vortex, (— - —) pressure radi-
ated by membrane oscillation, (— ——) pressure radiated by doublet.
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phase to p,,, such that it cancels part of the doublet noise
due to the destructive interference. A similar result can be
found in Fig. 10(c) with different physical properties of the
membrane. The mass and tension of the membrane is
reduced to 90 and 20, respectively, i.e., c;=0.471, the
silencing device suppresses the doublet noise at retarded
times larger than 9.4. As shown in Fig. 10(a), the IL for a
membrane with ¢;=0.471 and ¢;y=0.577 are 6.483 and
4.339dB, respectively, in controlling the doublet noise with
frequency 0.24. Noise attenuation is achieved from f=0.225
to 0.245 when c;7=0.471. A broader frequency range is cov-
ered for the membrane having ¢y = 0.577, which controls the
noise from f=0.22 to 0.245.

IV. CONCLUSIONS

The flow-structure interaction and sound radiation
mechanism in the two-dimensional duct system involving
doublet and passive noise control devices consisting of flexi-
ble boundaries with unsteady flow was investigated in a
given time domain in the present study. The time-dependent
vortex dynamics and membrane vibration are basically
predicted by the adoption of potential theory. The noise
attenuation performance of the membrane housing device in
controlling the dipole sound radiated from doublet is
obtained through the matched asymptotic expansion tech-
nique. Several conclusions are drawn.

(1) The motion of the inviscid vortex is strongly associated
with the membrane vibration at the corresponding time
instant if it is initial shedded at a height which is close to
the oscillating membrane, otherwise, the path of the vor-
tex which is dominantly influenced by the doublet shows
a significant fluctuating pattern. In addition, the depth of
the backed-cavity plays an important role of controlling
the motion of the flexible membrane and consequently
changing the vortex flight paths.

(2) Amongst the three major sound sources in the duct of the
aerodynamic noise generated due to vortex transverse
acceleration, the periodic sound radiation from the dou-
blet, and the time varying acoustic pressure by mem-
brane vibration, it is found that the acoustic pressure
contribution from the vortex motion in the far field is the
least significant. The sound power radiation from the
membrane is approximately proportional to mean flow
speed with a power of 2. In the very low flow speed
range (0.006 <M < 0.013), there is slight sound cancel-
lation between the sound radiations from the membrane
and doublet in cases of different cavity depths. At the
intermediate range of flow speed (0.013 <M <0.018),
the sound radiation from the membrane is strong enough
to undergo sound cancellation with the sound waves
from the doublet when the cavity depth is appropriately
chosen. When the cavity depth is too lengthy, the sound
radiation from the membrane would be much higher
than noise from the doublet and as a result, imperfect
sound cancellation or even more sound radiation to the
outlets of the duct would be obtained.

(3) The membrane housing device attenuates the doublet
noise based on the sound cancellation mechanism which
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strongly depends on the phase difference and the ampli-
tude of sound pressure radiation between the noise
source and that radiated by the silencing device. For low
frequency noise control, higher mass or lower tension of
the membrane can be chosen. For a membrane with ten-
sion of 20 and mass ratio of 90 in the cavity of depth 0.7,
the proposed membrane housing device can achieve
6 dB insertion loss for controlling the fan with the dou-
blet strength of 8 at a dimensionless frequency of 0.24.
Therefore, if the device is designed well with suitable
membrane properties and cavity height, good perfor-
mance of sound attenuation can be achieved.
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