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Abstract

The sound generation behavior of a single-reed instrument can be determined from its aeroacoustic characteristics.
Computational aeroacoustics (CAA) modeling offers a mean to analyze the aeroacoustics behavior of such a
system. The lattice Boltzmann method (LBM) models fluid on a mesoscopic level and has certain advantages
over traditional Navier-Stokes approaches in solving CAA problems. In this study, we present results from an
aeroacoustic analysis of a 2D single-reed mouthpiece system using an open-source, parallelized lattice Boltzmann
solver called Palabos. A variety of functionalities and components are investigated, including the parallelization,
the moving boundary, and the non-reflecting boundary condition, which demonstrates the versatility of Palabos.
Different mouthpiece geometries are tested with both static and moving reeds. The nonlinear characteristics
of the mouthpiece-reed system derived from this study are then compared with the theoretical quasi-static flow
model.
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1 INTRODUCTION

Wind instruments can generally be decomposed into two components, the sound resonator, and the sound
generator. For a single-reed instrument, the sound generator corresponds to its nonlinear mouthpiece-reed
system that largely determines the dynamics of the whole instrument. The mouthpiece-reed system is generally
analyzed in terms of a nonlinear relationship between the volume flow rate and the pressure difference across
the reed channel.

The flow through the reed channel was initially assumed to be frictionless, incompressible, and quasi-
stationary so that the mouthpiece-reed system can be modeled based on the Bernoulli equation [1]. Hirschberg
etal. (1990) [2] improved the model by introducing viscous effects while keeping the incompressible and quasi-
static approximation. The reed channel of the mouthpiece is modeled as a two-dimensional Borda tube. The
flow separation at the reed channel entrance is taken into account by introducing the vena contracta coefficient
(0.5 <@ <£0.611). For a larger Reynolds number and a longer channel, the flow will reattach in the reed channel,
and the flow after the reattachment point is approximated by the Poiseuille flow. Van Zon et al. (1990) [3] further
extended this model by replacing the Bernoulli flow by the boundary layer flow to represent the flow in between
the separation point at the entrance and the reattach point in the reed channel. The Van Zon model is validated
by measurements with a static reed [3]. However, the quasi-stationary approximation fails in dynamic flow
even though the estimated Strouhal number is much smaller than one [3]. Discrepancies of the vena contracta
coefficient are also found when comparing the theoretical value to both the measurement [4, 5] and the numerical
simulation results [6, 7].

In this paper, the dynamic behavior of the single-reed mouthpiece-reed system is studied using Palabos [8],
an open-source computational fluid dynamics solver based on the lattice Boltzmann method (LBM). In contrast
with traditional Navier-Stokes (NS) solvers, LBM is a mesoscopic method based on the discretization of the
Boltzmann equation and has been proven to perform well in solving aeroacoustic problems [9, 10, 11]. In order
to model the mouthpiece-reed system of a single-reed instrument, different algorithms are used including the
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multi-block technique for parallelization, the non-reflecting boundary condition [ | 2], and the immersed boundary
method (IBM) for building the off-grid boundary and the moving boundary [13].

This paper is organized as follows: Section 2 presents the basic LBM scheme and different algorithms used
in the simulation. The details of the simulation setup are described as well. The numerical results of the static
reed case and their comparison with the theoretical solution are discussed in Section 3. A preliminary moving
reed test is also presented. Finally, a conclusion is given in Section 4.

2 NUMERICAL PROCEDURE

2.1 Lattice Boltzmann method

The lattice Boltzmann method (LBM) is a numerical method based on the lattice Boltzmann equation (LBE)
that is obtained by discretizing the Boltzmann equation in physical space, velocity space and time, given as

filx +e;At,t+Ar) = fi(x,1) +Qi(x,1), (1
where f; is the distribution function, {e;} is the discrete velocity set, At is the time step that usually equals 1,
and Q(x, 1) is the collision operator. The D2Q9 model is used in this paper, which discretizes the velocity space

into nine directions for a two-dimensional space. The lattice sound speed is defined as ¢, = 1/ V3, the weight
coefficients {w;} are set as
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One of the most widely used collision operators is known as Bhatnagar-Gross-Krook (BGK),
1
Qi(x’t) = _;(ﬁ_f;‘eq)Ats (4)

where 7 is the relaxation time related to the kinematic viscosity v = C?(T - %), and fl.eq is the equilibrium
distribution function given by
e, (u-e,)* u-u

eq u
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The macroscopic density and velocity are found as p = ), f; and u = }; e; f;/p, respectively. Based on the
isothermal condition, the pressure p can be determined by p = pc2.

Despite the simplicity of the original BGK scheme, it can be unstable for high Mach number and high
Reynolds number flow. Spurious waves due to the numerical error might also disturb the acoustic field. In
order to achieve a better solution, the recursive regularized BGK (rrBGK) LBM is applied in this paper. The
rrBGK was first introduced to increase the stability and accuracy by Malaspinas [14] for isothermal and weakly
compressible flow, based on the original regularized BGK proposed by Latt and Chopard [15]. Coreixas et
al. [16] further generalized it for thermal and fully compressible flow. The rrBGK starts by expressing the
distribution function f as the sum of the equilibrium distribution f°9 and the non-equilibrium part f"®1 based
on the Chapman-Enskog expansion

f= A+ (6)
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Figure 1. The schematic view of the computational domain

Then, both f°9 and /™4 can be expressed in terms of Hermite polynomials whose coefficients can be calculated
recursively. Further details of the algorithms can be found in the paper by Malaspinas [ 14].

2.2 Simulation setup

A simplified two-dimensional mouthpiece is set up in the fluid domain as shown in Figure 1. The size of the
domain is 5x 2 cm? with the spatial grid size of Ax = 8 x 10 m. The time step is set as Az = 1.35x 1077s. The
lattice relaxation time is 7 = 0.5098, corresponding to the physical kinematic viscosity of v = 1.55 x 10™*m?/s,
which is an order of magnitude larger than the air kinematic viscosity.

The absorbing boundary condition (ABC) proposed by Kam et al. [12] is applied at the exit of the mouthpiece
(left side of Figure 1) to get rid of the acoustic feedback. The same algorithm is used at the inlet with a non-
zero flow and pressure target, working as the pressure source [17]. The immersed boundary method [13] is
implemented in Palabos for modeling the reed, which allows the off-lattice boundary and the moving boundary
conditions. The one-dimensional distributed model [18] is used for modeling the reed as well as the reed-
mouthpiece interaction. Different from previous LBM simulations [6, 7], the reed thickness is introduced into
the model. For the fixed walls of the mouthpiece, the bounce-back scheme is used for a no-slip flow condition.

In Palabos, the parallelization is performed with the message-passing interface (MPI). By using the multi-
block technique, the computational domain is divided into multi-blocks and are assigned to different processors.
As well, the one-side communication technique is used for distributing the reed information to different proces-
sors. All the simulations were run on the Compute Canada CPU cluster (Intel E5-2683 v4 Broadwell @ 2.1GHz)
with 32 processors.

For this study, we intended to apply the grid refinement technique to improve the simulation efficiency.
With such a scheme, the finest grid could be deployed around the reed channel to help better capture the flow
properties. However, the problem becomes complex due to the interaction between the off-lattice boundary and
the moving boundary across regions of different resolution. So, even though the grid refinement has already
been implemented [19] in Palabos and tested in other aeroacoustic simulations [10], its application in our wind
instrument model is left for a future investigation.

3 RESULTS

3.1 Static Reed Results

In the static reed case, two different mouthpiece profiles with different channel lengths (L/h =1 and L/h = 4)
are studied, where L stands for the reed channel length and /# = 1.3 mm represents the channel height. The
simulation lasts for 500,000 iterations in total. The mouth pressure starts from O Pa and linearly increases to
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11 kPa within 200,000 iterations, and holds for 50,000 iterations. It then decreases back to zero within the next
200,000 iterations and holds there until the end of the simulation. The mouth pressure pj;,,;, is measured by
averaging a rectangular field in between the top and bottom domain boundaries, starting from the tip of the
mouthpiece to the left of pressure source buffer. The flow volume rate Uj,, is calculated by multiplying the
cross-section area by the averaged flow velocity measured across the end of the reed channel. The pressure pj.;
is measured by taking the average of the pressure over the cross-section area at the end of the reed channel. The
pressure difference is defined as Ap = pourh — Pjer-

Simulation results and the comparison with the theoretical results [3] are shown in Figure 2 and Figure 3.
Four different plots are shown to better explain the results, including the Ap - Uj.; plot, the Ap - a plot, the
pressure/flow history plot, and the Re - @ plot. The Re - @ plot only includes the first half of the simulation, i.e.,
250,000 iterations.
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Figure 2. The LBM simulation results for the mouthpiece with L/h = 1.

For the short reed channel mouthpiece (L/h = 1), the simulation result matches the theoretical estimation
very well and the calculated vena contracta coefficient « falls into the theoretical range (0.5,0.611] as proposed
by Hirschberg et al. 1990 [2]. However, for the long reed channel mouthpiece (L/h = 4), instead of being
comparable with the van Zon model for long reed channel, the LBM flow is more similar to the short reed
channel flow with a slightly lower «. Similar results were also observed by Shi et al. [6], who attributed them to
the large viscosity used in LBM. In order to test this explanation, the mouthpiece with a more realistic kinematic
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Figure 3. The LBM simulation results for the mouthpiece with L/h =4.

viscosity (v =4.75 % 1075m?/s) flow is simulated with finer grids (Ax = 4.25x 107>m). As shown in Figure 4,
decreasing the viscosity does help increase the flow rate a little bit. However, the flow becomes more turbulent
as the Reynolds number increases.

3.2 Moving Reed Results

In this section, a simulation with a moving reed is presented. The pressure difference between the top and bottom
of each immersed boundary node of the reed is taken as the external force that drives the reed to move. The
velocity of each node is then used in the immersed boundary method. The target pressure of the source buffer is
set as 8kPa. The mouth pressure, the jet volume flow rate, and the jet pressure are measured at the same position
as discussed in the previous section. In addition, the mouthpiece pressure at the downstream of the mouthpiece,
near the absorbing boundary layer, is also measured. All the results, together with the tip displacement, are
shown in Figure 5. In this preliminary simulation setup, the system does not achieve a steady-state regime
but instead decays over time. The volume flow rate appears to be noisy, which might be due to the low grid
resolution. For example, when the reed tends to close, there could be only one grid point for calculating the
volume flow rate, which is insufficient. Despite this, the result shows the ability of the framework to simulate
the fully coupled fluid-structure interaction problem.
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Figure 4. The LBM simulation results for the mouthpiece with L/h =4 with the kinematic viscosity of
v =4.75x10"m?/s.

4 CONCLUSIONS

In this paper, a single-reed mouthpiece reed system is modeled within Palabos. Different functionalities have
been tested. For the static reed simulation, the results of the short reed channel show a good agreement with
the theoretical model. However, for a longer reed channel mouthpiece, a large discrepancy is found between the
LBM simulation and the van Zon model. Though it is partially due to the high kinematic viscosity used in the
simulation, it might also be caused by the relative larger numerical dissipation of the MRT or the rrBGK scheme
that helps maintain the stability. In addition, as shown in the pressure/flow history plots and the Re - @ plots, the
flow starts to get turbulent as the pressure goes higher. Such turbulent behavior that happens in the simulation
might be another reason for the discrepancy. However, considering the Reynolds number is still much smaller
than 4000, further experiments is need to judge if this behavior is a physical turbulence or the numerical noise.
For the moving reed simulation, a preliminary result is presented, which shows the ability of the framework
in solving the fully coupled fluid-structure interaction problem. However, the low-resolution and first-order
IBM might be insufficient for complicated cases, such as the flow that involves the collision of the reed
with the mouthpiece. In such case, a high-order of IBM and grid refinement should be implemented. In
addition, impedance acoustic boundary condition is also needed to study the fluid-acoustic-solid interaction in
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Figure 5. The moving reed simulation result.

the mouthpiece-reed system.
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