inter.noise 20141

MELBOURNE AUSTRALIA
1619 NOVEMBER

p

Study on aero-acoustic structural interactions in fan-ducted system

Yan-kei CHIANG®; Yat-sze CHOY? Li CHENG?®; Shiu-keung TANG*
123 Department of Mechanical Engineering, The Hong Kong Polytechnic University, HKSAR.
* Department of Building Service Engineering, The Hong Kong Polytechnic University, HKSAR.

ABSTRACT

Mitigation of sound radiation from subsonic axial fan in the fan-ducted system at low frequencies remains a
technical challenge. Traditional dissipative approach such as absorption material often requires sufficiently
long attenuation path for desirable noise reduction performance. More advanced passive control technology
such as membrane housing which relies on vibro-acoustic coupling mechanism works effectively on the
attenuation of the first and second blade passage frequency in case of steady flow. However, the performance
of such device which is composed of thin membrane may be affected by unsteady flow field. This study
examined the interaction between vortex unsteady motion, a tensioned membrane housing of finite length
and axial fan with dipole nature using the matched asymptotic expansion technique and potential theory. A
two-dimensional numerical model is established to explore the sound radiation of each components and the
performance of the membrane housing for controlling sound radiation from axial fan in the present of vortex
inside uniform mean flow. The results show that there is higher chance of sound amplification when a vortex
stream is closer to the light membrane under weak mean flow speed. Under the condition of weak mean flow
speed, the sound radiation from the membrane is also amplified when the cavity height is shallower. The
result is beneficial for the design of the device of membrane housing.
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1. INTRODUCTION

The operation of the air conditioning and ventilation system causes noise problem especially at the
low frequency regime although such facilities could improve the comfort quality of human being. The
central air conditioning and ventilation system normally composed of fan and duct which is so called
fan-ducted system. The operation of the fan creates vibration noise due to rotating unbalance or
friction between rotating parts, and also the aerodynamic noise. Traditionally, low frequency noise in
the fan-ducted system could be attenuated by different passive approaches such as duct lining (1, 2)
and the technology of expansion chamber (3). Duct lining with sufficient length can perform well in
the range of medium to high frequencies but for low frequencies, the attenuation of noise is ineffective
due to the inherent high magnitude of characteristics impedance of sound absorption material. And it
would cause environmental and hygiene problems when using fibrous absorber (4, 5). Besides, the
device of expansion chambers is traditionally bulky in order to provide an acceptable acoustical
performance for low frequencies noise. It causes unavoidable pressure drop due to the change of cross
sectional area when there is flow. In order to eliminate the pressure drop and achieve a broadband noise
reduction for the duct system, Huang (6) proposed the concept of drum-like silencer which composed
of two light membranes under high tension covered with the side-branch cavities. It can achieve the
low frequencies noise attenuation by the effect of membrane vibration. The performance of the
drum-like silencer without and with mean flow is studied experimentally (7, 8).

At low rotating speed of fan, the dominant sound generated is caused by fluctuating forces due to
the interaction of flow turbulence with the blades or fan casing (9). In addition, an unsteady flow
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would be generated when the fan is operating. This can be normally found from the air handling unit.
Baade (10) showed that the fan noise has feature of acoustic dipole and the unsteady flow, which is
regarded as flow turbulent eddies (11), composed of the nature of acoustic dipole and quadrupole (12).
For the unsteady flow, Lamb (13) showed that the former one is caused by the fluid force due to the
fore-and-aft displacement of fluid created by the vibration of cylinder. The latter one, stated by Powell
(14), is the sound of free aerodynamic flows generated by the momentum fluctuations that accelerate
the fluid particle in order to attain the local velocity in the shear layer. It is believed that acoustic
dipole would be dominant at the fan when the Mach number is low. For controlling noise in fan-ducted
system, many researchers investigated different approach to reduce the fan noise in the propagation
path such as duct lining with uniform or non-uniform alignment (15, 16) and membrane absorber box
(17, 18). However, very little attention is paid on controlling the noise directly at the sound source.
Recently, Liu et. al (19) investigated the reactive nose control method by suppressing the sound
radiation from fan with dipole nature directly. They designed a device which composed of two
tensioned membranes with side-branch cavities to house the dipole sound source. A theoretical model
with uniform mean flow was also established to study the performance of such a device. Due to dealing
with the complicated vibro-acoustic coupling problem between the membrane and acoustic waves as
well as dipole source, they simplified the model by considering steady fluid flow in fan-ducted system.
However, the fan induced fluid flow field is unsteady. In addition, when turbulent flow interacts with
the flexible walls, the loading on the membrane varies with time that may cause significant change of
the membrane motion. Hence, it may also probably affect the performance of such membrane housing
device. Therefore the current study focuses on examining the interaction between the membrane,
acoustics waves and unsteady flow in the fan-ducted system. The numerical model in the time domain
is to be established in order to have more understanding the physics behind. And the result will be
beneficial to assess the performance of membrane housing device to control fan noise with the
excitation of turbulence.

In what follows, Section 2 focuses on the theoretical model development of cavity backed silencer
installed along the fan-ducted system with unsteady flow. The numerical results and discussions of the
vortex dynamics associated with different dipole strengths at different uniform flow speeds, at
different initial vortex height, as well as the sound radiations are described in Section 3. Finally, main
conclusions are made in Section 4.

2. THEORETICAL MODEL DEVELOPMENT

In this section, the theoretical formulations for the predictions of membrane vibrations, unsteady
vortex motions and the far-field sound radiations are outlined. A two-dimensional infinitely long duct
model that shown as Fig. 1 with passive noise control device which contained two flexible membranes,
a point vortex with circulation 7", mean flow speed U and a dipole source is established. It consists of
a rectangular duct with height a and a silencer with two flexible boundaries backed by cavities of
length L and depth h. A vortex is initially located at the upstream of the duct (Xo, yo) and the dipole
source is at x=0, y=0.5a.
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Figure 1 - 2D theoretical model of dipole source control with two flexible panels with unsteady fluid flow
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The flexible panels with two side-branch backed cavities are assumed to be very thin and the
bending stiffness is ignored. The motion of the lower and upper tensioned membranes are governed by
the following equations

n L 0'n a77
m 6r2| = ax.zl -D— (pl duct pl,cavity) (1)
and
O, _ 0 o,
m or2 =T ox'2 -D or - ( pu,cavity - pu,duct) (2)

where the suffices u and | are representing the quantities related to the upper and lower membrane
respectively, m is the mass density of the membrane, T is the tension of membrane per unit length, D is
regarded as the damping coefficient, # denotes the membrane displacement, 7 is time, x’ denotes the
x-direction for the membrane section, pj guct and pu.auct are duct-side acoustic pressure acting on the
lower and upper membrane respectively, pj cavity and Py cavity are cavity-side acoustic pressure acting on
the lower and upper membrane respectively.

The duct-side fluid pressure, p; quct and Py auct, are deduced by the linearized Bernoulli relationship
and the near field incompressible velocity potential (20), ¢ which is attributed to the membrane
vibrations ¢, dipole source ¢4, vortex ¢, and mean flow ¢:=Ux. The incompressible velocity potential
of the acoustic dipole source inside the duct is deduced by modelling it as a hydrodynamic doublet as
the dipole source and doublet are both described as the composition of two sources that one is having
an inward volume flow rate and the other one having the outward volume flow rate with same
magnitude. By the potential theory (21), the fluid potential is given as the following expression at any
point (x,y) inside the duct

HXY,7) = + s+, + ¢ +1(7) 3)
where
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and the linearized Bernoulli relationships are
_ b, y9¢ _ b 99
pl,duct - po(@z’ axj and pu,duct - po(a‘[ axj (4)
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where pq is the fluid density, x(z) is the magnitude of volume flow rate created by the source and sink,
y(z) is a time function that is found by the matching procedure, ¢ denotes the half of distance between
the source and sink that form the doublet, (xq4, yq) is the location of the doublet and (x, yy) is the vortex
position.

For the cavity-side fluid pressure, pjcaviy @nd pycavity, the acoustic pressure distribution inside the
cavity and along the flexible boundaries is therefore estimated by Finite Difference Time Domain (22)
(FDTD). The FDTD is developed based on two governing equations of the motion of air particles,
which are the conservation of momentum

v
Vp+py——=0 (5)
or
and the continuity equation
Py eV T =0 (6)
T

where p represents the acoustic pressure, c is the speed of sound and V is the vector particle velocity
which contains two components, the particle velocity in x-direction vy, and the one in y-direction vy.

The sound wave propagating inside the cavity is approximate by applying the second-order
centered difference operators to discretize the first-order derivatives in Eq. (5) and (6). The
formulations of FDTD determines the acoustical pressure and particle velocity at the grid positions
where Ax and Ay are the spatial step size in x-direction and y-direction respectively, Az denotes the
temporal step size, i and j are indictor of spatial points for x- and y-axis respectively, n is the indicator
of time instant. The discretized two-dimensional FDTD basic equations in a Cartesian grid are
expressed as follows

n+0.5] 5 1 | \,n-05]; 1 H _AT n(s Y\ n(i i
v, (HE,JJ—VX (I+2,Jj pOAX[p (i+13)-p"G. )] (7)
n+0.5| = & 1 __yyn-05] & = l _ At nfx: = _n(i i
V) (n,1+5j—vy (I,J+2j poAy[p (i j+2)-p(i. )] (8)

. . AT 1. 1. c’Ar .01 .1
n+l i.i)=p"(i, _ PCAT V05 i+ j_vmo.s i—= _ Pt AT Vn+o.5(|, i _Vn+o.5[|, __] 9
p"(i, )= p"(i,J) AX{X(ZJ A Ul o O LRy A LR R | RO

The vortex dynamics is therefore predicted by calculating its velocities for both x- and y-direction,
which are denotes as uy and uy respectively. The vortex velocities are deduced by the use of the velocity
potential of Eq. (3) and the following expressions

_opy) gy YD)
OX oy

Without dipole, due to the interaction between the membrane and the vortex, the far-field acoustic
pressure radiations can be deduced by applying the matched asymptotic expansion technique between
the wave equation and the incompressible fluid potential of Eq. (3). The wave equation for far-field
acoustic radiation in plane wave is (23)

u

(1_M2)ﬁ_2_Mﬂ_iﬂ:0 (10)

where M denotes the Mach number, U/Co.

The sound radiations pressure in far-field which was described by Tang (24) is therefore expressed
as the follows

Al Ta o
Psc { 2a or 28.“-"-/25‘[(

M. —1 )dxl:| (11)

3. NUMERICAL RESULTS AND DISCUSSIONS

For the sake of convenience, the parameters such as length, velocity and density are normalized by
the following quantities, which are duct height, a, circulation, 7/a, and air density, po, respectively.
The length of membrane is set to be 2, located from -1 to 1. The circulation of vortex remains constant
and the initial position of the vortex is placed at x,=-10.
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3.1 Effect of vortex

With damping D=1, mass and tension of membrane is setto be m=100, T =100. Fig. 2 shows the
comparison of the vortex paths with different doublet strengths at mean flow speed U =0 with
h=0.5. When the vortex gets close to the doublet position at x =0, there is a drop of vortex path due
to the effects of fluid field created by the doublet. By introducing a doublet =3100(dashed line) or

1 =6200(dash-dot line), the position of vortex drops downward due to the effect of fluid field by the
doublet. The level of dropping of the vortex increases with the strength of the doublet.

0.104 . . .

0.102+ .

Figure 2 - Effects of doublet strength on vortex motion. (—) £ =0; (---) £ =3100; (—*-) £ =6200.

Fig. 3 shows the results of vortex motion with different initial vortex height at mean flow speed
U=1.0 with p=0 and h=0.5. When the initial vortex height is far away from the centerline of the duct,
the variation of the vortex motion is more significant (solid line). In this case, the motion of the vortex
is mainly affected by the lower membrane vibrations. On the other hand, when the vortex is initially
located closer to the centerline of the duct, the variation of the vortex position is less significant
(dashed line) due to equalization of released pressure from the upper and lower flexible membrane.
The results are consistent with the findings of Tang (24) that a weaker vortex velocity in y-direction is
obtained with the increase of the initial vortex position. In order to further study the vortex path at
different flow speed when the vortex is closed to the membrane, it is located at y,=0.1.

3
25X10° . .

2
1.5

Figure 3 - Effects of initial vortex position on vortex motion. (—)y, =0.1; (---) y, =0.3.
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Fig. 4 shows its vortex path at different flow speed when the doublet strength is fixed to be
1 =3100. Fig. 4(a) and 4(b) show the results for the cavity height of 0.5 and 1.0 respectively. It shows

that variation of the vortex paths becomes smaller when the mean flow speed is increased due to the
phases of the membrane vibration when the vortex starts to interact with the membrane. The pattern of
the vortex path appears to be similar with different cavity height but its magnitude in variation is
increased with increasing cavity height. These results are mainly caused by the different responses of
membrane vibrations as shown in Fig. 5 which is describing the membrane vibrating for mean flow
speed equals to 1.0. The acoustic pressure distributions inside the backed-cavities are not the same
with different cavity depths, thus, the acoustic loadings acting on the flexible boundaries for the
cavity-side is different leading different membrane vibrations as shown in Fig 6. Therefore, the vortex
dynamics are influenced by the cavity depth indirectly through the changes of flexible boundaries
vibrations.
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Figure 4 - Effects of mean flow speed on vortex motion. (a) h=0.5; (b) h=1.0.
(—)U =0;(--)U=05; (--)U =10.

Figure 5 - Variations of lower membrane displacement at different time for U=1.0.
(@ h=0.5;() h=1.0.
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Figure 6 - Lower membrane displacement for U=1.0. (a) h=0.5; (b) h=1.0.

3.2 Effect of far-field sound pressure radiation

For the far-field sound radiation, Fig. 7(a) and 7(b) show the far-field acoustic pressure radiations
for the model with backed-cavities height h=0.5 and 1.0 respectively. When there is no mean flow
(solid line) in both Fig. 7(a) and 7(b), the downstream sound radiation is not significant for the time
7 <135 where the vortex is still at the upstream of the duct. After the vortex has engaged to the
membrane section at 7 >135, there is an increase in the acoustic pressure radiation as the membrane
vibrates with a larger amplitude due to the vortex excitation. For the case with mean flow speed
U =0.5 (dashed line), sound is radiated before the vortex interact with the membranes, due to the
membrane vibrations excited by the mean flow. At the time that the vortex has already passed the
membrane section, same as the case of U =0 that an increase of radiated acoustic pressure is
observed due to the excitation created by the vortex on the membranes. However, there is less
significant increase in sound pressure magnitude with higher speed of mean flow after the vortex has
engaged to the membranes (dash-dot line). The acoustic pressure is mainly generated by two
components, which are the vortex and membranes. Fig. 7 demonstrates that the membranes monopole
radiation is always dominant. Although the vortex sound is less dominant, the vortex excites the
membranes to oscillate vigorously to cause a larger pressure radiation once it starts engaging to the
membrane section for U <1 and h=0.5. When the mean flow speed is higher, the effect of vortex
excitation is less significant as there is less time for the vortex to interact with the membranes. The
spectrum of far-field sound radiations for the case with h=1.0 asshown in Fig. 7(b) is different when
comparing with a smaller cavity depth in Fig. 7(a). With different cavity heights, the cavity pressure
distributions are different such that the acoustic loadings applied on the membranes are not the same.
Thus, the vortex dynamics and membrane vibrations are different, as shown in Fig. 4 and 5, with
different cavity height as they both depend on the pressure loadings acting on the membranes.
Therefore, the spectrum of sound radiation due to the membrane oscillations and transverse
acceleration of vortex in downstream is different.
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Figure 7 - Time variations of downstream sound pressure radiation with different mean flow.
@ h=05;({) h=10.(—U=0;(---)U =05; (—=-)U =1.0.

Fig. 8 illustrates that the far-field acoustic pressure radiated in the model with U =1.0, h=0.5
and the initial vortex height is yo=0.1 and 0.3 respectively. It is observed that the vortex is initially
located closer to the centreline of the duct at y,=0.3 (dashed line), the sound radiation due to vortex
excited membrane vibrations is relatively smaller when comparing that with y,=0.1 (solid line). The
reduction of far-field sound pressure radiation with the increase of the initial vortex height is obtained
due to the smaller vortex transverse acceleration caused by the pressure equalization between two
membranes. Moreover, when the initial vortex height is closer to the centerline of the duct, the ability
for the vortex to excite the lower membrane oscillations is reduced due to the larger distance between
the vortex and lower membrane. The sound radiations due to vortex excitation are thus reduced.

0 5 10 15 20

Figure 8 - Time variations of downstream sound pressure radiation with different initial vortex height.
(—) Yo =0.1; () y, =0.3.
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4. CONCLUSIONS

Theoretical analyses have been conducted to understand the fluid-structural interactions under the
unsteady flow. The time-varying vortex dynamics and far-field time domain sound pressure radiations
has been investigated numerically with the changes of several parameters such as the mean flow
speeds and height of backed-cavity. Major conclusions can be summarized as follows:

(1) A two-dimensional theoretical formulation has been established to examine the performance of
silencing device with tensioned membrane covered with a cavity to suppress the axial flow fan with the
unsteady flow in the time domain.

(2) With the existence of doublet which simulates the axial fan, it creates a change of volume flow rate
of the fluid, and thus, affects the flow field of surrounding fluid. The results illustrate that the effects
on the vortex drop caused by the doublet is obvious when the vortex is propagating at x isaround -0.4
to 0.4. Out of this range, the variations of the vortex paths with and without doublet are similar. It
shows that the vortex dynamics at x<—-0.4 or x> 0.4 are mainly associated with the vibrations of
the flexible structures which has strong interaction with the doublet.

(3) Without considering the doublet sound radiation, the far-field sound radiations are mainly
generated by two components: the membrane oscillations due to the vibration created rate change of
the volumetric flow and vortex excitation due the transverse acceleration of vortex. From the
observations, the effect on the sound radiations due to the vortex excitation is less significant for a
higher mean flow, U=1.0, as the oscillations of membranes driven by the uniform flow are larger in
amplitude comparing with U=0 and 0.5. Moreover, the time that allowing the vortex to excite the
membrane is less as the vortex velocity in x-direction increases with the mean flow speed. Therefore,
when the vortex passes over the membrane sections, the acoustic pressure radiation in downstream
amplified due to vortex excitation is less dominant.
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