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Summary

Duct acoustics usually deals with the duct with a hard-wall or soft-wall. When a duct has a

moving wall such as the vocal tract whose configuration changes with time, how will the acoustic

characteristics of sound propagation be affected by the moving boundary of the duct? In this study,
we combine the finite-difference time-domain (FDTD) with the immersed boundary method (IBM)
to investigate the sound propagation in the ducts with a moving boundary. To replicate the

property of a free space by a finite computational field, eight perfect matching layers (PML) were

set around the computational field (CF) to absorb the outgoing waves. FDTD of the hybrid method

discretizes the whole CF by a Cartesian grid (Eulerian points), which keeps the duct entirely

immersed, while IBM uses a series of discrete control points (Lagrangian points) with added

forcing to replicate the geometrical wall. When the wall moves, the Lagrangian points will travel

in the CF. Numerical experiments were carried out on uniform, convergent and divergent ducts.

As the results, computed sound pressure distributions demonstrate the physical properties of the

ducts under a variety of conditions. The resonant frequencies of the ducts show reasonable

accuracy with a maximum error of 10% comparing with the theoretical ones.

PACS no. 43.20.Mv, 43.55.Ka, 43.70.Aj, 47.35.Rs

1. Introduction becomes re-discretizing the meshes of the object

every time step when its boundary changes. That is,
Simulation of sound propagation inaductisa long comp]ex geometry and moving boundaries often
standing issue in acoustic field. Many numerical  result in difficult situations for grid-based methods.
analysis methods have been developed to simulate To solve the prob]em’ a possib]e way is to impose
the sound wave propagation in a given field by boundary conditions by transforming them onto
discretizing the computational field (CF) with  the grid points close to the boundary. This would

grids, such as the finite element method (FEM) [1, lead the computation to a difficult and time-
2] , boundary element method (BEM) [3], and

finite-difference time-domain (FDTD) method [4,  ajternative methods such as smooth particle
5]. Among these methods, FDTD plays a vital role 1,y q0dynamics (SPH) [6] and immersed boundary
in computational electromagnetics and acoustics method (IBM) [7] have been developed.
due to its accuracy and high efficiency. The immersed boundary method (IBM) was
Most of the app hcat?ons of 'these .methods proposed by Peskin [7] for the simulation of blood
were relat.ed to problems. mna Su,bJeCt with fixed g, in the heart valves, which provides a possible
conﬁguratlor}, although in practice, many ducts solution to deal with the aforementioned
have a moving bgundary §uch as the vocal tre.lct difficulties. The main idea is to add a force field to
\yhose cqnﬁguratwn contmuougly changes with the momentum equation to represent the immersed
time du1.r1ng speech. The dlfﬁc?ulty for the boundary. In this method, two different grid
computational field with moving boundary systems are employed. A regular Eulerian mesh is
used to solve the fluid dynamics, a Lagrangian
representation is used for the boundary, and the
interaction between these two grids is modelled
using a Dirac delta function.

consuming process. For this reason, some
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In this study, we proposed a hybrid method
that integrates the FDTD and IBM to simulate the
propagation of acoustic waves in the ducts with
moving boundaries. The paper is organized as
follows. Section 2 briefly introduces the governing
equations, FDTD method and IBM. In Section 3,
three series of numerical experiments are
conducted on a uniform duct, the convergent and
divergent ducts, and time-varying ducts. The
performance of the hybrid method is evaluated in
Section 4. Discussion and concluding remarks are
given in Section 5.

2. Governing equations

In this study, we attempt to investigate how the
acoustic properties of the sound propagating in a
duct are affected by its moving boundary. For the
acoustic problems considered herein, the medium
is approximated as a non-viscous fluid, and thus
the dominant governing equations can be given by
the Euler equations or even the linearized Euler
equations [8]:

kP —ap=V-u )

ou
——au=V, 2
P2, 1% (2)

where p and u are the pressure and the particle
velocity respectively, p is the density of the
medium and « is the compressibility of the
medium and is defined as pc®, where ¢ is sound
speed in the medium, « and o are the attenuation
coefficients associated with compressibility of the
medium. While defined as ap/« in the absorbing
boundary layers, & is set to zero in the analysis
region.

2.1 FDTD method

Finite-difference time-domain (FDTD) method is a
numerical approach proposed by Yee [9] in 1966
and was originally designed for the simulation of

electromagnetics.  Recently, it has  been
successfully applied to acoustics [10].
In FDTD, the governing equations are

calculated on a staggered grid with second-order
central difference for spatial derivatives and leap-
frog scheme for temporal derivatives [11, 12]. After
discretization, we have:
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"2, j) is the sound pressure on the grid

where p
of (i, /) at the time step of n+1/2 and is the sum of
pressure along x, y directions, i.e. p'"(i, ) and
P, )), ul(i+1/2,)) and u)(i,j+1/2) represent
the components of particle velocity in the x and y

direction, respectively, At is a time interval of
sampling, and Ax, Ay are the grid size in the x and

y direction, respectively.

2.2.lmmersed boundary method

Immersed boundary method (IBM) was proposed
by Peskin [7] in 1970s and now is used in various
complex flow simulations [13]. A definition sketch
of IBM is shown in Fig. 1. Using this method, any
geometry such as complex or moving boundary
can be simulated easily. To better treat the moving
boundary, a modified IBM was developed by Deng
et al. [14] and recently applied to study the
mechanism of tandem flapping wings [15]. In this
approach, the flow field is discretized by a regular
Cartesian grid (the corresponding points are called
Eulerian points), the complex geometry or
moving boundary is represented by a series of
Lagrangian points (see Fig. 1(a)). To construct the
relationship between these two grids, a force field
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is added to the momentum equation, which is
calculated on the Lagrangian points and
interpolated to the nearby Eulerian points. Thus,
Egs. (1) and (2) become

P iv.u=o (8)
ot

ou
p5+Vp =f(x,) ©

where f(x,)is the Lagrangian force which can be
expressed by
fx,)=f,(x)+f,(x,) (10)

In equation (10), the different terms are
acceleration force f,(x,) and pressure force f,(x,),

which are represented by:

ou
fa(Xk)—pE (11)
f,(x,)=Vp (12)

For velocity and pressure derivatives in equations
(11) and (12), they are calculated on the
Lagrangian points x, and the four surrounding

auxiliary points as shown in Fig. 1(a). The
distances between X, and the four auxiliary points

are the mesh size ( Ax ), and the velocity and
pressure values on these five points are obtained
by bi-linear interpolation from the surrounding
grid points that enclose the Lagrangian point or
virtual points in a grid box [8]. Figure 1 illustrates

the Lagrangian forcing and its distribution
approach.
LA~ [
/ , é — ds,
| mery \<
X: /% X,
=D AN
A \
N —
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Figure 1. (a) Illustration of Lagrangian forcing. (b)

Distribution of the forcing to the grid point

To distribute the additional force, it requires
the field information for the interpolation between
the Eulerian points and the Lagrangian points.
Here, Lagrangian point x;, and the adjacent four
auxiliary points, which are located on the up, down,
left and right of x;, within a distance of Ax, were
used to calculate the spatial derivatives of the
velocity and pressure. The velocity and pressure
on the five points are obtained by a bi-linear
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interpolation from their adjacent four Eulerian
points.

In the interpolation stage, the calculated force
on the Lagrangian points needs to be distributed
back to the Eulerian points. When the additional
force is calculated, the closest Eulerian points to
the Lagrangian point is found around the immersed
boundary. The additional force f(x;) is
interpolated to each of the Eulerian points using
the following formula:

. ds(i, j)
P =(1- =75 fo (13)
where h = \/Ax? + Ay? and ds(i, j) is the distance

between point(i, j) and the nearest Lagrangian
points as shown in Fig. 1(b). If the distance of an
Eulerian point is greater than the diagonal distance
of the grid, however, this Eulerian point would be
ignored.

2.3.The combined method

The study uses a combination of the FDTD and
IBM methods to solve the problem of a duct with
a moving boundary, the normalized version of
which has been applied to acoustic simulation
with complex boundaries [15]. When sound wave
propagates in a duct, a direct force is first input to
the linearized Euler equations, where the complex
and/or immersed boundaries :are implemented.

The boundary of a duct was defined by a
set of Lagrangian points. The additional force is
calculated for each Lagrangian point and is
distributed to the surround Eulerian points. When
the duct’s boundary moves with time, the
Lagrangian points would transits within the grids
of the FDTD network. If the computational step
is sufficiently small, the energy can be distributed
continuously with the movement of the duct’s
boundary.

In general, the sound wave is considered to
propagate through a duct and radiate to an open
space. However, the computational field is a finite
field in any numerical simulation. To simulate an
open space using a finite field, it requires to set
certain layers in the boundary of the computational
field to absorb the outgoing waves. To do so,
perfectly matched layers (PML) [16] are employed
to attenuate the outgoing waves at the boundary of
the computational field.

To summarize, a general treatment to complex
geometries or moving boundary is to replace the
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boundaries with a series of discrete Lagrangian
points (control points), while the flow field is
represented by Eulerian points (Cartesian grids), as
shown in Fig. 1(a). For the Lagrangian point, the
Lagrangian force is calculated over these control
points and interpolated to the nearest Eulerian
points by a linear interpolation procedure (see Fig.
1(b)), so that it obtains a certain forcing term at
the grid points near the boundary. After the
interpolation, the boundaries of complex
geometries have been successfully dealt with and
then the acoustic equations can be solved by a
finite difference method.

This approach combines the FDTD and IBM
methods and implements them in the numerical
simulations. For a given input at time step n, the
values of pressure and velocity at time stepn + 1
can be calculated by the following procedure.

* For every Eulerian point, find the closest
Lagrangian points.

* Interpolate the pressure and velocity at this
Lagrangian point from the given values.

* Calculate the corresponding Lagrangian force.

* Interpolate the force to the surround Eulerian
points.

* Solve the pressure and velocity at the Eulerian
point at time step n + 1.

3. Experiments

In this section, we carried out three series of
experiments on a uniform duct, the convergent and
divergent ducts, and a time-varying duct,
respectively. The computational field was set to be
(x,y) € [-1.0,24.0] x [-4.0,4.0] cm. The
boundary of the field was implemented with eight
layers of PML to absorb the outgoing waves. The
parameters for the experiments were as follows:
the air density p =0.00117 g/cm’, sound velocity ¢
= 34630 cm/s, computational step At = 2x107 s,
and grid size Ax = 0.1 cm and Ay = 0.2 cm. A
glottal airflow wave proposed by Fant [17] was
adopted in the simulation, and set at 0.5 cm apart
from the end of the duct as a point source. It is
given by
Agp(t) = for0<st<ty
Agp(t) = Ap(1 — b + beosa(t — t;)) (14)

fort; <t<t +t,
forti+t, <t<T,

and b=1/ [1 — cos (%)] .

Ap(1—cosat)

Agp() =0
where a =m/t;

Sound observation point is set at the point (23.5, 0)
cm in the front of the radiation end of the duct.

3.1 Experiment on a uniform duct

We first used a uniform duct for the experiment
since its acoustic properties can be easily
estimated. The uniform duct was 17.2 cm long
with a radius of 0.5 cm. The duct is located in the
longitudinal direction, and its close end was
located at the point (0, 0) cm. The radius of the
duct increases from 0.5 cm to 3 cm during 0.05 s.
Figure 2 shows the sound pressure distributions of
the duct at four time points as its radius increases.
One can see that when duct’s radius was 0.5 cm
the sound wave propagates in a plain wave. When
its radius increased to 1.5 cm, the wave front
becomes to a complex shape, but no longer a plain
wave. When the radius increased to 2 cm, a
number of standing waves appeared in the
transverse direction. When the radius increased to
3 cm, the sound pressure has a more complex
distribution. These results demonstrate that the
proposed method can simulate the acoustic
properties of a duct with a moving boundary.

Figure 2. Sound pressure distribution at different time
points with increasing duct’s radius from 0.5 cm to 3.0
cm.

3.2 Experiment on a duct with discontinuous
points

In practice, there exist some discontinuities in
ducts. It is a crucial issue for evaluating whether
the hybrid method can correctly work or not in the
place with some discontinuities, especially the
discontinuous wall against the direction of wave
propagation. For this reason, we designed two
converging ducts with the discontinuous walls
against the wave propagation, one with an angle of
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95.7°, and the other with an angle of 121° (see Fig.
3 for the details). The interval ( Ay ) of the
Lagrangian points tin the transition part was 0.125
cm, while the interval of Ax is changed with the
angle. The radius of the back and front portions are
the same for these tow ducts. One can see that no
leakage takes place in the discontinuities of the
joint parts.

Giotss Tem Lips Glotes Tem Lips

Figure 3. Sound propagation in the duct with

discontinuous joints.

3.3 Experiment on the duct with a time-varying
boundary

In this section, we employed a time-varying duct
to evaluate the performance of the proposed
method. The duct periodically changes its
configuration from a convergent shape to a
divergent one. The convergent shape has a back
cavity with a length of 8.6 cm and a radius of 1.5
cm, and a front cavity with length of 8.6 cm and a
radius of 0.5 cm. During the simulation, the duct
shape changes from the convergent shape to the
divergent shape periodically. The moving velocity
of the boundary was set 150 cm/s, 100 cm/s, and
50 cm/s, respectively. Figure 4 demonstrates the
situation of the time-varying shapes with a velocity
of 50 cm/s. The sound propagates roughly in a
plain wave during the boundary movement. When
the duct becomes a uniform shape, the wavefront
is different from that observed in the stable
uniform duct (see Fig. 2(a) for details) to some
extent. It is possibly caused by the moving
boundary of the duct, which the perturbation in the
cross-sectional area induces a perturbation in the
pressure distribution. When the moving velocity
changes in the three conditions, sound distribution
did not show any significant changes.

4. Evaluation and discussion

In this section, we evaluate the accuracy of the
hybrid method by changing the interval between
the Lagrangian points of the boundary and the
moving velocity, and also investigate the effects of
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the moving boundary on the acoustic properties of
the ducts.

I

g
il

Figure 4. Sound propagation in a duct with

continuously moving boundary.

4.1 Effects of the Lagrangian point interval

To evaluate the effect of the Lagrangian point
interval on the acoustic properties, three ducts with
similar configurations (see Fig. 5) were used in the
evaluation. The Lagrangian points in the joint part
between the front and back cavities were
manipulated in the vertical direction, while the
horizontal interval was maintained at 0.1 cm. As a
result, the angle at the discontinuity was about
121° for the one with a wvertical interval (VI) of
0.15 cm, 117° for the one with a VI of 0.2 ¢m, and
112° for the VI of 0.25 cm. Figure 5 shows effect
of the Lagrangian point interval on duct acoustic
properties. As shown in Figs. 5(a) and 5(b), the
ducts with VIs of 0.15 and 0.2 cm have almost the
same sound pressure distributions, while sound
leaked from the vertical wall in the duct with VI of
0.25. Fig. 5 (d) plots the spectra of the three ducts.
The ducts (a) and (b) have the exactly same spectra
in the frequency region below 5 kHz, and the
resonant frequencies are consistent with the
theoretical estimation. Some difference is seen in
the higher frequency region, which was caused by
the difference of the angles in the discontinuous
point. In contrast, the resonant frequencies with VI
= 0.25 cm are largely different from the ones of
other two ducts. The results indicate that the
simulation cannot obtain correct results for the
cases considered if the Lagrangian point interval is
larger than 0.2 cm.
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Figure 5. Effects of the Lagrangian point interval
on duct acoustic properties.

4.2 Effects of the moving boundary

To evaluate the effects of the moving boundary,
we reshaped a uniform duct with a radius of 0.5
cm to a divergent one by increasing the radius of
its back cavity to 1.5 cm, and to a convergent one
by increasing the radius of the front cavity to 1.5
cm, respectively. The transition time was 20 ms.
Fant glottal airflow with a 20 ms period was added
at (0.5, 0) cm near the close end of duct. The
sound wave was observed at (23.5, 0) cm with
sampling rate of 20 kHz. Figure 6 plots the
waveform and spectra for (a) the diverging case
and (b) the converging case. One can see that for
the stable parts, their smooth spectra are very
smooth. The first two formats get closer in the
divergent part similar to vowel /a/, while they get

far away in the convergent part similar to vowel /i/.

The accuracy for the first two resonant frequencies
was consistent with the theoretical values within
10%. In the transit part, the first two resonances
are about the average of the two stable parts, while
there is almost noise in the frequency region above
1.5 kHz. These noise components are attributed to
time-varying boundaries.

Amplitude [Pa]
bown

200 400 600 800 1000 1200 0 200 400 600 800 1000 1200
Points Poinls
Start point: 1; FFT point: 512 Start point: 1; FFT point: 512

2000 4000 6000 8000 10000 2000 4000 8000 BO0O 10000
Frequency (Hz) Frequency (Hz)
Start point: 400; FFT point: 512 Start point: 400; FFT peint: 512

) r L

6000 BO0O 10000
Frequency (Hz)
Start point: 800; FFT point: 512

2000 4000 6000 8000 10000 2000
Frequency (Hz)
Start point: 800; FFT point: 512

2000 4000 6000 8000 10000 2000 4000 8000 8OO0 10000
Frequency (Hz) Fraquaency (Hz)

Figure 6. Evaluation of the acoustic properties of
the ducts with moving boundaries.

5. Conclusion

In previous study, we proposed a hybrid method
by combining FDTD method with IBM to solving
the duct acoustics with complex boundaries [15].
In this study, we evaluated the performance of the
hybrid method using a number of ducts with
moving boundaries. The method was tested in a
uniform duct, the ducts with discontinuity and with
a time-varying movements. The results showed
that the proposed method is able to reproduce
acoustic properties of ducts with moving
boundaries. A reasonable accuracy in frequency
domain was obtained from the simulations
comparing with the theoretical ones. Since the
radius of the ducts in 2D is not really reflected the
cross-sectional area of the ducts, it will have some
space for further improvements. In the feature
work, the hybrid method will be extended to solve
acoustics in 3D ducts with moving boundaries. Its
application to vocal tracts with a moving boundary
will also be carried out for speech production
researches.
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