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Residential bathroom drainage noise is a primary source of indoor noise that directly affects quality of
life and physical and mental health. Therefore, based on the acoustic theory and the finite element simulation
technology, this paper proposes a method to simulate the drainage noise characteristics and its impact range
jointly using the flow and acoustic fields. The pressure at the pipe wall caused by the internal flow field of the
bathroom drainage pipe is calculated by the Fluent software. Simulations are carried out with the Virtual Lab
software to predict the drainage noise characteristics and spatial distribution and to analyse the influence of
factors such as the door position, riser position, and the partition wall material on the noise distribution. The
results show that drainage noise has prominent high-frequency characteristics, the position of the bathroom
drainage pipes and doors affects the spatial noise distribution, and the sound insulation performance of a par-
tition wall with ordinary fired bricks in the bathroom is slightly better than that of ordinary concrete bricks,
lightweight aggregate concrete blocks or fly ash blocks. This paper provides a theoretical basis and practical
reference for reducing the impact of residential drainage noise and creating a healthy and comfortable indoor
acoustic environment.
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1. Introduction

With the rapid development of society, public de-
mand for environmental quality has gradually in-
creased. Noise is one of four major environmental pol-
lutants in the world and has become a key concern.
Residential spaces are most closely associated with
people’s daily lives, and indoor noise can significantly
reduce quality of life, work efficiency and health; no-
tably, residential bathroom drainage noise is a primary
source of indoor noise (PARK et al., 2018; PuJoL et al.,
2014). Previous studies have used field tests, labora-
tory tests, numerical simulations, subjective evalua-
tions, and virtual reality to explore the objective pa-
rameters of residential bathroom drainage noise and
residents’ subjective evaluations and have found that
drainage noise causes significant disturbance to resi-
dents (JEON et al., 2019; Ryu, SONG, 2019). Therefore,
research on residential bathroom drainage noise char-
acteristics and radiated sound fields is essential for cre-

ating a healthy and comfortable acoustic environment
in living spaces.

Pipe drainage noise research worldwide has focused
mainly on the causes of noise and the factors influenc-
ing it, as well as noise reduction control measures, and
the prediction, numerical simulation of flow noise, and ra-
diation sound fields.

One study reported that the causes of pipe drainage
noise include water flow impact, air pressure fluctua-
tions, and water flow direction mutation. The leading
cause was determined to be unstable water and air
pressure in a non-full flow pipe (FucHs, 1983; 1993a).
Additionally, factors such as the drainage method, pipe
material and fittings, sanitary ware, water flow veloc-
ity, and pressure can significantly affect drainage noise
(Fucus, 1993b; ViLLot, 2000). Laboratory tests of
UPVC pipe drainage noise revealed that the noise im-
pact of the same-floor drainage pipes was lower than
that of different-floor drainage pipes (YANG et al.,
2016). Increasing the wall thickness of new UPVC
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pipes or increasing the material density of pipes could
reduce the impact of drainage noise (JEONG et al.,
2017; YEON et al., 2014), and the drainage noise
of a vacuum double-bend pipe was approximately
3.5 dB(A) lower than that of an ordinary pipe (JUNG
et al., 2012). In addition, the use of new low-noise sys-
tems and connections (JEONG et al., 2017; YEON et al.,
2014), the use of pipe cladding, the addition of pipe
wells, and other measures (XU et al., 2014) were also
found to reduce noise.

In recent years, numerical simulation methods,
mainly including the sound line method, the finite
element method, the boundary element method, and
the statistical energy method, have gradually become
important research tools in architectural acoustics.
Among them, the finite element and boundary ele-
ment methods are simulation methods based on the
wave acoustic theory (MARBURG, NOLTE, 2008) and
are widely used in research on pipe noise and enclosed
sound fields.

Previous studies have used finite element meth-
ods to analyse the coupled vibration noise of pipes
and simulate the external radiated sound field of pipes
(LIANG et al., 2006; MORI et al., 2017). The vibra-
tion noise of gas transmission pipe systems is sim-
ulated via ANSYS and SysNoise (Liu et al., 2016;
HAN et al., 2020). The acoustic, vibration, and aeroa-
coustic noise characteristics of T-shaped and rectangu-
lar cross-section tubes were simulated by experiments
with different flow velocities and finite element sim-
ulations (MORI et al., 2017). The Virtual Lab soft-
ware was used to investigate the flow noise propagation
mechanism in pipes based on the flow and sound field
synergy principle (CAO et al., 2017). CFD was used
to analyse the characteristics and main factors influ-
encing flow-induced noise in the variable cross-section
pipe. The flow-induced noise and flow field characteris-
tics, including the sound source intensity distribution,
pressure distribution, velocity distribution, and spec-
trum of sound pressure level, were obtained. This pro-
vided a theoretical basis for the optimization of vari-
able cross-section piping systems and the investigation
of flow-induced noise control techniques (SUN et al.,
2021). Additionally, in the context of enclosed space
sound fields, the COMSOL Multiphysics software has
also been used to evaluate the effect of the addition of
sound absorption and the change in absorption posi-
tion on the sound field in small rooms. This method al-
lows more accurate calculation of low-frequency sound
field data in rooms (LAU, POWELL, 2018).

In summary, previous studies have explored the
generation principles, characteristics, and factors influ-
encing residential bathroom drainage noise. The flow-
induced noise of pipes has a significant impact on the
indoor acoustic environment of adjacent floors, and
the use of silent pipes, wrapping acoustic insulation
materials, and other measures have been proposed to

reduce drainage noise. These works provide an essen-
tial theoretical and practical basis for future research.
However, in previous studies of pipe drainage noise,
most of the flow noise in the pipe was assumed to arise
from a line sound source, supplemented by a constant
flow rate and flow velocity to the actual noise mea-
surement, which cannot sufficiently reflect the actual
state of fluid flow in the pipe, and there is a certain
discrepancy with the actual sound field.

In recent years, the use of finite element and bound-
ary element methods with simulation software such
as Ansys and COMSOL to simulate fluid flow within
pipes and enclosed space sound fields has become a tar-
get of active research. However, there has been a rela-
tive lack of research on predicting bathroom drainage
noise and its radiation distribution using numerical
simulation methods. Therefore, this paper proposes
a method for predicting pipe drainage noise and its
effects using finite element simulation techniques with
the help of the numerical simulation software Ansys
Fluent (version 2020) and LMS Virtual Lab (v13.6),
analyses the factors affecting the noise sound field, and
proposes noise reduction design recommendations, pro-
viding new ideas and methods for indoor sound envi-
ronment research.

2. Numerical simulation methods

Pipe drainage noise, which is generated by the in-
teraction between the fluid inside the pipe and the pipe
wall, includes the flow noise generated by fluid mo-
tion inside the pipe and the radiation noise generated
by the vibration of the pipe wall. Therefore, based on
a theory related to flow and vibration noise, a method
of simulating the indoor drainage noise distribution us-
ing joint simulation of the flow field and sound fields
is proposed, as shown in Fig. 1.

2.1. Theoretical analysis of pipe drainage noise

2.1.1. Flow noise

The root cause of flow noise is that the fluid flow
produces a distributed sound source throughout the
flow field, which is considered aeroacoustics and is gen-
erated by the interaction of the fluid medium, the solid
wall, and the sound field (LIGHTHILL, 1952; CURLE,
1955; Frowcs WILLIAMS, HAWKINGS, 1969). The ef-
fect of a solid wall on flow-induced noise is consid-
ered, and the FW-H equation elucidates three types
of flow noise sources in terms of the occurrence mech-
anism, namely, monopole sources generated by fluid
volume pulsations, dipole sources generated by pul-
sations at solid boundaries, and quadrupole sources
generated by free fluid turbulence (LIGHTHILL, 1952;
CURLE, 1955; Frowcs WILLIAMS, HAWKINGS, 1969;
ZHANG et al., 2016). The flow in the drainage pipe of
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Fig. 1. Numerical simulation process for the radiated sound field of pipe drainage noise.

the residential bathroom is a type of gas-liquid two-
phase flow with the low Mach number; the flow veloc-
ity is much lower than the sound velocity, the bound-
ary condition is a static solid wall, the compressibility
effect of the mixed fluid is negligible, and the fluid ac-
celeration is weak. Therefore, the effect of monopole
sources and quadrupole sources on the noise can be ig-
nored, and the noise sources in the flow field are treated
as distributed dipole sources caused by pressure pulsa-
tions generated by the flow field near the wall surface.

2.1.2. Vibration radiation noise

The mixed fluid in the drainage pipe impacts the
wall to excite structural vibration, generating struc-
tural noise and propagating to the space inside and
outside the pipe, producing indoor interference noise.
From the perspective of the vibration generation mech-
anism, the vibration of thin-walled pipes derives from
the excitation and transmission of fluid motion, which
is influenced to some extent by characteristics such as
the intensity of turbulent motion. The vibration is also
influenced by the physical properties of the structure
itself, with the frequency characteristics of some struc-
tural components (NORTON, KARCZUB, 2003a; NOR-
TON, BULL, 1984).

The inherent properties of structural vibrations
are described by structural modes, which are related
only to the shape and dimensions of the structure
and the external excitation frequency (NORTON, KAR-
czUB, 2003b; MAO, PIETRZKO, 2013). Analysis of the
structural modes can reveal the vibration character-
istics of a structure, predicting its vibration response
under external excitation conditions and hence the dis-
tribution of radiated noise.

2.2. Simulation method and process

2.2.1. Flow field simulation method and process

This paper uses the CFD software Fluent, which
is integrated with the Ansys Workbench environment,
to simulate the internal flow field characteristics of
a bathroom drainage pipe, to obtain the flow state
of the mixed media inside the drainage pipe, and to
output the pressure data on the inner wall of the pipe
as the sound source parameters for acoustic analysis.
The calculation models include the VOF multiphase
flow model and the realizable k-¢ turbulence model.
The primary process of using the Fluent software to
simulate and analyse the flow field information in the
pipe is shown in Fig. 1.

2.2.2. Sound field simulation method and process

The paper utilizes the Virtual Lab software to
simulate the sound field distribution in the interior
space using the model-based finite element method.
The sound field simulation process is shown in Fig. 1.
Firstly, the acoustical solution domains for the in-
side of the pipe and the room are created in the
Virtual Lab software, and the automatic matching
layer (AML) is used. Then, the three-dimensional body
mesh of the solid air domain is generated. The division
of the acoustic mesh should meet the requirement that
the minimum unit size is no greater than /6 of the
wavelength corresponding to the maximum frequency,
as shown in Eq. (1):

Ls<

Cair
: (1)
6fmax
The material parameters are set for the acousti-
cal computational domain and the exterior-protection
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construction. The wall pressure data obtained from the
flow field simulation are used as the excitation condi-
tions for the sound field. The structural modes required
for acoustic simulations are calculated based on the
Nastran platform. Finally, the field point grid is set up
to monitor the simulation results.

2.8. Simulation of model settings

2.3.1. Plan forms

The bedroom adjacent to the bathroom in the res-
idence is the area most severely disturbed by drainage
noise. Therefore, this paper takes the master bedroom
suite with a bathroom as the base model to study
the sound field distribution of drainage noise in the
bedroom. The base model plane of the master bed-
room suite and its dimensions are determined accord-
ing to the Chinese standard GB 11977-2008 (Standard-
ization Administration of the P.R.C., 2008), as shown
in Fig. 2.

3300 200
20

Fig. 2. Basic model plan.

200,

This study focuses on the propagation of pipe
drainage noise in a bedroom space. To simplify the
model and facilitate calculations, only factors such as
the position of the bathroom door, the position of the
riser, and the material of the partition wall are con-
sidered. The lateral sound transmission effects of the
external walls, floor, and other components are disre-
garded. The positions of the bathroom doors are shown
in Fig. 3, and the positions of the riser arrangements
are shown in Fig. 3c. To study the most unfavourable

a) b) c) d)

S S NE

Fig. 3. Schematic diagram of the bathroom and plumbing
positions: a) position 1; b) position 2; ¢) position 3; d) po-
sition 4.

case of noise impact, the bathroom door is set to be
open. The partition wall between the bathroom and
the bedroom is a block infill wall, and the familiar ma-
terial and thickness of the partition wall are shown in
Table 1.

Table 1. Material and wall thickness
of the bathroom partition walls.

Ordinary | Ordinary Lightweight
Masonry aggregate Fly
. fired concrete
materials . . concrete ash block
brick bricks
block
Masonry
thickness 120 100 100 100
[mm|

2.3.2. Drainage methods

The common drainage methods used in residen-
tial bathrooms are the same-floor and different-floor
drainage. At present, the most widely used method
of drainage in China’s completed ordinary houses is
different-floor drainage. However, during the drainage
of upper-floor occupants, the flow noise and wall vi-
bration noise from flow impacting the pipe section
can have a serious impact on the lower floors (YANG
et al., 2016). In addition, the toilet is the sanitary ware
with the highest incremental sound pressure level of
drainage noise (JEONG et al., 2017), so this paper uses
a toilet drainage system with different-floor drainage
as the simulation model.

2.3.8. Pipe forms

Currently, depending on the combination of
drainage and ventilation pipes, common UPVC single-
riser and double-riser systems are more widely used in
residential bathrooms in China. Compared with sin-
gle risers, double risers are equipped with ventilation
piping, which balances the air pressure and reduces the
noise of air plugs. Therefore, the noisier single riser sys-
tem is chosen as the base model (JiaNG, WU, 2019).
The pipe material is UPVC. The pipe size was deter-
mined according to the Chinese standard GB 50015-
2019 (Ministry of Housing and Urban-Rural Develop-
ment, China, 2019), as shown in Table 2.

Table 2. Drainage pipe simulation model sizes.

Parameter Symbol | Value
Pipe diameter [mm)| D 110
Pipe wall thickness [mm|] - 3.2
Height of riser [mm)] Hy 2700
Length of transverse branch pipe [mm]| Ly 550
Slope of transverse branch pipe [°] - 1.49
Height of sanitary ware pipe [mm]| Hy 200
Length of sanitary ware pipe [mm]| Lo 150
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3. Drainage pipe sound source simulation
3.1. Wall pressure due to the flow field in the drain

8.1.1. Simulation model building

According to the pipe form model setting in Sub-
sec. 2.3.3, the fluid simulation model of the internal
flow field of the single riser system is created in the
CATIA platform, as shown in Fig. 4.

Fig. 4. Fluid simulation model.

The overall model is divided with a tetrahedral
mesh, with boundary layers added near the walls. In
addition, local mesh encryption is carried out at the
intersection of the riser pipe and the transverse branch
pipe, the transverse branch pipe and the sanitary ware
drainage pipe, as shown in Fig. 5.

Fig. 5. Illustration of local grid encryption.

Finally, the number of mesh elements in the fluid
computational domain reaches 3.5 million, the maxi-
mum value of the mesh skewness is 0.76 < 0.9, and the
minimum value of the orthogonal quality parameter is
0.32>0.2. The overall mesh quality meets the Fluent
solution requirements.

8.1.2. Simulation parameter settings

3.1.2.1. Boundary condition setting. The boundary
conditions are set consistent with the actual drainage
process. The inlet of the sanitary ware pipe is defined
as the velocity inlet, and the siphon toilet, which is
widely used in China, was selected as the upper floor
drainage appliance, with the inlet flow velocity set at

v = 1.0 m/s. Moreover, the total flow rate of the pri-
mary drainage is controlled by writing the equation of
the velocity at the inlet and the proportion of each
phase, adjusting the velocity inlet to stop feeding wa-
ter when the total flow reaches the primary drainage
of the toilet, that is, 4.8 L. The velocity at the inlet is
automatically adjusted to v = 0 m/s. The other inlets
of the pipe are pressure inlets, and the inlet pressure
is p = 0 Pa. The bottom cross-trunk pipe outlet is set
as a pressure outlet with a pressure value of 0 Pa. The
diameter of each pipe section is 103.6 mm, and the tur-
bulence intensity is 5 %. The pipe wall is set as a no-
slip interface, and the wall roughness is set according
to the wall material. The roughness is 0.009 mm when
the wall is made of plastic, such as UPVC.

3.1.2.2. Solution setup. A double-precision solver
was selected for this simulation. The pressure-velocity
coupling is based on the pressure-implicit with split-
ting of the operator (PISO) algorithm. The discrete
pressure format is set to body-force-weighted. The
pressure and momentum terms are both second-order
upwind terms, and the gradient is based on the least
squares cell. The number of time steps is set to
3.2 x 10%.

The flow field within the height range of the sound
field simulation is selected, and the wall pressure data
obtained are used as the acoustic boundary condi-
tions for the subsequent simulation. In addition, the
time step size of the transient simulation directly af-
fects the frequency range of the acoustic simulation,
and the quantitative relationship between the two is
shown in Eq. (2):

]-/fmax

t, = e, 2)

In the sound field simulation, the highest frequency
of interest in this study is 4000 Hz, and the time step
size of the flow field simulation is set to 1.25x107% s
based on the relationship between the step size and
frequency.

3.1.3. Field-induced wall pressure data

The vibration noise generation principle is de-
scribed in Subsec. 2.1.2. For the bathroom pipe
drainage process, the water flows to a certain flow rate
from the upper end of the sanitary ware drainage pipe
under the joint action of gravity and wall friction along
the ware drainage pipe into the drainage transverse
branch pipe and drainage riser, and the wall of the
pipe at each connection produces constant changes in
the impact, inducing vibration of thin-walled pipes and
driving fluctuations in the external air medium, caus-
ing fluctuations in the sound pressure in the space and
thus spreading the drainage noise to the indoor space.
Therefore, the analysis of the pressure distribution on
the wall surface of the pipe is the analysis of the sound
source of pipe vibration.
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Fluent transient calculations are used to simulate
the primary drainage process of the toilet, intercept-
ing part of the flow field in the room and calculating
the pipe wall pressure at each time step in that range.
As the pipe drainage is constantly changing, the ve-
locity and pressure field distributions in the computa-
tional domain vary at each moment. When analysing
the change in pressure distribution at the pipe wall
during the primary drainage process, as the fluid flows
through each section of the pipe, the pressure distri-
bution at each part of the pipe wall within the height
range of the interior space shows a specific change rule.
To demonstrate the everchanging pipe wall pressure
distribution, at 0 s—2 s, representative time points in
different periods of fluid motion changes are selected
to indicate the distribution of the pipe wall pressure in
that period, as shown in Fig. 6.

Fluid starts to flow into the pipe from ¢ = 0 s. Dur-
ing the period from 0 s to 0.2 s, as shown in Fig. 6a, the
pressure is positive in all areas except for the inlet pipe
section, which is negative, and the pressure increases
as the drainage volume increases. During the period
from 0.2 s to 0.38 s, the fluid flows through the bend of
the drainage apparatus pipe, and the vertically falling
fluid has a significant impact on the outer wall of the
bend, as shown in Fig. 6¢, where the pressure gradually
increases and is much greater than the wall pressure at
other locations. From 0.38 s to 0.85 s, the fluid moves
from the sanitary ware drain pipe to the drain trans-
verse branch pipe, the impact of the fluid on the out-
side of the bend gradually decreases, the range of the
negative pressure zone extends to the upper sidewall
of the transverse sanitary ware drain pipe, as shown
in Fig. 6¢, and the maximum positive pressure value
is reached at ¢ = 0.422 s. During the 0.85s to 1.15s
period, the fluid moves mainly in the drain transverse
branch pipe, and the extent of the negative pressure
zone at the inlet increases further, while its pressure de-
creases. After this period, the fluid in the transverse
branch pipe starts to move into the riser, the outer wall
at the intersection of the riser and transverse branch

Fig. 6. Pressure distribution at the pipe wall at different
moments: a) t =0s;b) ¢ =0.2s;¢) t=0.256 s;d) t =0.422 s;
e)t=1.142s; f) t =1.782s.

pipe is subjected to a greater impact of the fluid, and
a positive pressure zone starts to appear, but the area
and pressure values of the positive pressure zone are
smaller than before, as shown in Fig. 6f.

The maximum pressure data and the location of the
wall surface at different times of the drainage process
are shown in Table 3. A maximum negative pressure

Table 3. Maximum wall pressure data and locations at different times.

Maximum positive . e Maximum negative . .
. Maximum positive Maximum negative
Period [s] pressure value ressure position pressure value resstre position
[N /m2] p p [N /m2] p p
t=0-0.2 <10 Otl?er arefis out51.de More than Inlet pipe section
the inlet pipe section -560
t =0.2-0.38 4.32x103 At the bend Above -500 Inlet to the area above the bend
A lower sidewall An upper sidewall
t =0.38-0.85 2.07 x 103 of the bend at the junction Approximately —300 of the bend where it meets
with the transverse branch pipe the transverse branch pipe
. Upper sidewalls of sanitary
Al dewall . .
t=0.85-1.15 0-800 of the trazzveerrsstle lj:z;?lch ipe - ware drains and drainage
v pp of the transverse branch pipe
Outer pipe wall
t =1.15 later 1.32x103 at the junction of the riser - -
and the transverse branch pipe
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of more than —-560 N/m? occurs during the 0s to
0.2 s period, and a maximum positive pressure of
4.32x 103 N/m? occurs during the 0.2's to 0.38 s pe-
riod.

The impact of the water flow on the wall at different
locations in the drainage process is constantly changing
with the fluid movement, and the vibration of the pipe
wall generated by the impact also changes at all times,
with a larger pipe wall impact in the 0s-1 s period.
Therefore, the pressure data in the 0 s—1 s period are
selected as the sound source for the acoustic simulation
to simulate the impact of vibration noise caused by
the fluid impacting the pipe wall at different locations
within the pipe.

3.2. Pipe sound field simulation

3.2.1. Simulation model and parameters

In practice, the flow field and the solid wall are
coupled, and the change in the fluid flow character-
istics inside the pipe has a large impact on the solid
wall of the pipe. Therefore, the vibration modal and
acoustic finite element methods are used to analyse
the acoustic characteristics of noise in the pipe un-
der fluid—solid coupling using the LMS Virtual Lab
software. A three-dimensional geometric model of the
pipe wall and the sound field inside the pipe was cre-
ated based on the pipe dimensions described in Sub-
sec. 2.3.3. A tetrahedral mesh of the structural and
acoustical computational domains is delineated and ex-
tracted. The upper-frequency limit of interest for this
simulation is 4000 Hz, and the mesh size of the pipe
wall and the internal acoustic field is 14 mm, as shown
in Fig. 7.

T

Fig. 7. Geometric modelling and meshing: a) pipe wall mod-
els and structural meshes; b) fluid domain and acoustic
mesh in pipe.

The structural grid of the pipe wall is made of
UPVC material. The material has Young’s modulus
of 3.14 x 10°, Poisson’s ratio of 0.32, and a density of
1400 kg/m3. The volume proportion of water inside the
pipe is so small that its effect is negligible. The mate-
rial of the fluid domain in the pipe is set to air. The

wall pressure data in the 0 s—1 s time interval are used
as the source conditions for the acoustic simulation,
and the acoustic—vibrational coupling method is used
in the acoustic finite element analysis module to simu-
late the distribution of the sound field inside the pipe.

3.2.2. Pipe wall vibration modes

The vibration modes of the pipe wall are calculated
in the noise and vibration module. Constraints are
set in the middle of the riser and the transverse branch
pipe to simulate the fixing effect of the pipe clamps
and displacement constraints are set in the z-, y-, and
z-directions at the upper and lower cross-sections of
the riser and the upper cross-section of the sanitary
ware pipe. Since the frequency range of concern for
acoustic simulation is 100 Hz—4000 Hz, the modal solu-
tion range is set slightly larger than the acoustic so-
lution range, which is 90 Hz-4010 Hz. The vibration
modes of several frequencies are intercepted, as shown
in Fig. 8.

a) b)

406
338 297

On Boundary

Fig. 8. UPVC pipe vibration modes: a) 250 Hz; b) 500 Hz;
¢) 1000 Hz; d) 2000 Hz.

The simulation results show that with the gradual
increase in frequency, the vibration amplitude of the
pipe wall gradually increases, and the maximum value
of its vibration displacement gradually increases from
39.1 mm near 125 Hz to 129 mm near 4000 Hz. Due to
the constraint effect of pipe clamps, the deformation
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degree of different positions of the pipe is very different
at the same frequency. For example, in Fig. 8b, the
vibration deformation of the pipe at 500 Hz is mainly
concentrated in the upper part of the riser, and the
maximum vibration displacement in the middle can
reach 49.1 mm, while the vibration deformation of the
lower part of the riser and the transverse branch is
smaller, and the resulting displacement can be ignored.

8.2.8. Sound field distribution inside the pipe

Based on the structural modal simulation results,
the sound field distribution inside the pipe under ex-
ternal motivation is calculated. Sound pressure level
monitoring points are set up in the acoustic solution
domain at the positions shown in Fig. 9 to observe the
radiated noise at different positions inside the pipe.
A cloud diagram of the sound pressure level distri-
bution in the solution domain is shown in Fig. 10a.

point 1

point 2

Fig. 9. Distribution of measurement points.

a)
b) |
gor
=
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i
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0 - % Pom2

o

125 200 315 500 800
Frequency [Hz]

1250 2000 3150

Fig. 10. Sound pressure level distribution cloud and spec-
tral distribution of the measurement points: a) sound field

distribution inside the pipe (1000 Hz); b) spectrum of

sound pressure levels at monitoring points.

The spectral distribution of each observation point is
shown in Fig. 10b.

The results show that the rheological vibration
noise inside the pipe exhibits notable high-frequency
characteristics, and the sound pressure gradually in-
creases with increasing frequency. The maximum
value occurs in the high-frequency range of 2000 Hz—
4000 Hz, and the maximum sound pressure can reach
more than 70 dB.

4. Results of the radiation sound field
distribution of pipe drainage

To investigate the effects of the door position, pipe
position, and partition wall material on the distribu-
tion characteristics of pipe drainage noise in the bath-
room and the adjacent usable space.

4.1. Simulation model setup

4.1.1. Model building

According to the model settings in Subsec. 2.3,
structural components such as pipe walls and bath-
room partition walls are established in LMS Virtual
Lab, and the three-dimensional geometric model of the
interior acoustic solution domain is shown in Fig. 11.
The positions of the different doors and pipes in the
bathroom are shown in Table 4.

~

Fig. 11. Simplified simulation model of the residential bath-
room: a) pipe wall; b) bathroom partition wall; ¢) AML
boundary layer.
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Table 4. Acoustic model settings.

Door positions

Pipe positions

A (positions overlap)

(positions overlap)

A, B, and C represent different pipe positions, with
1, 2, 3, and 4 representing different door positions in
the bathroom, excluding the A1 and C3 working condi-
tions where the pipe and door positions overlap, form-
ing a total of 10 different working conditions.

4.1.2. Parameter setting

The mesh size of the pipe wall structure and the
bathroom partition wall is set to 20 mm, and the mesh
size of the indoor acoustic domain is set to 14 mm con-
sidering the upper limit of the simulation frequency
and the computer performance. A field point grid and
noise monitoring points were set up 1.2 m above the in-
door floor to observe the distribution of drainage noise
in the interior space. The structural mesh is imported
into the noise and vibration module, and the contact
surface between the partition wall and other surround-
ing enclosure components is set as a fixed constraint
to determine the structural mode of the partition wall
in the acoustic calculation frequency range.

4.2. Analysis of the sound field simulation results

4.2.1. Influence of the door position

To analyse the influence of the door position on the
noise distribution of the pipe drainage in the external
space, the partition wall material is set as ordinary
concrete brick, and the pipe position in the model B is

used. For different door positions, the drainage noise
distribution is calculated under working conditions B1,
B2, B3, and B4. The structural modes of the partition
wall caused by pipe drainage in the acoustic calculation
frequency range for medium frequencies of 1000 Hz and
2000 Hz are shown in Table 5.

The spatial sound field distribution at different
door positions in the bathroom is simulated, and
the results are shown in Fig. 12. The noise spectrum
at the indoor monitoring points is shown in Fig. 13.

Analysis of the simulation cloud diagram and data
shows that the pipe drainage noise has prominent high-
frequency characteristics, and the sound pressure level
is higher in the frequency range above 1000 Hz. The
maximum noise level outside the pipe is distributed
near the pipe, with the noise level gradually decreas-
ing with increasing distance from the pipe. Analysis
of the distribution cloud diagram of the planar sound
pressure level indicates that the sound pressure level
is significantly greater than that in the surrounding
area of the connecting line between the riser and the
door, and the difference between the middle- and high-
frequency ranges can reach more than 10 dB.

The noise values of the monitoring points in the
bedroom space for the B1, B2, B3, and B4 working con-
ditions are 41.3 dB(A), 43.5 dB(A), 46.1 dB(A), and
43.2 dB(A), respectively, among which the noise value
of the B3 working condition facing the bedroom space
is greater than that of the other working conditions.
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Table 5. Schematic representation of the structural modes of the partition wall.

Frequency |[Hz| Position Bl Position B2 Position B3 Position B4

1000

2000

a) 250 Hz

Pressure Amplitude [(dB] On Boundary

Pressure Amplitude [dB] On Boundary Pressure Amplitude [dB] On Boundary

Pressure Amplitude [dB] On Boundary

4.7 88 32 251 2.2 182 1.3 45 -24 9.3 -16.2 %m.:} 2.2 9.2 01 -89 -18 -27 -36.1-45.1 wmﬁ 29.7 22.8 17.9 159 9.0 2.1 -4.8 -1L.7 4m.8 30.1 24.5 188 131 7.5 18 -3.9 9.6
(1) Position B1 (2) Position B2 (3) Position B3 (4) Position B4

b) 500 Hz

Pressure Amplitude [dB] On Boundary Pressure Amplitude [dB] On Boundary Pressure Amplitude [dB] On Boundary Pressure Amplitude [dB] On Boundary
- R ] - _ I -
56.2 48.6 40.9 33.3 257 20.9 18 10.4 59 49 -125 55.8 46.8 37.9 8.9 19.9 11 21 69 -159 248 -33.8 5.8 50.6 45.4 40.2 35 29.8 24.6 19.3 141 89 3.7 58.1 53.7 46.9 40.1 33.3 26.5 19.7 129 6.1 0.7 -7.6
(1) Position B1 (2) Position B2 (3) Position B3 (4) Position B4

[Fig. 12ab.]
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¢) 1000 Hz

Pressure Amplitude [dB] On Boundary Pressure Amplitude [dB] On Boundary Pressure Amplitude [dB] On Boundary Pressure Amplitude [dB] On Boundary
- - - -
64.3 549 45,5 36 266 171 7.7 -1.8 -1.2 -20.6-30.1 63,2 56.1 48.9 418 347 21.5 20.4 133 6.1 0.9 8.1 589 5.8 44.6 37.5 30.4 23.3 161 9 19 53 -124 65 58.7 524 46.1 39.7 2.1 25.1 20.8 145 81 18

(1) Position B1 (2) Position B2 (3) Position B3 (4) Position B4

d) 2000 Hz

Pressure Amplitude [dB] 0On Boundary Pressure Amplitude [dB] On Boundary Pressure Amplitude [dB] On Boundary ‘Pressure Amplitude [dB] On Boundary

67.2 58.2 49.3 40.3 33.6 224 13.4 45 -45-13.5-224 688 61 531 453 37.4 2.6 2.8 139 6.1 -.8 9.6 641 57 49.9 428 367 286 2.4 143 7.2 0.1 -7.0 62 533 4.6 3.8 30.8 27.1 184 9.7 0.9 -7.8 -16.5

(1) Position B1 (2) Position B2 (3) Position B3 (4) Position B4

e) 4000 Hz

Pressure Amplitude [dB] On Boundary Pressure Amplitude [dB] On Boundary Pressure Amplitude [dB] On Boundary “Pressure Amplitude [dB] On Boundary
- | E——
65.6 57.9 50.2 42.4 39.4 347 27 193 1.6 3.9 3.9 668 5.3 5 5.9 444 369 2.4 22 145 7.0 0.4 627 56 492 425 358 2.1 26.9 224 156 89 22 6.6 59.4 5.2 43 349 309 267 185 103 22 6

(1) Position B1 (2) Position B2 (3) Position B3 (4) Position B4

Fig. 12. Distribution of sound pressure levels in the external space at different door positions.
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Fig. 13. Sound pressure levels at monitoring points.

When the door position corresponds to the Bl and
B2 working conditions, the area with higher noise is
mainly distributed at the entrance of the bedroom
suite, and the impact on the noise in the bedroom space

a) 250 Hz

Pressure Amplitude [dB] On Boundary Pressure Amplitude [dB]

46.3 4.8 37.2 2.7 8.1 2.6 19 145 99 54 0.9
(1) Riser position A3
b) 500 Hz

Pressure Amplitude [dB] On Boundary

Pressure Amplitude [dB]

48.8 40.4 3.9 2.5 151 6.7 -1.7 -10.2-18.6 -27 -35.4

(1) Riser position A3

45.8 8.5 312 24 167 9.4 218 -5.1-123 -19.6 -26.9

(2) Riser position B3

55.8 50.6 45.4 40.2 3 29.8 246 19.3 141 89 37

(2) Riser position B3

is relatively small; under the B3 and B4 working con-
ditions, as the relative angle between the door and the
riser increases, the noise value of the indoor monitoring
points increases.

4.2.2. Influence of the riser position

To analyse the influence of the drainage riser po-
sition on the distribution of pipe drainage noise in
the external space, the door position is configured
for the Model 3, and the drainage noise distributions of
the A3, B3, and C3 working conditions are calculated
for different pipe positions.

The external spatial sound field distribution of the
riser at different positions is shown in Fig. 14, and
the noise spectrum of the indoor monitoring points is
shown in Fig. 15.

In a comparison of the calculations for different
riser positions, when the riser positions are in the A3,

On Boundary Pressure Amplitude [dB] On Boundary

46.2 2.3 34.2 30.2 26.1 247 18 9.9 18 63-143

(3) Riser position C3

On Boundary

Pressure Amplitude [dB)

On Boundary

-
52.4 45.2 31.5 3.1 31 29.7 17.8 1.2 47 -L9 -85

(3) Riser position C3

[Fig. 14ab.]
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¢) 1000 Hz

Pressure Amplitude [dB] On Boundary Pressure Amplitude [dB] On Boundary Pressure Awplitude 03] On Boundary
-
6.1 5.3 5.5 4.7 3L1 2.7 243 1.5 108 3.9 29 625 5.1 4.7 4.3 33 2.6 18.2 108 34 4.0 -1.4 6L4 5.9 49.9 425 3.1 294 207 20.4 13 56 -L8

(1) Riser position A3 (2) Riser position B3 (3) Riser position C3

d) 2000 Hz

Pressure Amplitude [dB] On Boundary Pressure Amplitude [dB] On Boundary Pressure Amplitude [dB] On Boundary

6l.6 542 46.8 39.4 32 2.9 24.6 17.2 9.8 24 5.0 641 57 49.9 428 3.7 8.6 21.4 143 7.2 01 69 67.2 549 47.1 39.3 3.5 8.4 23.7 159 81 04 -7.4

(1) Riser position A3 (2) Riser position B3 (3) Riser position C3

e) 4000 Hz

Pressure Amplitude [dB] On Boundary Pressure Amplitude [dB] On Boundary

Pressure Amplitude [dB] On Boundary

| .
66.4 545 47.1 39.8 32.4 27.6 25 17.6 10.3 29 41 62.7 5% 49.2 425 35,8 20.1 269 224 156 89 22 5.6 49.8 43 362 29.3 225 157 84 2.0 48 -I1L.7

(1) Riser position A3 (2) Riser position B3 (3) Riser position C3

Fig. 14. Distribution of sound pressure levels in the external space at different riser positions.
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Fig. 15. Sound pressure levels at monitoring points.

B3, and C3 working conditions, the pipe drainage noise
values at the monitoring points in the bedroom are
48.2 dB(A), 46.1 dB(A), and 43.9 dB(A), respectively.

a) 250 Hz

Pressure Amplitude [dB] On Boundary Pressure Amplitude [dB]

-
47.8 3.1 345 28.4 186 89 0.8 -10.5 203 30 -39.7 416 345 20.5 20.4 134 6.3 0.7 7.8 -14.8 2.9 -28.9

(1) Material A (2) Material B

b) 500 Hz

Pressure Amplitude [dB] Pressure Amplitude [dB]

- -
47.3 40.3 333 30.3 264 194 125 56 -14 84-153 376 2.9 222 167 146 9.45 6.92 0.7 8.4 -16.1 23.7

On Boundary

(1) Material A (2) Material B

On Boundary Pressure Amplitude [dB]

Pressure Amplitude [dB]

-
5.9 5.1 46.3 39.5 338 28 222 164 10.6 49 0.9 592 533 47.5 417 358 30 242 183 125 6.7 0.8

On Boundary

The A3 working condition has the highest noise impact
because there is no direct shielding between the riser
and the external space, so the drainage noise is directly
transmitted to the outside.

4.2.3. Influence of the partition wall material

To analyse the influence of the bathroom partition
wall material on the noise distribution in the external
space, the partition wall material parameter is used as
the dependent variable, and the position of the pipe
and door is set to the B3 working condition. Common
masonry materials are selected for the partition wall
material, including ordinary fired brick masonry, ordi-
nary concrete brick masonry, a lightweight aggregate
concrete block wall, and a fly ash block wall, and the
corresponding property setting parameters are shown
in Table 6.

Pressure Amplitude [dB]
-

On Boundary On Boundary

4.6 389 33.2 30.7 2.6 244 2.9 163 106 49 0.7 482 4.6 39.9 345 316 2.5 2.4 149 66 -L7 -10

(3) Material C (3) Material D

On Boundary On Boundary

Pressure Amplitude [dB]
| e

(3) Material C (3) Material D

[Fig. 16ab.]



Y. Wang et al. — Study on the Impact of Drainage Noise in Residential Bathrooms Based. . . 413

¢) 1000 Hz

Pressure Amplitude [dB] On Boundary Pressure Amplitude [dB] On Boundary Pressure Amplitude [dB] On Boundary Pressure Amplitude [dB] On Boundary
- - -
5 46.7 431 40.1 37.2 27.7 18.3 88 0.7 -10.1-19.6 589 5.8 44.6 37.5 30.4 233 161 9 19 -5.3-12.4 629 56.1 49.2 423 354 8.5 2.6 147 7.9 0.9 59 636 5.3 49 4.7 344 27.1 198 125 52 -21 95

(1) Material A (2) Material B (3) Material C (3) Material D

d) 2000 Hz

Pressure Amplitude [dB] On Boundary Pressure Amplitude [dB] On Boundary Pressure Amplitude [dB] On Boundary Pressure Amplitude [dB] On Boundary

-
56.3 52.1 4.9 414 35.1 33.9 26.4

(1) Material A (2) Material B (3) Material C (3) Material D

19 1.5 40 -35 446 389 33.2 30.7 27.6 24.4 219 163 106 4.9 0.7 67 59.8 526 45.5 383 3.1 24 168 9.6 24 47 688 6.3 53.8 46.2 387 3.2 23.7 162 86 L1 6.4

e) 4000 Hz

Pressure Amplitude [dB] On Boundary Pressure Amplitude [dB] On Boundary Pressure Amplitude [dB] On Boundary

Pressure Amplitude [dB] On Boundary

|
62.755.6 48.5 4.4 34.3 2.2 0.1 13 59 -L2 83 6.7 % 49.2 425 358 29.1 269 224 156 2 22 69.2 5.1 481 4L1 341 20.1 247 20 13 6 -LO0 698 625 5.2 4.9 39.5 334 261 188 1L5 42 -3.1

(1) Material A (2) Material B (3) Material C (3) Material D

Fig. 16. Distribution of sound pressure levels in the external space for different partition materials.
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Table 6. Materials for bathroom partitions.

Young’s . R .

Materials modulus POISSPH s Dens1t3y

[N /m?] ratio |kg/m?]
Ordinary fired brick 4.4 x10° 0.15 1800
Ordinary concrete bricks 4.4 x10° 0.2 2000
Lightweight aggregate concrete block 3.4x10° 0.2 1000
Fly ash block 2.83 x 107 0.2 1400

The sound field distribution in the external space
with different partition wall materials. The results are
shown in Fig. 16. The four materials in the diagram
are represented by materials A, B, C, and D. The noise
spectrum at the indoor monitoring point is shown in
Fig. 17.

45

Sound pressure level [dB]
3 3 B R 8 R 8

v

S

160 250 400 630 1000 1600 2500 4000
Frequency [Hz]

Fig. 17. Sound pressure levels at monitoring points.

A comparison of the noise data from the monitoring
points in the bedroom shows that the noise gradually
increases with increasing frequency, showing an in-
creasing trend, with a few frequencies, such as 400 Hz,
800 Hz, and 2500 Hz, showing a slight decrease in
the noise. The noise values of the monitoring points
in the bedroom space under the four working condi-
tions of ordinary concrete bricks, ordinary fired bricks,
lightweight aggregate concrete blocks, and fly ash
blocks are 46.1 dB(A), 44.6 dB(A), 48.1 dB(A) and
48.6 dB(A), respectively. When wall materials with
higher masses, densities, and Young’s moduli, such as
ordinary concrete bricks and ordinary fired bricks, are
used, the external space noise is slightly lower than
that under working conditions with lightweight con-
crete and fly ash blocks. However, the difference be-
tween the noise values simulated under the four work-
ing conditions is not prominent.

5. Test of drainage noise

To verify the accuracy of the simulation results, the
B3 working condition with the most simulated cases
in Sec. 4 was chosen for the drainage noise field test
to compare the results of the simulation and the test of
drainage noise.

5.1. Test programme

The plan layout of the spaces within the test suite
is shown in Fig. 18a. The partition wall between

L 2000 , 3000

a) L 230

3960

. 1820

6330
5460

3760 4150

Fig. 18. Test condition master bedroom suite: a) plan lay-
out of test condition; b) master bathroom riser.
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the bathroom and the adjacent space is a 100 mm
lightweight block wall. The sanitary ware is a toilet.
A common UPVC single-riser drainage system with
different floor drainage methods is used in the master
bathroom, as shown in Fig. 18b. The riser in the mas-
ter bathroom is located at the intersection of the sec-
ond bedroom partition wall and the splitting wall, with
the door opening towards the master bedroom. The
layout is the same as that of the B3 working condition.
The field test consists of the indoor background
noise and drainage noise. The background noise was
measured with the doors and windows closed. During
pipe drainage in the master bathroom, the noise in
the adjacent space was measured under the most un-
favourable conditions, that is, with the door open.
The test period was from 2 p.m.—4 p.m., and the in-
strument was a BK2260 precision noise analyser with
a range of 0.8 dB-80 dB. The sound pressure level was
measured at 1/3 octave centre frequencies in the range
of 10 Hz—20 kHz. The sound pressure level at the cen-
tre of the room is used to represent the noise level of
the whole space according to the relevant specifications
for sound pressure level testing, with the height of the
measurement point being 1.2 m above the indoor floor.

5.2. Comparison of simulation and test results

A comparison of the simulated and tested sound
pressure levels for the B3 working condition is shown
in Fig. 19. When the doors and windows are closed, the
background noise level during the day is 33.7 dB(A),
as shown in Fig. 20. Analysis of the data shows that

45 -~ .
B oa L —
% > w s —a : .
L . J
A )y 4
= 30 — o F a
25 n
20 — o
Tt J /S
g 10 F H —o— Test sound pressure level
5 L o #— Simulated sound pressure levels
0 P R BN | [ T T B |

160 250 400 630 1000 1600
Frequency [Hz]

Fig. 19. Comparison of the sound pressure levels
of simulations and tests.
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Fig. 20. Indoor daytime background noise.

the tested sound pressure level for drainage noise was
48.5 dB(A), which is 2.4 dB different from the simu-
lated sound pressure level of 46.1 dB(A) for the B3
working conditions in Subsecs. 4.2.1 and 4.2.2, mainly
due to the influence of background noise at the test
site. Analysis of the sound pressure level frequency
curves clearly shows that in the range of 125 Hz—
3150 Hz, the test sound pressure level is slightly greater
than the simulated sound pressure level, and in the
range of 3150 Hz—4000 Hz, the simulated sound pres-
sure level is slightly greater than the test sound
pressure level, but the overall trend of the simulated
and test sound pressure level frequency curves is sim-
ilar. At the same time, both the simulated and tested
sound pressure levels exhibit high-frequency character-
istics, with the maximum noise occurring at approxi-
mately 1600 Hz—2000 Hz. A comparison of the conclu-
sions shows that the results obtained by the numerical
calculation method are consistent with the test results.

6. Conclusions

This paper analyses the causes and factors influ-
encing bathroom drainage noise and uses the finite el-
ement numerical simulation technology with the help
of the Fluent software and the LMS Virtual Lab to
present a method to simulate the indoor drainage
noise distribution using a joint simulation of the flow
and sound fields. A three-dimensional model of the
drainage noise computational domain, pipe wall, and
partition wall was established to simulate the distribu-
tion of pipe drainage noise in the space under different
working conditions, such as different door opening po-
sitions, riser arrangement positions, and partition wall
materials. The conclusions are as follows:

1) The noise generated by drainage pipes increases
with increasing frequency and has prominent
high-frequency characteristics. Larger sound pres-
sure levels often appear between high frequencies
of 1600 Hz-2000 Hz.

2) The noise outside the pipe decreases gradually
with an increasing distance from the pipe. The dis-
tribution of noise in the bedroom plane exhibits
notable directionality due to the shielding and ob-
struction effect of the enclosure components. The
sound pressure level near the connection line be-
tween the drainage riser and the door is greater
than that of the surrounding area, and the differ-
ence increases with increasing frequency.

3) Among the four working conditions of the bath-
room door position, the noise simulation value
is 46.1 dB(A) when the bathroom door is ar-
ranged facing the used space, which is significantly
greater than that under other working conditions.
When the drainage riser is set towards the door,
the simulated noise can reach 48.2 dB(A), which
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is slightly greater than that under other working
conditions. When the bathroom partition wall is
made of four common materials — ordinary con-
crete bricks, ordinary fired bricks, lightweight ag-
gregate concrete blocks, and fly ash blocks — the
simulated noise at the bedroom monitoring point
ranges from 44.6 dB(A) to 48.1 dB(A), and ordi-
nary fired bricks have better sound insulation per-
formance. Therefore, to reduce the interference of
drainage noise from residential bathrooms, the po-
sition of bathroom doors, the position of pipes,
and the construction of partition walls should
be reasonably considered when designing building
plans.

However, due to the limitations of the current level
of the numerical simulation technology and the capa-
bilities of the finite element simulation software, the
three-dimensional model used in this paper has been
simplified, and more ideal parameter settings have
been adopted. However, it is hoped that the actual
research and related conclusions in this paper can pro-
vide a reference for further research in the future.
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