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A multi-physics approach for
modelling noise mitigation
using an air-bubble curtain
in impact pile driving

Yaxi Peng1*, Antonio Jarquin Laguna2 and Apostolos Tsouvalas1

1Department of Structural Engineering, Delft University of Technology, Delft, Netherlands,
2Department of Maritime & Transport Technology, Delft University of Technology, Delft, Netherlands
Underwater noise from offshore pile driving has raised significant concerns over its

ecological impact on marine life. To protect the marine environment and maintain

the sustainable development of wind energy, strict governmental regulations are

imposed. Assessment and mitigation of underwater noise are usually required to

ensure that sound levels stay within the noise thresholds. The air-bubble curtain

system is one of the most widely applied noise mitigation techniques. This paper

presents a multi-physics approach for modeling an air-bubble curtain system in

application to offshore pile driving. The complete model consists of four modules: (i)

a compressible flowmodel to account for the transport of compressed air from the

offshore vessel to the perforated hose located in the seabed; (ii) a hydrodynamic

model for capturing the characteristics of bubble clouds in varying development

phases through depth; (iii) an acoustic model for predicting the sound insertion loss

of the air-bubble curtain; and (iv) a vibroacoustic model for the prediction of

underwater noise from pile driving which is coupled to the acoustic model in (iii)

through a boundary integral formulation. The waterborne and soilborne noise

transmission paths are examined separately, allowing us to explore the amount of

energy channeled through the seabed and through the bubble curtain in the water

column. A parametric study is performed to examine the optimal configuration of

the double bubble curtain system for various soil conditions and pile configurations.

Model predictions are compared with measured data. The model allows for a large

number of simulations to examine different configurations of a single bubble curtain

and a double big bubble curtain.

KEYWORDS

underwater noise, offshore pile driving, soil conditions, vibroacoustics, noisemitigation,
air-bubble curtains
1 Introduction

Offshore wind energy has been the main contributor to a sustainable and carbon-free

energy supply. The monopiles are the main foundation of offshore wind turbines. The

installation of the piles generates a significant amount of underwater noise, which causes

serious concerns for the marine environment (Bailey et al., 2010; Hastie et al., 2019). To
frontiersin.org01

https://www.frontiersin.org/articles/10.3389/fmars.2023.1134776/full
https://www.frontiersin.org/articles/10.3389/fmars.2023.1134776/full
https://www.frontiersin.org/articles/10.3389/fmars.2023.1134776/full
https://www.frontiersin.org/articles/10.3389/fmars.2023.1134776/full
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fmars.2023.1134776&domain=pdf&date_stamp=2023-10-16
mailto:y.peng@tudelft.nl
https://doi.org/10.3389/fmars.2023.1134776
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/marine-science#editorial-board
https://www.frontiersin.org/marine-science#editorial-board
https://doi.org/10.3389/fmars.2023.1134776
https://www.frontiersin.org/journals/marine-science


Peng et al. 10.3389/fmars.2023.1134776
minimize the impact of noise emission on the marine ecosystem

system and to protect the fish, invertebrates, crustaceans and

marine mammals (Tidau and Briffa, 2016; Chahouri et al., 2022),

strict regulations on the noise threshold have been imposed by the

government in many countries (International Maritime

Organization, 2014; Williams et al., 2014; National Oceanic and

Atmospheric Administration, 2016; Merchant et al., 2022). To

reduce noise levels at the source, vibratory installation of

monopiles are utilized either by replacing or in combination with

impact hammers. The change in the installation method can

significantly alter the characteristics of the radiated wave field

(Dahl et al., 2015; Tsouvalas and Metrikine, 2016b; Tsouvalas,

2020). Furthermore, the non-linear conditions at the pile-soil

interface can have a substantial impact on the dynamic response

of the pile and the wave field in the surrounding medium

(Molenkamp et al., 2023; Tsetas et al., 2023).Various noise

mitigation systems have been employed to block noise

transmission in seawater, e.g., the air-bubble curtain system, the

hydro-sound damper system, the noise mitigation screen and

resonator-based noise mitigation systems (Lee et al., 2014;

Verfuß, 2014; Nehls et al., 2016). The efficiency Hydro-Sound-

Damper system (HSD) has been examined through measurements

and offshore tests as shown in Elmer et al. (2012); Bruns et al.

(2014), which indicates the significant influence of the soil

conditions on the sound emsission and the effectiveness of the

system. However, the HSD system is deployed in the pile vicinity

and therefore any energy that is radiated into elastic waves in the

soil cannot be blocked and can eventually leak back into the

seawater column outside the HSD net. Moreover, the HSD net is

based on linear principles of noise attenuation (resonances of the

air-filled balloons and acoustic wave scattering) and as such the size

of the elements attached to the net needs to be very large when it

comes to dominant frequency ranges associated with large

monopiles. Therefore, the efficiency of HSD nets still needs

further investigation when it comes to noise radiation from large

size monopiles (D>7-8m) that are installed nowadays. The

innovative open-ended resonators were developed by AdBm

Technologies and the University of Texas at Austin Lee et al.

(2014). The acoustic behaviour of both the open-ended resonators

and the encapsulated air bubbles was investigated through

laboratory tests and open-water tests. Among these noise

abatement technologies, the air-bubble curtain system is the most

widely applied in the offshore industry. Before installing monopiles,

perforated hoses are positioned at the seabed in a circle or an ellipse

layout and air is injected from the air-compressor vessels through

risers in connection with the hoses. The freely rising air bubbles are

released from nozzles and create a layer of bubbly mixture.

Significant noise reductions can be achieved by a large impedance

mismatch between the seawater and the bubble-fluid mixture and

the resonance of bubbles. Compared to the other sound abatement

systems, the air-bubble curtain system is the only far-field noise

mitigation technique deployed so far in full scale. The system can be

positioned up to 200m away from the pile and can largely capture

the energy channeled from the soil back into the water column. In

contrast, the near-field noise mitigation systems, such as the hydro-

sound damper system (Elmer et al., 2012; Bruns et al., 2014; Nehls
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et al., 2016) or noise mitigation screen can only mitigate the sound

radiated directly from the pile surface into the seawater. The use of a

double big bubble curtain system (DBBC) configuration is usually

adopted for foundation piles with large dimensions, and can be used

in combination with other mitigation techniques in the vicinity of

the pile to achieve acceptable noise levels. The configuration of the

bubble curtain is usually standard and is based on common

engineering experiences.

Many noise prediction models for impact pile driving have been

developed over the last decade (Reinhall and Dahl, 2011; Tsouvalas

and Metrikine, 2013; Zampolli et al., 2013; Tsouvalas and

Metrikine, 2014; Fricke and Rolfes, 2015; Lippert et al., 2016;

Wilkes et al., 2016; Dahl and Dall’Osto, 2017; Lippert et al., 2018;

Tsouvalas, 2020; Peng et al., 2021a). The sound levels are expected

to exceed the limits of Sound Exposure and Peak pressure levels

without the application of the noise abatement system. To examine

the performance of an air-bubble curtain system, a semi-analytical

model was developed in (Tsouvalas and Metrikine, 2016a). The

dynamic interaction between the pile, water, soil, and air-bubble

curtain is captured through a mode-matching technique. The

acoustic properties of the bubble curtain are determined by an

effective wavenumber theory (Commander and Prosperetti, 1989),

assuming the bubbly layer is a homogeneous medium with mono-

sized bubble distribution. The finite element (FE) model developed

in (Lippert et al., 2017) uses a simplified approach by modeling the

air bubble curtain with a fully absorbing layer. A model based on the

hydrodynamic behavior of bubble breakup and coalescence is

developed by Bohne et al. (Bohne et al., 2019). The various

bubble generation and development phases are captured and the

acoustic characteristics are determined with a depth- and

frequency-dependent transfer function. The FE module, including

the pile, water, soil and bubble layer described by the bubble

dynamic model is used for the noise source generation and

propagation. Subsequently, the bubble size distribution is

optimized by the two fractions of bubbles, namely large and small

bubbles in (Bohne et al., 2020). The results showed a reasonable

agreement with the measurement data. A semi-analytical model

(Peng et al., 2021b) is developed where the hydrodynamic module

for describing the bubble formation process is coupled to the

vibroacoustic model for noise prediction from pile driving

through a boundary integral formulation. The results indicate

that an accurate description of the acoustic characteristics of the

bubbly layer is critical for modeling noise mitigation using the air-

bubble curtain system. The performance of the air-bubble curtains

can vary significantly in azimuth direction due to the inherent

variations in the airflow circulation through the perforated pipes

positioned on the seabed surface. As the air flow rate through the

nozzle can have a significant impact on bubble generation and

development, there is a need to determine the flow velocity of the air

as generation and the development of the bubble curtain are

sensitive to the initial conditions at the nozzle (Bohne et al., 2020).

In this paper, the authors developed a multi-physics model for

modeling noise mitigation using the air-bubble curtain system. The

complete model consists of four modules: (i) a compressible flow

model to account for the transport of compressed air in the hose; (ii)

a hydrodynamic model for capturing the characteristics of bubble
frontiersin.org
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clouds in varying development phases through depth and range;

(iii) an acoustic model for predicting the sound insertion loss of the

air-bubble curtain; and (iv) a vibroacoustic model for the prediction

of underwater noise from pile driving which is coupled to the

acoustic model in (iii) through a boundary integral formulation.

The flow of the modeling activity is shown in Figure 1. The structure

of the paper is as follows. In Section 2, the description of the

compressible flow model is given together with the governing

equations. The description of the hydrodynamic and acoustic

models is given in Section 3. In Section 4, the vibroacoustic

model for predicting the noise in the mitigated field are

introduced. In Section 5, a sensitivity study is performed to

examine the acoustic characteristics of the bubble curtain. In

Section 6, the validation study based on an offshore installation

campaign is presented. Finally, Section 7 gives an overview of the

main conclusions of the paper.
2 Compressible flow model

In this Section, the pneumatic model is presented for modeling

the transport of compressed air from the air-injection vessel to the

perforated hose on the seabed. The governing equations are given

and the field test is presented for examining the pressure variation

along the hoses for various airflow rates.
2.1 Description of the model

An engineering model is being developed using compressible

flow theory to predict the operational parameters of a given hose-

nozzle configuration used for bubble curtain generation. The total

amount of air that is being delivered by the series of compressors is

used as the main input and given as a volumetric flow rate at free air

delivery conditions (FAD1). The other input parameters consist of

the density of seawater and air, water depth, and the geometrical

characteristics of the feeding and perforated hose configuration.

The results of the numerical model give the pressure distribution

along the hose together with the average axial flow velocities and

mass flow rates at each nozzle location. The total required upstream

pressure considering the feeding hose can also be assessed.

The model considers a straight, horizontal hose with a constant

diameter and uniform spacing of identical nozzles. The air is

injected from from two sides of the hose. Hence, the model

assumes symmetry and only half of the total length is required to

characterize the flow and pressure distribution; this is represented

through a zero flow boundary condition to make sure that all the air

is depleted at 180° from the injected position. The hose is discretized

into a fixed number of segments according to the total length L and

the nozzle spacing S as shown in the schematic of Figure 2. As long

as the number of segments is beyond 100, a regular polygonal

approximation will closely resemble a circle and is visually

indistinguishable for most practical purposes.
1 FAD conditions are defined at p = 101325Pa, T = 293.15K
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2.2 Governing equations

For each segment i, isentropic compressible flow theory in

combination with the state equation of the ideal gas law is used

to obtain the mass flow rate _mnz,i, across the nozzle with diameter d

according to the following equations (Shapiro, 1953):

_mnz,i = Cd
pd2

4
2g

g − 1
Piri 1 −

Phst
Pi

� �g −1
g

" #
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g

 !0:5
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M2
i

� � g
g −1

(2)

Mi =
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Where the discharge coefficient Cd = 0.55 is used for each nozzle

(Nehls and Bellmann, 2016), g = 1.402 is the air adiabatic constant,

R = 287J/kg/K is the specific air gas constant, T = 291K (18°C) is the

air temperature, Phst is the hydrostatic pressure outside the hose, Pi
is the pressure inside the hose at each nozzle location,Mi and Ui are

the Mach numbers and air velocities across the nozzles respectively.

Conservation of mass is applied to the control volume of each

segment to obtain the upstream mass flow rates _mi as a function of

the flow rates through the nozzle and from the downstream

segment.

_mi = _mnz,i + _mi+1 (4)

Assuming that the velocity and fluid properties are constant

across sections normal to the flow (i.e. no radial gradients), one-

dimensional, isothermal compressible flow in pipes with a constant

area is used to calculate the upstream pressure of each hose segment

including friction. The pressure losses in each segment of length l

include the friction factor f which is obtained by the Colebrook–

White equation (Menon, 2015) according to the Reynolds number

Re and hose roughness ϵ as described in the following equations:
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2.3 Field test

A series of medium-scale tests were performed in Sliedrecht, the

Netherlands in July 2022. The main objective of the tests was to

provide measurements of the pneumatic system used to generate

the bubble curtain in order to gain insights into the pressure

distribution along the length of the hoses for different volumetric

flow rates of injected air. The tests comprise several configurations

with different hose sizes, hose lengths, spacing between nozzles, and

nozzle diameters. In this Section, the test results for one
frontiersin.org
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configuration with varying air flow rates are presented to show the

effect on the pressure distribution.

The measurements of the flow rate, pressure, and temperature

sensors are continuously recorded during the entire measurement

campaign. For each time trace of both flow and pressure

measurements, several intervals under steady conditions were

identified. The statistical values for each interval were calculated

and reported for each pressure sensor located at certain distance

from the feeding air as seen in Figure 3.

The test configuration for one of the field tests is presented in

Table 1 with varying flow rates from 76.7m3/hr to 200m3/hr. This

particular configuration has the closest similarity to the current
Frontiers in Marine Science 04
practice setup from the scaled parameters. As shown in Figures 3A,

B, for each flow rate, the pressure decreases nonlinearly with the

distance between the pressure sensor and the air injection point.

The pressure amplitude against the volume of air per unit time is

also presented in Figure 3C for sensors at different horizontal

distance from the air injection point. The numerical results are

compard to the model as shown in Figures 3B–D, which indicates

the results from the model and the field test agree reasonably well

for pressure measurements below 3 bar. However, when it comes to

higher pressures above 4 bar, the simulation shows lower pressure

at the feeding point at all flow rates cases as the pressure is

significantly underestimated. The discrepancy can be attributed to
FIGURE 2

Schematic of the discretized model of the hose with nozzles for air transportation.
FIGURE 1

Activity flow of the complete model: 1) define the input of the model; 2) modelling of the pneumatic system; 3) modelling of the air-bubble curtain
system; 4) modelling of the mitigated sound field with the use of DBBC.
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the impact of the non-linear decrease of pressure closer to the air

feeding point. The error bar on the top of each bar of the histogram

in Figure 3 indicates the deviation from the mean value in the

pressure during the recording at a constant flow rate. The nonlinear

pressure drop indicates that the airflow circulation leads to the

variation of the pressure and air flow through the nozzles in the

azimuth, which has a significant impact on the performance of the

air bubble curtain system along the circumference. By comparing

the various airflow rates in the given hose-nozzle configuration,

pressure at each location of the sensor increases nonlinearly with

the airflow rate. The field test verifies the influence of the volumetric

flow rate of the injected air on pressure distribution along the hose,

which indicates that the performance of the air-bubble curtain

varies along the circumference.
Frontiers in Marine Science 05
3 Hydrodynamic and acoustic model
for air-bubble curtain

The hydrodynamic model aims to capture the characteristics of

bubble generation and development. The model describes a

turbulent two-phase bubble flow, in which the bubble plume is

developed from a nozzle and followed by the breakup and

coalescence of bubbles. The modeling of the bubble formation is

based on an existing model developed by (Bohne et al., 2019, 2020).

Based on the airflow velocity through each nozzle derived from the

pneumatic model, the input for the hydrodynamic model can be

determined for a single bubble curtain configuration. The resulting

set of equations reads,

d
dz

m(u, z) = q(u, z) (7)

In Eq. (7), u = [ulzm,b,ϵgm1,ϵgm2,v1,v2]. The results after solving

the set of equations include the half-width of bubble curtain b, gas

fraction ϵgm1 and ϵgm2, flow velocity ulzm, and mean bubble volume

v1 and v2, which vary with the depth z. The expressions for the vector

of the integral fluxes m(u,z) and the integral source term q(u,z) are

presented in detail in (Bohne et al., 2020; Peng et al., 2021b) and are

omitted here for the sake of simplicity.

The acoustic model includes the depth- and frequency-

dependent transmission coefficients of each bubble curtain

configuration. The model is based on a simplified one-
TABLE 1 Test configuration for the experiment.

Configuration Value Unit

Hose diameter 0.0124 m

Nozzle spacing 0.15 m

Nozzle diameter 0.001 m

Air Flow rate 76.7 to 200 m3/hr

Hose length 45 m
B

C D

A

FIGURE 3

Comparison between simulation and experimental results for configuration tested at a water depth of 2.0m. L=45m, D=12.4mm, d=1.0mm, s=15cm.
(A) Experimental results. (B) Pressure distribution along hose length. (C) Pressure vs airflow rate. (D) Comparison Model vs experiments.
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dimensional acoustic wave propagation approach developed in

(Commander and Prosperetti, 1989). Given the bubble

characteristics obtained from the hydrodynamic model, the

distribution of the local effective wavenumbers km(w,z,r) is

determined over the entire water depth as described in (Peng

et al., 2021b). The transmission coefficients ~H(z,w) are then

determined per z-coordinate and are constant within the vertical

step size Dz of the integration. The transfer coefficient function is

coupled to the noise prediction model through boundary integral

equation. The local transmission loss (dB/m) is obtained as (Bohne

et al., 2019; Peng et al., 2021b):

TL(w) = 10 log  (o
M

i=1
jeH(zi,w)j2

Dz
T

) (8)

in which T is the height of the bubble curtain, the Dz is the

integration step in the water column andM are the total number of

vertical steps.
4 Vibroacoustic model for
noise prognosis

The noise prediction model for offshore pile driving is depicted

in Figure 4. The noise prediction module comprises a pile modeled

as a linear elastic thin shell and surrounding media modeled as

horizontally stratified acousto-elastic half-space. The hammer and

anvil are not modeled explicitly, but replaced by a forcing function F

(t). The direct boundary element method (BEM) is deployed to

couple the noise prediction model for non-mitigated field and the

acoustic model for the air-bubble curtain as discussed in Section 3.

The solution of the acousto-elastic wavefield employs Somigliana’s

identity in elastodynamics and Green’s third identity in potential

theory (Achenbach, 1973; Beskos, 1987; Jensen et al., 2011). The

response functions from the noise prediction model are coupled to

the sound propagation module through a boundary integral

formulation on the cylindrical boundary surface r = rbc. By

utilizing Betti’s reciprocal theorem in elastodynamics (Beskos,
Frontiers in Marine Science 06
1987) and Green’s theorem for acoustic problem (Jensen et al.,

2011), the complete solution for the acousto-elastic domain reads

(Peng et al., 2021a):

~uXa (r,w) = ~uX,fa (r,w) + ~uX,sa (r,w)

= o
b=r,z

Z
Ss
eUXs
ab (r, rbc,w) ·~t

n
b (rbc,w) − eTn,Xs

ab (r, rbc,w) · ~ub (rbc,w)
� �

dSs(rbc)

+
Z
Sf
eH(z,w) eUXf

ar (r, rbc,w) · ~p(rs,w) − eTn,Xf
ar (r, rs,w) · ~ur(rbc,w)

� �
dSf (rbc), r ∈ V

(9)

in which the fundamental solutions of Green’s displacement

tensors ~UXx
ab (r, rs,w) are derived from the potential functions

(Achenbach, 1973) given the receiver point at r = (r,z) (in

medium X) in a-direction due to a unit impulse at source, rs =

(rbc, zs) (in medium x) in b-direction n is the outward normal to the

cylindrical boundary, ~H(z,w) is the transmission coefficient

function of the air-bubble curtain with depthand frequency-

dependence as discussed in Section 3.
5 Sensitivity analysis

In this Section, a parametric study is presented to examining the

sensitivity of the acoustic characteristics of the air-bubble curtain

system on the air volume injection rate, size of the bubble curtain,

nozzle size of the hose, and DBBC configurations. As shown in

Table 2, 13 scenarios are considered by varying the nozzle spacing

and size, and flow velocity due to different air injection ratio and

size of the bubble curtain. The base case nozzle configuration

consists of a nozzle spacing of 0.3m, a nozzle diameter of 2mm,

and a flow velocity of 100m/s, which is typically applied in offshore

projects related to installation of foundation piles in offshore wind.

To examine configurations for DBBC, three sets of analyses are

performed for the varying radii of the outer BBC keeping the inner

one at a fixed position, i.e., at 50m, 75m and 100m. For each

configuration, three predictions are performed for the lower, upper

and median values of the air flow rate.
FIGURE 4

Geometry depiction of the complete system (left) and the coupled model (right) (Peng et al., 2021b).
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5.1 Air volume injection rate

The air is injected into the perforated hose through two risers

connecting to the air compressors and is distributed equally into the

two semi-circles. Based on this deployment approach, the model

adopts equal volumetric flow rates as input for two semi-circles of

the hoses. As shown in Figure 5, the increase in the air volume

injection rate can lead to an increase in the flow velocity at each

nozzle along half of the hose length, while the other half has the

same performance.

The air volume injection can significantly impact the bubble

curtain formation process above the main hose. By examining

Figure 5, we observe that for the bubble curtain with a radius of

75m, the variation in the flow velocity along the hose length, for a
Frontiers in Marine Science 07
given volume injection rate, is relatively small. However, when the air

volume injection is varied, differences up to ~20m/s (Du) in the

computed flow velocities at the nozzles are obtained. Subsequently,

this can significantly change the initial turbulent kinetic energy at the

nozzle and, thus, influence the air-bubble cloud formation process.

The same naturally holds for bubble curtains of larger radii but those

suffer additionally from a significant drop in the flow velocity at

positions away from the air feeder lines as depicted in Figure 6.
5.2 Size of the bubble curtain

As shown in Figure 7, with the increase of the size of the BBC,

the mean and lower bound of the flow velocity decrease, while the

maximum of the velocity, which appears in the vicinity of the air

injection inlet, remains within a small range. As the air is released

from a nozzle, the pressure within the hose drops instantly, which

leads to a decrease in the kinetic energy in the airflow. Considering

the variation of the flow velocity due to both various air injection

rates and the radius of the bubble curtain, the various flow velocities

from 30m/s to 300m/s at the nozzle are considered in the analysis as

shown in Table 2.

With the hydrodynamic model, the bubble formation process at

the nozzle is predicted. To investigate the transmission of the

bubble curtain over depth, the local distribution of the sound

speed at 300Hz is depicted in Figure 8. The effective wave speed

reduces up to 200m/s in the vicinity of the centerline. The darker

zones indicate a large impedance mismatch between the seawater

and air-seawater bubbly mixture, which widens as the flow velocity

increases from left to right in Figure 8. Accordingly, this results in

an increase in the transmission loss of the bubble curtain system as

shown in Figure 9 from cases 6 to 13. Based on the deployed set of

hoses, higher air injection rates can increase the acoustic

performance of the bubble curtain. With an increase in the size of

the bubble curtain, the efficiency of the bubble curtain can drop at

positions away from the air-feeding lines due to the significant

expected drop in the flow velocity.
TABLE 2 Varying input parameters of the bubble curtain system.

Case Nr. Varying parameter Value Unit

1 Nozzle spacing 0.2 m

2 Nozzle spacing 0.3 m

3 Nozzle size 1 mm

4 Nozzle size 2 mm

5 Nozzle size 3 mm

6 Flow velocity 30 m/s

7 Flow velocity 50 m/s

8 Flow velocity 80 m/s

9 Flow velocity 100 m/s

10 Flow velocity 150 m/s

11 Flow velocity 200 m/s

12 Flow velocity 250 m/s

13 Flow velocity 300 m/s
FIGURE 6

Schematic depiction of the non-uniform pressure distribution in
the hose.
FIGURE 5

Computed flow velocities at the nozzles along the hose length for
varying air volume injection rate for two different cases of bubble
curtain radii, i.e. 75m and 150m.
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5.3 Nozzle configuration

Typical nozzle sizes and spacing usually stay within a limited range

in practice. In this analysis, a series of theoretical cases are considered.

In cases 1 to 5, the nozzle configuration is investigated with the nozzle

spacing being 0.2m and 0.3m and the nozzle size being 1mm to 3mm.

Together with the variation in the flow velocities, the input for the

varying parameters is shown in Table 2. To examine the impact of the

aforementioned parameters on the acoustic insertion loss of the air-

bubble curtain, the acoustic model is used to determine the

transmission loss for each scenario. Figure 9A indicates that, within

the typical nozzle configuration range, the acoustic insertion loss of the

bubble curtain is more sensitive to nozzle size when flow velocity is

constant, especially in the critical frequency range of ∼60Hz to 200Hz.

5.4 Configuration of the DBBC

The sensitivity analysis is performed to examine the

configuration of the DBBC, in which the scope of the operational
Frontiers in Marine Science 08
constraints are considered. Three sets of the radius of the outer BBC

are used, i.e., at 50m, 75m and 100m, while the inner one is at a fixed

position. For each configuration, three predictions are performed

for the median values of the air flow rates at the nozzle. The base

case is set as the radius of the inner and outer BBC being 75m and

150m, respectively. The volumetric airflow rate in the hose is set as

0.5m3/min/m.

As can be seen in Figure 10, the noise reduction levels in both

SEL and Lp,pk increase with the radius of the inner bubble curtain

shown by the blue, red and black lines. It is also clear that given a

fixed position of the inner bubble curtain, there is an optimum

distance in which the outer one should be placed. This may seem as

counterintuitive in the first place as one would expect that a larger

distance is always favorable. However, a longer pipe can result in

larger pressure and air flow velocity drops away from the air-feeding

lines which result in a suboptimal performance of the system

on average.

The red and blue markers indicate the configuration of the base

case with the volumetric air flow rate being 0.4 and 0.6m3/min/m,

respectively. The bars and the marker indicate the predictions are

performed for the same configuration and at the lower, higher and

median values of the air flow rates at the nozzle. The comparison

indicates that the increase in the mass flow rate by 0.1m3/min/m in

the hose can lead to up to ∼1dB for both SEL and Lp,pk. However,

the increase in the noise level cannot be obtained linearly from the

volumetric airflow rate being 0.4m3/min/m to 0.5m3/min/m or 0.5

m3/min/m to 0.6m3/min/m. As discussed in Section 2.3, the

pressure increases with the mass airflow rate, which leads to the

nonlinear acoustic characteristics of the bubble curtain with

increasing air flow rates. By comparing the noise levels for the

lower, median and higher values of the air flow rates at the nozzle, a

deviation of 1 dB can be expected as can be read from Figure 10. As

observed from the field test, the pressure decreases nonlinearly with

the distance between the sensor and the air feeding point, which

leads to the variation in the airflow at the nozzle. The performance

of the air-bubble curtain system relies strongly on both the

volumetric airflow rates and the configuration of the DBBC.
BA

FIGURE 8

Comparison of the effective wave speed for various flow velocities of (A) 30m/s, (B) 300m/s for the frequency 300Hz.
FIGURE 7

Computed flow velocities at the nozzles along the hose length for
the varying radius of the bubble curtain.
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5.5 Summary of the analysis

Due to the uneven distribution of the air flow velocity along the

main hose, the acoustic insertion loss of the air-bubble curtain

depends strongly on the air injection rate and the size of the bubble

curtain. Within the critical frequency spectrum of interest in this

project, the nozzle size and spacing seem to have less impact on the

acoustic performance of the bubble curtain. However, the flow

velocity through each nozzle can drop significantly away from the

air-feeding points especially for longer pipes. This, in turn, can

result in a strong azimuth-dependent acoustic field, i.e., the noise

reduction achieved at different azimuthal positions may vary

significantly due to the inhomogeneous air-bubble cloud formed.
6 Comparison with measured data

This section discusses a case based on an offshore wind farm

foundation installation campaign in 2018 (Peng et al., 2021a,

2021b). The material properties and the geometry of the model

are summarised in Table 3. The forcing function is defined as the

smoothed exponential impulse as shown in Figure 11A, which

results in approximately 2000kJ input energy into the pile. The

seabed at this foundation consists of a thin marine sediment layer

overlaying a stiff bottom soil half-space. The configuration of the

DBBC system is presented in Table 4. The inner bubble curtain is

positioned at 105m from the pile and the outer bubble curtain is

positioned at 145m from the pile.

The variation in the flow velocity through the nozzles is shown

in Figure 11B, which is due to the drop of the pressure during the

transportation of the air. In Figure 12A, the evolution of the

pressure field in time is shown for the point positioned 2m above

the seabed at 750m radial distances from the pile.
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The arrival of the pressure cones is at around 0.5s after the

impact of the pile, which is in line with the expectations regarding

the arrival time of the direct sound waves traveling with the speed of

sound in the water at the distance of 750m from the pile. As can be

seen, in the one-third octave band for both the unmitigated (the

black line) and mitigated field (the grey line) in Figure 12B, the

performance of the bubble curtain is more efficient at higher

frequency bands approximately above 500Hz. The overall SEL

and Lp,pk for both unmitigated and mitigated fields are sumarised

in Table 5. The zero-to-peak pressure level (Lp,pk) in dB re 1 µPa and

the sound exposure level SEL in units of dB re 1 µPa2s are defined

as:

Lp,pk = 20 log  
max   p(t)j j

p0

� �
, SEL = 10 log  

Z T2

T1

p2(t)
p20

dt

� �
(10)

in which T1 and T2 are the starting and ending of the predicted

time signature with the sound event in between and pulse duration

T0 = T2 − T1 being 1 second and p0 = 10−6Pa is the reference

underwater sound pressure.

The sound field without noise mitigation systems is predicted

by the model developed in (Peng et al., 2021a). The prediction lies

within the accuracy of the measurement equipment of the deviation

within 1 or 2dB from the measured sound levels. The measured

sound levels indicate a range of 14 to 17dB noise reduction at 750m

achieved by the DBBC system for both SEL and Lp,pk. This

reduction is calculated based on the difference between the

modelled unmitigated sound field and the measured sound field

collected while utilizing the DBBC system. The model used for the

unmitigated sound field has been previously validated against the

offshore measurement campaign conducted in 2018 (Peng et al.,

2021a). At a further distance, the 1500m away from the pile, the

noise reduction of 14 to 15dB can be achieved for SEL and 11 dB for

Lp,pk. The modeling of the DBBC system showed an average noise

reduction of 15dB for both SEL and Lp,pk at 750m, and 14dB for SEL
BA

FIGURE 9

Transmission loss (TL) computed as a function of frequency for the cases examined in Table 2. (A) various nozzle configuration: spacing and
diameter. (B) flow velocity at the nozzle.
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TABLE 3 Basic input parameters for the validation case.

Parameter Pile Parameter Fluid Marine sediment Bottom soil

Length [m] 75 Depth [m] 40.1 1.5 ∞

Density [kg/m3] 7850 Density [kg/m3] 1000 1621.5 1937.74

Outer diameter [m] 8 cL [m/s] 1500 1603 1852

Wall thickness [mm] 90 cT [m/s] – 82 362

The penetration depth [m] 30.5 ap [dB/l] – 0.91 0.88

Maximum Blow Energy [kJ] 2150 as [dB/l] – 1.86 2.77
F
rontiers in Marine Science
 10
- : it means the values are dimensionless.
B

A

FIGURE 10

OWF foundation: comparison of the sound pressure levels for varying diameter of the outer bubble curtain with the radius of the inner bubble
curtain being 50m (black solid line), 75m (black dashed line) and 100m (grey line). (A) SEL. (B) Lp,pk.
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and 15dB for Lp,pk at 1500m. Due to variations in flow velocity

through the nozzle at different azimuthal directions, a deviation

of ±1dB in the noise reduction levels can be expected. The upper

and lower bounds of the sound levels show that the range of

prediction is within the measured data range, which indicates a

great agreement between the noise prediction and the measured

data at various horizontal distances from the pile.
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7 Conclusion

The paper presents a multi-physics approach for modeling the

noise emission for offshore pile driving with the use of a DBBC

system. The mathematical statement of the complete problem is

given and the adopted method of solution is described for each

module. The compressible flow model is developed to predict the

operational parameters for bubble curtain generation from the hose

and the nozzle. Nonlinear characteristics of the pressure

distribution are observed both in the model results and in the

field test. The pressure amplitude increases with volumetric airflow

rates and decreases with the distance from the air injection point.

The field test reveals the inherent variation in the airflow

circulation, which leads to the varying performance of air-bubble

curtain in azimuth direction. The hydrodynamic model aims to

capture the fluid and bubble dynamic properties during the

development of bubble curtains. The transmission coefficients

derived from the acoustic module are coupled to the existing

noise prediction model for the unmitigated field from pile

driving. The sensitivity study has been performed to examine the

critical parameters for the performance of the air-bubble curtain

system. Both volumetric airflow rates and the configuration of the

DBBC play significant roles in the efficiency of the air bubble
BA

FIGURE 12

OWF foundation: (A) evolution of the pressure field for the mitigated field with the use of DBBC system at 750m (black line) and 1500m (grey line)
from the pile; (B) one-third octave band of the pressure field at 750m for both unmitigated field (black line) and mitigated field (grey line).
TABLE 4 Basic input parameters of the air-bubble curtain system.

Parameter Value

location of the inner bubble curtain rbc [m] 105

location of the outer bubble curtain rbc [m] 145

Nozzle diameter dn [mm] 1.5

Nozzle spacing yn [m] 0.30

Air flow rate qFAD [m3/min/m] 0.5

Spreading coefficient l [-] 0.65
BA

FIGURE 11

OWF foundation: (A) input forcing function in time and frequency domain; (B) flow velocity through each nozzle along the hose with the solid line
indicating the air flow at the inner BBC and the dash line being the outer one.
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curtain system. Results are presented for an offshore pile installation

campaign in the German North Sea. The comparison between the

measured data and model predictions provides the validation of the

model. The modeling approach couples four sub-modules and

facilitate more accurate representation of the noise mitigation

system. The multi-physics model allows for the examination of

the optimal hose-nozzle and DBBC configurations under the

operational constraints.
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TABLE 5 Noise mitigation assessment at the foundation.

Scenarios @750m SEL Lp,pk

Noise prediction for the unmitigated field 182 201

Noise prediction for the mitigated field with DBBC system 166 ± 1 185 ± 1

Measurement sound levels 165 168 184 187

Modelled noise reduction Ds 15 ± 1 15 ± 1

Measured noise reduction Dm 14 ∼17 14 ∼17

Scenarios @1500m SEL Lp,pk

Noise prediction for the unmitigated field 178 196

Noise prediction for the mitigated field with DBBC system 164 ± 1 181 ± 1

Measurement sound levels 163 164 185

Modelled noise reduction Ds 14 ± 1 15 ± 1

Measured noise reduction Dm 14 ∼ 15 11
All values are given at a distance of 750m and 1500m from the pile. SEL are given in the unit of dB re 1μ Pa2s and Lp,pk in the unit of dB re 1μ Pa.
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