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Abstract: Underwater noise pollution generated by offshore pile driving has raised serious concerns
over the ecological impact on marine life. To comply with the strict governmental regulations on
the threshold levels of underwater noise, bubble curtains are usually applied in practice. This paper
examines the effectiveness of an air bubble curtain system in noise reduction for offshore pile driving.
The focus is placed on the evaluation of noise transmission paths, which are essential for the effective
blockage of sound propagation. A coupled two-step approach for the prediction of underwater
noise is adopted, which allows us to treat the waterborne and soilborne noise transmission paths
separately. The complete model consists of two modules: a noise prediction module for offshore pile
driving aiming at the generation and propagation of the wave field and a noise reduction module for
predicting the transmission loss in passing through an air bubble curtain. With the proposed model,
underwater noise prognosis is examined in the following cases: (i) free-field noise prediction without
the air bubble curtain, (ii) waterborne path fully blocked at the position of the air bubble curtain
while the rest of the wave field is propagated at the target distance, (iii) similarly to (ii) but with a
non-fully blocked waterborne path close to the seabed, and (iv) air bubble curtain modeled explicitly
using an effective medium theory. The results provide a clear indication of the amount of energy that
can be channeled through the seabed and through possible gaps in the water column adjacent to the
seabed. The model allows for a large number of simulations and for a thorough parametric study of
the noise escape when a bubble curtain is applied offshore.

Keywords: underwater noise; offshore pile driving; acousto-elastic medium; sound propagation;
boundary element method; air bubble curtain; noise mitigation; transmission loss

1. Introduction

Anthropogenic impact on the marine environment caused by offshore pile driving
has been intensified with the increasing deployment rate of offshore wind energy. The
underwater noise generated from the construction of offshore wind farms poses a risk to
the marine mammals and fish [1]. Their foraging behavior, migration, and communication
are all correlated to the underwater sound, which can be disturbed severely due to the
impulsive sound emitted in the course of pile driving [2,3]. To protect the marine ecosystem,
many countries have imposed strict regulations on the threshold of sound pressure levels
for offshore activities. Many noise mitigation systems (i.e., bubble curtains, hydro-sound
damper, noise mitigation screen, etc.) have been developed over the last decade to prevent
exceeding the threshold limits during pile installation [4]. Among them, air bubble curtain
systems (ABC) are considered to be the most popular in use and have been applied in
many projects over the last decade. The complete system is formed by rising air bubbles
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with the compressed air coming from a nozzle hose which encircles the pile. The presence
of the bubble–seawater mixture characterized by relatively high compressibility causes
a large impedance mismatch at the interface with the seawater which, in turn, causes
incident acoustic waves to reflect in the domain between the pile and the air-bubble curtain.
Secondary to wave reflection, the resonance of the air bubbles can also add to hydro-sound
absorption. However, the resonance of typical small-size bubbles (i.e., 8 to 50 mm) takes
effect solely at relatively high frequencies which lie outside the typical noise spectrum
associated with pile driving of large-size monopiles (<400 Hz) [5].

To investigate the sound transmission in offshore pile driving, many noise predic-
tion models have been developed over the last decade as discussed comprehensively by
Tsouvalas [5]. Finite element (FE) [6] or finite difference [7] models are mostly used for
the sound generation module in the near field. For the sound propagation in the far field,
various techniques including the normal-mode method [8,9], the wavenumber integration
method [10], or the parabolic equation (PE) method [6,11–14] have been applied in the
past. In the models mentioned above, an equivalent fluid model is used to describe the
sediment. Fricke and Rolfes [15] modeled the soil with the finite element method and the
pile hammer with an analytical model. In contrast to numerical models, a semi-analytical
model developed by Tsouvalas and Metrikine [16] uses the linear elastic thin shell theory
to describe the pile dynamics, while the sediment is described by distributed springs and
dashpots in all directions along the embedded part of the shell in the soil. The model mainly
focus on the pile dynamics and near-field noise prediction. Motivated by the observation
that the soil plays a significant role in noise transmission, a complete vibro-acoustic model
capturing the interaction between the pile, water, and the soil was further developed in [17]
with the seabed modeled as a layered linear elastic medium. A similar semi-analytical
model, albeit with the fluidized description of the seabed, developed in [18,19] includes
a non-axisymmetric force and an anvil, which shows the circumferential dependence of
radiated pressure field and the pile–anvil interaction. Wilkes and Gavrilov [9] use a finite
element model to examine the influence of the raked pile on the azimuthal-dependent
sound radiation in the near field. A varying bathymetry is investigated by Pein et al. [20]
in their hybrid FE/PE model capturing the three-dimensional effects in both range and
azimuth. Different from the fluidized sediment description, the significance of the seabed–
water interface waves and elastic characteristics of the sediment for correctly capturing the
noise source and propagation characteristics are investigated in [17,21–23].

To examine the principal mechanism for the noise reduction by an air bubble curtain, a
semi-analytical model was originally developed by Tsouvalas and Metrikine [24]. The com-
plete model captures the interaction between the pile, the surrounding water–soil medium
and the air bubble curtain. The air bubble layer is described as a vertical homogeneous
medium involving a frequency-dependent, complex-valued compressibility expressed by
effective wavenumber representations. The FE model developed by Lippert et al. [25] uses
a fully absorbing layer to account for the noise reduction with the use of an air bubble
curtain. Bohne et al. [26] developed a model based on the local distribution of the effec-
tive wavenumber for the prediction of the noise reduction with the application of an air
bubble curtain. The transmission coefficient of the system is based on the fluid dynamics
of the bubble mixture and the configuration of the bubble curtain system involving the
nozzle size, the air flow rate, water depth, and the local distribution of the air fraction.
The model is then coupled to the FE model of the complete system including the pile
and surrounding water–soil medium. Subsequently, an integral model for predicting the
transmission loss of an air bubble curtain is developed by Bohne et al. [27] with a more
accurate bubble size distribution. The latter captures the bubble formation process and
high gas fraction in the vicinity of the nozzle. The results showed a reasonable agreement
with the measurement data.

Previous works show the significance of the accurate description of the acoustic
characteristics of the bubbly layer and the vibro-acoustic interaction between the pile and
the surrounding water–soil in the noise reduction with the use of an air bubble curtain.
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To the best of the authors’ knowledge, no model to date includes the complete system
involving the foundation pile modeled as a linear elastic thin shell, a fluid layer overlying
an elastic half-space soil medium, and the inhomogeneous bubbly layer with the fluid
dynamic and turbulent flow characteristics of an air bubble curtain.

This paper aims to present a complete and computationally efficient modeling ap-
proach, which incorporates the air bubble curtain into the noise prediction model for
offshore pile driving. In this work, a two-step approach is used to predict the noise re-
duction by an air bubble curtain. The complete model consists of two models: the noise
prediction model for the non-mitigated field from pile driving which includes two modules,
the sound generation module in the vicinity of the pile, the sound propagation module
to propagate the radiated wave field at larger distances, and the noise reduction model
capturing the transmission characteristics of an air bubble curtain. The sound generation
module is based on the earlier work by Tsouvalas and Metrikine [17], and it captures the
pile–water–soil interaction and propagates the radiated waves in the pile proximity. The
sound propagation module describes the seabed as a layered elastic half-space and allows
one to propagate the wave field at larger distances [28,29]. The noise reduction module
considers the sound mitigation by the air bubble curtain and is based on the integral model
developed by Bohne et al. [27]. The local transmission functions of the bubble curtain
including both depth and frequency dependence are coupled to the sound propagation
module. Boundary integral equations are then employed to couple the wave field from
the sound generation and propagate it to larger distances from the pile with the use of the
sound propagation module considering the local attenuation at the air bubble curtain.

The modeling approach ensures an accurate description of the individual systems with
the individual module being verified by measurement data and results from the benchmark
cases in literature. The adopted modeling approach allows one to examine the subsystems
independently. Compared to the FE models, this gives great flexibility and computational
efficiency in the noise reduction prediction for examining various configurations of the
air bubble curtain system and pile system. The model can be used for sensitivity studies
and probabilistic analysis, which usually involves a great number of simulations with less
computational effort. The influence of local air fraction, nozzle size, and location of the air
bubble curtain and the configuration of the pile–water–soil system on the reduced noise
can be examined. The maximum noise reduction potentials at specific site can also be
predicted by eliminating the waterborne transmission path and allowing the transmission
of energy through the soil alone.

The structure of the paper is as follows. In Section 2, the governing equations and
model description are presented. In Section 3, the noise prediction model for the non-
mitigated field in which the sound generation and propagation modules are introduced.
In Section 4, the derivation of the transmission coefficients based on the effective medium
theory is presented. In Section 5, the validation study of the effective wavenumber approach
is discussed by comparing the results to literature data. In Section 6, the validation study
of the complete model is presented using data from a recent offshore installation campaign.
Finally, important conclusions are summarized in Section 7.

2. Model Description and Mathematical Statement

In this section, the description of the model and the governing equations of the pile–
water–soil and air bubble curtain system are introduced. The geometry and material
properties of the system are given. The equations of motion of the vibrating shell, fluid,
soil, and turbulent gas–liquid mixture are presented.

2.1. Description of the Model

As shown in Figure 1 (left), the system is composed of the foundation pile, the
vibratory shaker or the hydraulic hammer, the air bubble curtain, and the surrounding
seawater and sediment. It is assumed that the geometry of the domain and the boundary
and interface conditions are cylindrically symmetric. The complete model consists of two
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modules as shown in Figure 1 (right): the noise prediction module aiming at describing
the vibro-acoustic behavior of the pile–soil–water system without the presence of the air
bubble curtain [29], and the noise reduction module used to describe the air bubble curtain.
The noise reduction module is integrated to the noise prediction module through depth-
and frequency-dependent transfer functions.

Figure 1. Schematic of the complete system (left) and the coupled model (right). c f is the sound
speed and ρ f is the density of the water; cp,j and cs,j are the compressional and shear wave speeds,
respectively; ρs,j is the density of the soil with the index j = 1, 2, ..., N specifying the soil layers and
the bottom soil half-space; F̃(ω) is the forcing function; H̃(z, ω) is the transfer function of the air
bubble curtain; rbc is the radial distance of the air bubble curtain; z0 is the level of the sea surface; z1

is the level of the seabed, zj is the bottom level of the (j− 1)th soil layer (j = 2, 3, ..., N); L indicates
the level of the bottom of pile tip; and H indicates the level of the rigid boundary applied in the
sound generation module.

The pile is modeled as elastic thin shell described by a linear high-order shell the-
ory [30]. The shell is then coupled to a fluid layer overlying a layered elastic waveguide
through the mode matching technique [17,31]. At the top of the pile z = 0, the load induced
by the hammer is described by a vertical force. The length of the pile is L and the material
constants E, ν, R, ρ, and t are the complex modulus of elasticity in the frequency domain,
the Poisson ratio, the radius of the mid-surface of the shell, the density, and the thickness
of the shell, respectively. The fluid is described as an ideal, linearly elastic fluid with c f
being the sound speed and ρ f being the density of the water. The soil is modeled as a linear
elastic continuum with cp,j, cs,j being the compressional and shear wave speeds, ρs,j being
the density of the soil with the index j = 1, 2, ..., N specifying the soil layers and the bottom
soil half-space. The frequency-dependent attenuation coefficients α1j and α2j are defined as
(20π log10 e)αpj and (20π log10 e)αsj , respectively, with αpj and αsj being the compressional
and shear damping constants per layer in units of dB per wavelength. The sea surface is
positioned at z = z0, the seabed at z = z1, and the various interfaces between soil layers
at z = zk with k = 2, ..., N. At the location of the air bubble curtain, the transmission
coefficients of air bubble curtain are derived and introduced to the noise prediction model
through a boundary integral formulation at r = rbc.

2.2. Governing Equations

The set of partial differential equations describing the linear vibration of the com-
plete pile–water–soil system and the complex turbulent two-phase flow are given in time
domain as

Lu + Iü = −(H(z− z1)− H(z− L))ts + (H(z− z0)− H(z− z1))p f + fe · δ(z), 0 < z < L (1)

∇2 p f (r, z, t)− 1
c2

f
p̈ f (r, z, t) = 0, z0 < z < z1, R < r < rbc − b(z), r > rbc + b(z) (2)
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(λsj + 2µsj)∇(∇ · usj)− µsj∇× (∇× usj) = ρsj üsj , zj < z1 < zj+1, R < r < ∞ (3)

∇ · (ε f ρ f ū f × ū f + ε f ρ f δu f × δu f ) = εgρgg, z0 < z < z1, rbc − b(z) < r < rbc + b(z) (4)

∇ · (ε f ρ f ū f ) = 0, z0 < z < z1, rbc − b(z) < r < rbc + b(z) (5)

∂n(vp)

∂t
+∇ · (n(vp)ug) =

∫ ∞

vp
r1(vp, vq)n(vq)dvq −

∫ vp

0
vqr1(vp, vq)dvq

n(vq)

vp

+
1
2

∫ ∞

vp
r2(vp, vp − vq)n(v′)n(vp − vq)dvq −

∫ ∞

vp
r2(vp, vp − v′q)n(vq)n(vp)dvq,

z0 < z < z1, rbc − b(z) < r < rbc + b(z)

(6)

In Equation (1), L and I are the stiffness and modified inertia matrices of the shell, u is
the displacement vector of the mid-surface of the shell, H(z− zi) are the Heaviside step
functions, p f represents the fluid pressure exerted at the outer surface of the shell within
the water column, and fe · δ(z) is the forcing vector representing the load applied at the top
of the pile with δ(z) being the Dirac delta function. In Equation (2), p f (r, z, t) represents
the pressure of the fluid with rbc being the radius of the air bubble curtain and b(z) being
the half-width of the air bubble curtain which is a function of water depth. In Equation (3),
usj is the displacement vector of the soil layer j. In Equations (4) and (5), ε f and εg are
fluid and gas fractions, respectively; g is the gravitational constant; and ū f is the mean
liquid flow velocity with δu f being its fluctuation. In Equation (6), n(vp) is the bubble
number density with vp and vq being the bubble volumes, and r1(vp, vq) and r2(vp, vq) are
the breakup and coalescence kernel functions, respectively.

At the pile–water interface, the pressure/stress equilibrium and displacement continu-
ity are satisfied at both pile–water and pile–soil interface; the latter under the assumption
of a perfect contact condition of no pile slip:

ur(z, t) = u f (R, z, t), z0 ≤ z ≤ z1

ur(z, t) = us(R, z, t) and uz(z, t) = ws(R, z, t), z1 ≤ z ≤ L
(7)

In Equation (7), ur and uz are the radial and vertical displacements of the shell,
respectively; u f is the radial displacement of the fluid; and us and ws are the radial and
vertical displacements of the soil, respectively.

At the sea surface z = z0, the pressure release boundary condition is applied. At the
fluid–soil interface z = z1, the continuity of both the vertical displacement and normal
to the interface traction are applied. A rigid boundary condition is applied in the sound
generation module at a great depth z = zN . In the sound propagation module, the seabed
is described as a horizontally stratified elastic half-space. At the soil–soil interfaces, both
stress equilibrium and displacement continuity are applied. This set of boundary and
interface conditions read

p f (r, z0, t) = 0, r ≥ R (8)

σzz1(r, z1, t) + p f (r, z1, t) = 0, uz, f (r, z1, t) = ws1(r, z1, t), σzr1(r, z1, t) = 0, r ≥ R (9)

wsj(r, zj, t) = wsj−1(r, zj, t), usj(r, zj, t) = usj−1(r, zj, t), 2 ≤ j ≤ N, r ≥ R (10)

σzzj(r, zj, t) = σzzj−1(r, zj, t), σzrj(r, zj, t) = σzrj−1(r, zj, t), 2 ≤ j ≤ N, r ≥ R (11)

In Equations (8)–(11), uz, f are the vertical displacement components of the fluid, wsj

and usj are the vertical displacement components in the jth soil layer, and σzzj and σzrj

being the normal and tangential stress components in the jth soil layer. Equations (1)–(11)
including the radiation conditions of r → ∞ describe fully the vibroacoustic of the total
system in the time domain.
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3. Noise Predictions of Non-Mitigated Field

The noise prediction model for the non-mitigated field consists of two modules. The
noise source for offshore pile driving is first characterized by the sound generation module,
which is based on a three-dimensional vibroacoustic noise prediction model developed
earlier by Tsouvalas and Metrikine [17]. The prediction from the sound generation module
has been verified against the data available in the literature from various measurement
campaigns and one theoretical benchmark [21]. This module describes the dynamic re-
sponse of the coupled pile–water–soil system. The eigenvalue problems of the shell and
acousto-elastic waveguide are solved first. Next, the mode matching technique is applied
to couple the pile to the surrounding fluid–sediment layers. A set of response functions at
the location of the bubble curtain r = rbc are generated in the frequency domain, which
involves pressure, velocity, displacement, and stress tensors. As the system is linear and
divided into subsystems, it requires only part of the simulation to be recomputed for
examining various scenarios including varying forcing functions, pile configurations, and
soil conditions. Compared to FE models, the model presented herein can be used in prob-
abilistic analysis of noise predictions involving a large number of simulations with less
computational effort.

The sound propagation module is based on Green’s functions for ring sources located
on the cylindrical surface at r = rbc as depicted in Figure 2. By applying the contour inte-
gration technique, the expressions of displacement potential functions Φ̃

g
Ξ,ξ(r, z; rbc, zs; ω)

in frequency domain are given as a summation over a finite number of poles supplemented
by the Ewing–Jardetsky–Press (EJP) branch line integrations [32], i.e.,

Φ̃
g
Ξ,ξ(r, z; rbc, zs; ω) = −πi

M

∑
m=1

[
Res(Φ̂g

Ξ,ξ(k
(m)
r , z; rbc, zs))H(2)

0 (k(m)
r r)k(m)

r

]
+

1
2

∫
α+β

Φ̂
g
Ξ,ξ(kr, z; rbc, zs)H(2)

0 (krr)krdkr

(12)

in which Res( f (k(m)
r )) indicates the residue of the functions f (kr) at the pole k(m)

r , H(2)
0 is

the zero order Hankel function of the second kind, M indicates the number of poles with m
being the index, α and β represent the branch cuts related to the branch point kpN and ksN

with kpN and ksN being the compressional and shear wavenumbers, respectively.

Figure 2. Schematic of the ring source at r = rbc in the configuration of acousto-elastic layered
half-space.
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The fundamental solutions of Green’s displacement tensors ŨΞξ
αβ (r, rs, ω) are derived

from the potential functions [33] given the receiver point at r = (r, z) (in medium Ξ) in
α-direction due to a unit impulse at source rs = (rbc, zs) (in medium ξ) in β-direction:

Ũsξ
αβ(r, rs, ω) = ∇φ̃

g
sj ,ξ

(r, rs, ω) +∇×W, W = −
∂ψ

g
sj ,ξ

(r, rs, ω)

∂r
, (13)

Ũ f ξ
αβ(r, rs, ω) = ∇φ̃

g
f ,ξ(r, rs, ω). (14)

The direct boundary element method (BEM) is adopted in this model to couple the
noise prediction model for non-mitigated field and noise reduction model for the air
bubble curtain as discussed in Section 4. The solution of the acousto-elastic wavefield
employs Somigliana’s identity in elastodynamics and Green’s third identity in potential
theory [33–35]. 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 [34] and
Green’s theorem for acoustic problem [35], the complete solution for the acousto-elastic
domain reads

ũΞ
α (r, ω) =ũΞ, f

α (r, ω) + ũΞ,s
α (r, ω)

= ∑
β=r,z

∫
Ss

H̃(z, ω)

(
ŨΞs

αβ(r, rbc, ω) · t̃n
β(rbc, ω)− T̃n,Ξs

αβ (r, rbc, ω) · ũβ(rbc, ω)

)
dSs(rbc)

+
∫

S f

(
ŨΞ f

αr (r, rbc, ω) · p̃(rs, ω)− T̃n,Ξ f
αr (r, rs, ω) · ũr(rbc, ω)

)
dS f (rbc), r ∈ V

(15)

in which n is the outward normal to the cylindrical boundary, H̃(z, ω) is the transmission
coefficient function of the air bubble curtain with depth and frequency dependence as
discussed in Section 4.

4. Modeling the Air Bubble Curtain

In this section, a one-way coupling noise reduction module for capturing acoustic
properties of the air bubble curtain is derived. The local wavenumber distribution is based
on a fluid dynamic model developed by Bohne et al. [27], in which a turbulent two-phase
bubble flow is well captured especially in the vicinity of the nozzle where a high gas
fraction is present. Based on the distribution of the local effective wavenumbers over
the entire water depth, the depth- and frequency-dependent transmission coefficients are
obtained by a simplified one-dimensional acoustic wave propagation approach developed
by Commander and Prosperetti [36]. The noise reduction module is coupled to the free-field
noise prediction model through a boundary integral formulation as given by Equation (15).

4.1. Local Effective Wavenumber in a Bubble Curtain

To obtain the local effective wavenumber of the air bubble curtain, the model devel-
oped by Bohne et al. [27] is used. The governing equations based on momentum balance of
the gas–liquid mixture, the conservation of mass of the liquid phase and population balance
of a turbulent flow are already introduced in Equations (4)–(6). The bimodal bubble size
distribution is introduced by Lethr et al. [37] with observations of small and large bubbles
especially in the vicinity of the nozzle as depicted in Figure 3. The detailed derivation is
given in [27,38] and is omitted here for the sake of brevity. The initial conditions for the
bubble formation process are given as
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ulzm0 =

√
−2M0(2λ2 + 1)

γb2
0ρ f π(2εgm10λ2 + 2εgm20λ2 − 2λ2 − 1)

(16)

b0 =

√
ṁ0(λ2 + 1)

λ2πρg0(λ2 + 1)(εgm10urel1(v̄10) + εgm20urel2(v̄20)) + λ2ulzm0πρg0(εgm10 + εgm20)
(17)

εgm10 = 0.005 (18)

εgm20 = 0.495 (19)

v̄20 =
4
3

π(1.1447aprim)3 (20)

v̄10 =
v̄20

30
(21)

with the initial centerline velocity ulzm0, the half width of the bubble curtain b0, the initial
gas fraction of the small bubble εgm10, the initial gas fraction of the large bubble εgm20, the
initial arithmetic mean bubble volume of the small bubbles v̄10, and the initial arithmetic
mean bubble volume of the large bubbles v̄20. urel1(v̄1) and urel2(v̄2) are the relative
velocities between the upward rising air bubbles and the mean flow of the fluid, which
are functions of the local mean bubble size of each gas phase [39,40]. M0 is the initial
momentum of the mixture and dprim is the diameter of the primary bubble, which are
quantified at the nozzle as [38,41]

M0 = qnρgnugn +
2qn

ugn
(ρ f − ρgn)g · (6.2dn) (22)

dprim =
1
2

[1.3ρ f (qn/dprim)2 + πdnσ + 15ηqn/dprim

(ρ f − ρgn)

6
π

]1/3

(23)

in which ugn is the gas velocity in the nozzle, qn is gas volume rate in the nozzle, and ρgn is
the density of gas in the nozzle. In Equation (23), dprim is solved for by an iterative method.
Derived from the Equations (4)–(6) and assuming Gaussian distributions of the mean fluid
velocity and gas fractions, the resulting set of equations read

d
dz

(m(u, z)) = q(u, z) (24)

In Equation (24), u = [ulzm, b, εgm1, εgm2, v̄1, v̄2]
T represents the vector of six unknowns,

in which ulzm is the centerline velocity, b is the half width of the bubble curtain, εgm1 is
the gas fraction of the small bubble, εgm2 is the gas fraction of the large bubble, v̄1 is the
arithmetic mean bubble volume of the small bubbles, and v̄2 is the arithmetic mean bubble
volume of the large bubbles. To solve the set of first order partial differential equations,
the forward Euler method is used for integration along the z-coordinate with the initial
condition given in Equations (16)–(20). Once the set of Equations (24) is solved, u are ob-
tained as depth-dependent fluid dynamic properties, which will be used in Equation (44) to
determine the local effective wavenumber and subsequently in Equation (56) to determine
the transmission coefficient functions of the air bubble curtain.

The elements of the integral fluxes m(u, z) = [m1, m2, m3, m4, m5, m6]
T read

m1(u, z) = 2πγρ f u2
lzm

(
b2

4
− εgm1

λ2b2

2(2λ2 + 1)
− εgm2

λ2b2

2(2λ2 + 1)

)
(25)

m2(u, z) = 2πρ f ulzm

(
b2

4
− εgm1

λ2b2

2(2λ2 + 1)
− εgm2

λ2b2

2(2λ2 + 1)

)
(26)
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Figure 3. Schematic representation of the vertical mean liquid flow: (a) velocity field and (b) velocity
field and the gas fraction in the x,z-plane of the bubble curtain. The dashed line denotes the
estimated boundary of the flow field. The red box marks the region in which the formation process is
examined [27].

m3(u, z) = 2πρg(z)εgm1

(
ulzm

λ2b2

2(2λ2 + 1)
+

g∆ρ

3µ
(

v̄1

0.21
)(

2
3
)

λ2b2

2

)
(27)

m4(u, z) = 2πρg(z)εgm2

(
ulzm

λ2b2

2(2λ2 + 1)
+

g∆ρ

3µ
(

v̄1

0.68
)(

2
3
)

λ2b2

2

)
(28)

m5(u, z) = 2πρg(z)εgm1v̄1

(
ulzm

λ2b2

2(2λ2 + 1)
+

g∆ρ

3µ
(

v̄1

0.21
)(

2
3
)

λ2b2

2

)
(29)

m6(u, z) = 2πρg(z)εgm2v̄2

(
ulzm

λ2b2

2(2λ2 + 1)
+

g∆ρ

3µ
(

v̄1

0.68
)(

2
3
)

λ2b2

2

)
(30)

with ∆ρ being the difference between the density of fluid and air, µ = 10−3 N·s/m2 being
the viscosity of the fluid, and γ = 1 being the amplification factor.

Similarly, the elements of the integral source terms q(u, z) = [q1, q2, q3, q4, q5, q6]
T are

q1(u, z) = πgρ f λ2b2(εgm1 + εgm2) (31)

q2(u, z) = 2παρ f ulzmb (32)

q3(u, z) = Z2ρg(z)πλ2b2εgm2 −
0.9024 ∗ r2(εgm1, εgm2, v̄2, 5v̄1)ρg(z)εgm1εgm2πλ2b2

v̄2

− 3.1043π

2
r2(εgm1, εgm2, v̄1, v̄1)ρg(z)ε2

gm1λ2b2
(33)

q4(u, z) = −Z2ρg(z)πλ2b2εgm2 +
0.9024 ∗ r2(εgm1, εgm2, v̄2, 5v̄1)ρg(z)εgm1εgm2πλ2b2

v̄2

+
3.1043π

2
r2(εgm1, εgm2, v̄1, v̄1)ρg(z)ε2

gm1λ2b2
(34)

q5(u, z) = −Z1v̄1ρg(z)πλ2b2εgm1 −
0.9024 ∗ r2(εgm1, εgm2, v̄2, 5v̄1)ρg(z)εgm1εgm2πλ2b2

v̄2
v̄1

+
0.3463π

2
r2(εgm1, εgm2, v̄1, v̄1)ε

2
gm1λ2b2 +

3.1043π

2
r2(εgm1, εgm2, v̄1, v̄1)ρg(z)ε2

gm1λ2b2v̄1

(35)

q6(u, z) = −2Z2v̄2ρg(z)πλ2b2εgm2 + 1.8048r2(εgm1, εgm2, v̄2, 5v̄1)ρg(z)εgm1εgm2πλ2b2

+
0.4250π

2
r2(εgm1, εgm2, v̄2, v̄2)ρg(z)ε2

gm2λ2b2 +
3.1043π

2
r2(εgm1, εgm2, v̄1, v̄1)ρg(z)ε2

gm1λ2b2
(36)
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with r2 is the function of the air fraction and arithmetic mean bubble volume of the small
and large bubbles as given in [27]. The density of the gas is a function of height from the
nozzle based on an ideal gas law.

As the vertical distances from the nozzle increase, both the gas fraction ratio and the
arithmetic mean bubble volume of large bubbles drop significantly and approach zero, and
part of the components in the vector q are modified as

q3(u, z) = q4(u, z) = 0 (37)

q5(u, z) = −Z1v̄1ρg(z)πλ2b2εgm1 +
0.3463π

2
r2(εgm1, εgm2, v̄1, v̄1)ε

2
gm1λ2b2 (38)

q6(u, z) = −Z2v̄2ρg(z)πλ2b2εgm2 + 0.9024r2(εgm1, εgm2, v̄2, 5v̄1)ρg(z)εgm1εgm2πλ2b2

+
0.4250π

2
r2(εgm1, εgm2, v̄2, v̄2)ρg(z)ε2

gm2λ2b2
(39)

while the other components remain the same.
Once the depth-dependent vector u is known, the local bubble number density distri-

bution are obtained by subdividing them into a fraction of large bubbles and a fraction of
small bubbles

n(u, r, z, a) = n1(u, r, z, a) + n2(u, r, z, a) (40)

with the equilibrium bubble radius a and the bubble number density n(u, r, z, a). The bub-
ble number density distribution for the small bubble fraction n1(u, r, z, a) is approximated
by a lognormal distribution and the large bubble fraction n2(u, r, z, a) by an exponential
distribution [37],

n1(u, r, z, a) =
εg1(r, z)

v̄2
1

2
π

v̄1

3v(a)
exp(−2

9
ln(e9/8 v(a)

v̄1
)) (41)

n2(u, r, z, a) =
εg2(r, z)

v̄2
2

exp(−v(a)
v̄2

) (42)

The gas fraction for both small and large bubbles is range- and depth-dependent as

εgi(r, z) = εgmi(z) exp(− r2

λ2b2 ) (43)

The local effective wavenumber is written as

k2
m(ω, r, z) =

ω2

c f
2 + 4πω2

∫ ∞

0

an(u, r, z, a)
ω2

0(z, a)−ω2 + 2iβ(z, a)ω
da (44)

with the angular frequency ω. The natural angular frequency ω0(z, a) and the damping
constant β(z, a) are defined as [36]

ω0(z, a) =

√
pg(z)
ρ f a2 (3− 2σ

pg(z)a
) (45)

β(z, a) =
γ0 − 1
10γ0

·
pg(z)
ρ f D

+
2µ

ρ f a2 (46)

in which σ = 0.073 N/m is the surface tension of the water, γ0 = 1.41 is the ratio of specific
heats, and D = 1.9× 10−5 m2/s is the gas thermal diffusivity.

4.2. Local Transmission Coefficients of a Bubble Curtain

To obtain the sound transmission characteristics of a bubble curtain, a model for
determining the depth- and frequency-dependent transmission coefficient of an air bubble
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curtain is developed, which is based on the approach of Commander and Prosperetti [36].
Consider an incident sinusoidal wave as shown in Figure 4, the field is solely r-dependent
and the bubbly mixture occupies the region rbc − b < r < rbc + b with rbc being the location
of the air bubble curtain and b being the half width varying with height from the nozzle
as discussed in Section 4.1. The water column and air bubble curtain are divided into M
regions along the vertical coordinate. At each vertical domain, a one-dimensional problem
is considered with an input incident wave and properties of the layers. The transmission
coefficients are determined per z-coordinate and is constant within the vertical step size of
the integration. The bubble layer is divided into Nbc layers as depicted by the gray area in
Figure 4. These assumptions allow for the simplification of the solutions for the transfer
coefficients of the bubbly layer. The focus is placed on the energy transmission through air
bubble curtain, the back-scattering effect is not considered in this model. The solutions of
the pressure fields in three regions are expressed as [35]

PL(r, ω) = Pi + Pr = A1 exp(−ikr) + A2 exp(ikr), r < rbc − b (47)

PBC,j(r, ω) = P′tj + P′rj = B1j exp(−ikmjr) + B2j exp(ikmjr), rbc − b < r < rbc + b (48)

PR(r, ω) = Pt = C1 exp(−ikr), r > rbc + b (49)

In Equations (47)–(49), the local effective wavenumber kmj is obtained by Equation (44)
at layer j, PL, PBC,j, and PR are the left-, air bubble curtain, and the right-pressure field,
respectively. Pi is the incident plane wave propagating in the positive r-direction in the
fluid, Pr is the reflected wave traveling in the negative r-direction in the fluid, similarly,
P′tj and P′rj are the forward- and backward-propagating waves in the bubbly mixture of
layer j, Pt is the transmitted wave in the fluid on the right side of the bubbly mixture. The
solutions assume a time dependence exp(iωt).

Figure 4. Schematic representation of the simulated regions: water column on the left side, layers of
bubbly mixture and water column on the right side. The figure shows one of the M domains along
the vertical coordinate.

At the interface between the bubbly mixture and seawater, and between bubbly layers,
the continuity of the pressure and normal velocity is required as [36]

p f = pm1, p f = pmNbc , pmj = pm(j+1), j = 1, ..., Nbc − 1 (50)

vr, f = vr,m1, vr, f = vr,mNbc , vr,mj = vr,m(j+1), j = 1, ..., Nbc − 1 (51)

In Equation (50), p f and vr, f are the pressure and the radial velocity in the fluid,
respectively, and pm and vr,m are the pressure and the radial velocity in the bubbly mixture.
The radial velocity is defined as

vr,i =
1

iωρi

∂pi
∂r

(52)
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with the subscript i being f or m represents the fluid layer or bubbly layer. In the work of
Commander and Prosperetti [36], the density of the bubbly mixture was approximated
by the density of water. However, in Equation (52), the density of the bubbly mixture is
characterized by the depth-dependent gas and fluid fraction coefficients as derived from
solving Equation (24) as discussed in Section 4.1.

The set of 2N+2 interface conditions reads

PL(rbc − b, ω) = PBC,1(rbc − b, ω), vr, f (rbc − b, ω) = vr,m1(rbc − b, ω) (53)

PBC,j(rbc,j, ω) = PBC,j+1(rbc,j, ω), vr,mj(rbc,j, ω) = vr,m(j+1)(rbc,j, ω) (54)

PBC,Nbc(rbc + b, ω) = PR(rbc + b, ω), vr, f (rbc + b, ω) = vr,mNbc(rbc + b, ω) (55)

in which rbc,j = rbc − b + 2b(j− 1/2)/Nbc, j = 1, ..., N. By substituting the expressions in
Equations (47)–(49) into the interface conditions at r = rbc ± b and r = rbc,j, and assuming
an incident wave of unit amplitude A1 = 1, the amplitude coefficients A2, B1j, B2j, and C1
are obtained.

Next, the solutions are generalized for depth-dependent acoustic properties of the air
bubble curtain including the half-width b(z) and effective medium wavenumber km(ω, z).
The local transfer coefficient of the bubbly layer is defined by

H̃(z, ω) = C1 (56)

The transfer coefficient function in Equation (56) is coupled to the noise prediction
model through boundary integral equation in Equation (15). The local transmission loss
(dB/m) is obtained as

TL(z, ω) = 10 log |C1|2 (57)

5. Validation Study of the Effective Wavenumber Model

For the validation of the integral model for the effective wavenumber, the modeling
results are compared to the numerical solutions by Bohne et al. [27] and measurement
data from the experiment by Milgram [38]. The input parameters of the air bubble curtain
system are given in the Table 1.

Table 1. Basic input parameters of the air bubble curtain system.

Parameter Air Bubble Curtain

Water depth [m] 50
Density of the fluid [kg/m3] 1000

Nozzle diameter [mm] 50
Air flow rate [m3/s] 0.024, 0.283 and 0.590

Spreading coefficient [m] 0.6
Amplification factor [-] 1

Entrainment coefficient [-] 0.18

The experiment took place at a lake with a water depth T of 50 m at a local sinkhole
spring in Florida, which fits the typical bathymetry of offshore pile-driving environment
(shallow water up to 40–50 m water depth) with the application of an air bubble curtain
system. Three air flow rates involving 0.024, 0.283, and 0.59 m3/s at atmospheric are
examined. In Figure 5, the comparison of centerline velocities and half width of the bubbly
layer are shown for the numerical results from literature and measured data set from the
experiments [27,38]. The numerical evaluation of both centerline velocity and half width
of the bubble curtain shows a relatively good agreement with the experiment, the small
deviation from Bohne’s model can be due to different numerical integration scheme and
entrainment coefficient to achieve better fitting to the measured data set. As can be seen in
Figure 5 (left), the velocities decrease slowly as the distance from the nozzle increases. The
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maximum velocities are observed in the vicinity of the nozzle. In Figure 5 (right), the width
of the bubble plume is found to increase linearly with height above the nozzle, which is
also in line with the observation of cone shaped bubbly mixture in offshore pile installation
campaign with the application of the bubble curtain system.
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Figure 5. Comparison between centerline velocities and half width of the bubbly layer from the model,
numerical results from Bohne et al. [27] and measured values from experiments [38]: (left) centerline
velocities and (right) half width of the bubbly layer. The solid lines represent the computed results
from the model, the dashed lines indicate the numerical results from the literature and the circles
show the values measured experimentally. Three air flow rates involving 0.024 (black lines), 0.283
(dark grey lines), and 0.59 (light gray lines) m3/s.

In Figure 6, the mean bubble volume and gas fraction ratio of both small and large
bubbles are presented. Different fluid dynamic behaviors are observed for the large and
small bubbles with the varying height from the nozzle. As the height from the nozzle
increases, large bubbles break up into smaller ones as the gas fraction ratio of the small
bubble increases while the volume of the large bubbles approaches the one of the small
bubbles. The module captures the bubble formation process especially in the vicinity of the
nozzle and forms the basis for calculation of more accurate acoustic properties of the air
bubble curtain.

To validate the derivation of the transmission coefficients of the air bubble curtain,
the modeled results are compared to the measured transmission loss obtained in the
freshwater lake experiment [42]. The water depth T is 9.7 m. The case with air flow rate
being 0.0019 m2/s, nozzle interval ∆yn = 25 cm, and nozzle size being dn =1.4 mm is
evaluated. For the comparison of the different models and experiment data set, the overall
transmission loss is defined as

TLbc(ω) = −10 log
[Nz

∑
1
|C1|2

∆z
T

]
(58)

In Equation (58), the rule of thumb for using six elements per wavelength is applied
for the vertical step size ∆z.

As shown in Figure 7, the air bubble curtain model improves its performance as for
the higher frequencies the transmission loss is close to the measured data, and it does not
require any assumption of the bubble size distribution coefficients [27]. As indicated by
the black solid line, the model is more in line with the measurement data compared to
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other numerical model for frequencies below 500 Hz, which is mainly due to the choice of
the initial condition and control parameters including the spreading coefficients and the
entrainment factor. Frequencies below 500 Hz are also important in offshore pile driving.
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Figure 6. Computed depth-dependent variables for the case of the air flow rate being 0.024 m3/s:
(left) the arithmetic mean bubble volumes and the (right) gas fraction ratio ( εgmi

εgm1+εgm1
) varying over

the depth, in which the black solid line indicates the results for small bubbles and gray dashed line
represents the results for large bubbles.

Figure 7. Comparison of the transmission loss between the modeling results (the black solid line)
and the data from the measurement [42] (the line with circles) and the numerical air bubble curtain
model [27] without the assumption of the bubble size distribution coefficients (the black dashed line).
The light gray area indicates the frequencies of interest in offshore pile driving (<500 Hz).

6. Validation Study of the Complete Model Including the Air Bubble Curtain

In this section, the model predictions are validated against measurement data col-
lected from an offshore wind farm constructed in 2018 (hereafter referred to as project
A). In Table 2, the material and geometrical parameters are estimated from the available
geotechnical reports at the pile installation site.
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Table 2. Basic input parameters for the validation case for project A.

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 αp [dB/λ] - 0.91 0.88
Maximum Blow Energy [kJ] 2150 αs [dB/λ] - 1.86 2.77

6.1. Maximum Noise Reduction Level

To predict the maximum noise reduction levels that can be achieved by the air bubble
curtain at the pile installation site, three scenarios are considered to distinguish the water-
and soilborne noise transmission paths:

• scenario 1—noise prediction without the presence of air bubble curtain (base case);
• scenario 2—elimination of the waterborne path at the position of the air bubble curtain

leaving the propagation of the waves through the soil unaffected; and
• scenario 3—same as scenario 2 but with an additional 1 m gap at the lowest part of the

seawater column in which the noise presumably leaks.

In scenario 2, the noise sources in the water column are effectively canceled (100%
cancellation of the waterborne path) while the field in the soil is propagated undisturbed in
the exterior (to the air bubble curtain) domain. This allows one to estimate the maximum
noise reduction potential that a noise mitigation system can achieve with a theoretical
efficiency of 100% in blocking the waterborne path. The difference between the results of
the non-mitigated noise field (scenario 1) and the ones at which the waterborne path is fully
or partially blocked (scenarios 2 and 3) give an estimate of the maximum noise reduction
that can be achieved by eliminating the entire noise transmission path in the fluid and
provide a clear indication of the influence of the zone of flow establishment in the vicinity
of the nozzles (Region I depicted in the Figure 3). Considering the possibility to eliminate
the waterborne noise sources at any distance of interest, i.e., 10 m, 50 m, etc., the distance
has been chosen here equal to the one of which the outer air bubble curtain was placed
( 145 m from the pile surface).

The Peak Level (Lp,pk) in the unit of dB re 1 µPa is determined by the absolute
maximum of the sound pressure following a single hammer blow:

Lp,pk = 20 log
( ppk

p0

)
(59)

In Equation (59), ppk is the zero-to-peak sound pressure and p0 = 10−6 Pa is the
reference underwater sound pressure level. The sound exposure level SEL in units of dB re
1 µPa2 s is defined as in [43]

SEL = 10 log
(

1
T0

∫ T2

T1

p2(t)
p2

0
dt
)

(60)

with T1 and T2 being the starting and ending of the predicted time signature with the sound
event in between and T0 = 1 s.

The peak pressure level (Lp,pk) and sound exposure level (SEL) of receiver points at
radial distances up to 750 m are obtained here for the non-mitigated field (scenario 1) as
shown in Figure 8 (left). Through an indirect method, the noise reduction level achieved
by the Noise Mitigation Systems can be examined by comparing the sound levels of the
non-mitigated and mitigated fields. In Figure 8 (right), the evolution of the pressure field in
time is shown for a point positioned 2 m above the seabed at various radial distances from
the pile for scenarios 1–3. The numerical results for the three scenarios and the comparison
to the measurement are summarized in Table 3. The measured SEL and Lp,pk are derived
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from the data collected from four hydrophones located at four difference angles as shown
in Figure 9.

The range of the sound levels is given in Table 3 with their arithmetic mean values
indicated in the parenthesis. The deviation of the sound levels in the measured data can
be due to the existence of the currents and angular-dependent bathymetry changes in the
offshore environment.
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Figure 8. Prediction of the noise from the pile driving: (left) computed time histories of the pressure
in the water at various radial distances at 2 m above the seabed, in which scenario 1 indicated by the
black solid line; scenario 2 indicated by the black dashed line; scenario 3 indicated by the gray solid
line; scenario 4 discussed in Section 6.2 indicated by the gray dashed line; and (right) comparison of
SEL and Lp,pk at 750 m radial distance from the pile and 2 m above the seabed with the comparison
between the scenario 1 and arithmetic mean measured data.

Figure 9. Layout of double air bubble curtains (DBBC) system.

The maximum noise reduction level of ~30.0 dB in terms of SEL and ~35.0 dB in
terms of Lp,pk can be achieved, respectively, when the air bubble curtain blocks the entire
waterborne path (scenario 2). With the consideration of 1 m gap due to the bubble formation
process in the vicinity of the nozzle (scenario 3), the predicted ideal noise reduction level by
an air bubble curtain reduce to ~20.9 dB for SEL and ~21.4 dB for Lp,pk.

The energy flux is given at the location of the outer bubble curtain r = rbc,2 = 145 m.
As can be seen in Figure 10, close to the seabed the amount of the energy is relatively high
compared with the entire water depth and soil depth, which indicates that a great amount
of energy could channel from the vicinity of the seabed back into the water column due to
the thin air bubble layer close to the seabed. This also explains the difference in the noise
reduction level of SEL and Lp,pk between ∆1−2 and ∆1−2.
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Figure 10. The energy flux at the location of the outer bubble curtain r = rbc,2 = 145 m over the fluid
and soil domain.

Table 3. The summary of predicted noise reduction levels and experiment data from the pile
installation campaign.

Levels Measured
∆1−m

Modeled Modeled Modeled
∆1−2 ∆1−3[dB] with DBBC Scenario 1 Scenario 2 Scenario 3

SEL 165∼168 (167) 12∼15 (13) 180 150 158.8 30.0 20.9
Lp,pk 184∼187 (186) 12∼15 (13) 199 165 177.6 35.0 21.4

6.2. Validation of the Noise Reduction with the Model of the Air Bubble Curtain

In this section, the validation of the complete model including the double air bubble
curtains (DBBC) is performed, which is considered as scenario 4 hereafter. The model is
based on the configuration of an offshore pile installation campaign in 2018. The installa-
tion was executed for the pile with using double big bubble curtains (DBBC), which are
especially often used for large water depths (>30 m). Within the same offshore wind farm,
another installation was executed for the pile without using any noise mitigation system,
which has been used for the validation of the noise prediction model developed in [29]. The
input parameters of the air bubble curtain system are given in Table 4, while the material
and geometrical parameters are those summarized already in Table 2. The layout of the
DBBC system is shown in Figure 9, where rbc,1 and rbc,2 are the radius of the bubble curtain
with the width being bbc,1(z) and bbc,2(z), respectively.

Table 4. Basic input parameters of the air bubble curtain system.

Parameter Air Bubble Curtain

location of the inner bubble curtain rbc,1 [m] 105
location of the outer bubble curtain rbc,2 [m] 145

Nozzle diameter dn [mm] 1.5
Nozzle spacing yn [m] 0.30

Air flow rate qatm [m3/s/m] 0.0087
Spreading coefficient λ [-] 0.1

Entrainment coefficient α [-] 0.18

Based on the configuration of the bubble curtain system, the fluid dynamic and
acoustic properties of the system are obtained first by the noise reduction module. Figure 11
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shows the variation of the centerline velocity, width and total gas fraction of the bubble
curtain over the depth. The transmission loss of the bubble curtain is derived as discussed
in Section 4.2. As shown in Figure 12 (left), the mitigation is less effective at low frequencies
(<100 Hz). The variation of the damping coefficients along the entire water depth in
Figure 12 (right) shows that the attenuation is depth-dependent and reduces in the vicinity
of the nozzle especially for the higher frequencies due to the zone of the flow establishment
in the bubble formation process.
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Figure 11. Variation of the fluid dynamic properties over the depth: centerline velocity [m/s] (the
black solid line), the half width [m] (the gray solid line), and the overall gas fraction [-] (the dark gray
dashed line).

Figure 12. Prediction of the acoustic properties of the air bubble curtain: (left) the spectrum of
transmission loss at three depths, in which the black solid line represents the results at 1 m above
the nozzle, the gray solid line indicates the results at 5 m from the nozzle, and the gray dashed
line indicates the results at 20 m from the nozzle; (right) damping coefficients for three different
frequencies over the depth, in which the black solid line, the gray solid line, and the gray dashed line
represent f = 20, 150, 300 Hz, respectively.

Next, the noise source for the impact pile driving is generated by the noise prediction
model for non-mitigated field and is propagated first to the location of the inner air bubble
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curtain at r = rbc,1. The direct BEM is used to couple the noise prediction model for
non-mitigated field and noise reduction model for the air bubble curtain as discussed in
Section 4. The wavefield is then propagated to the location of the outer air bubble curtain
at r = rbc,2 and is coupled to the noise reduction model for the outer air bubble curtain
through the BEM. The direct BEM gives us great flexibility to couple the non-mitigated
field to a single or double air bubble curtains.

The calculated SEL and Lp,pk are summarized in Table 5 compared to the measurement
data collected during the pile installation campaign. The sound reduction predicted
including the modeling of double air bubble curtains are ~20 dB for SEL and ∼21 dB for
Lp,pk at a distances of 750 m.

Table 5. The summary of the noise prognosis for the offshore pile installation.

Noise Reduction Levels [dB] ∆SEL ∆Lp,pk

Measurement ∆1−m 12 ± 2 ∼15 ± 2 (13 ± 2) 12 ± 2 ∼15 ± 2 (13 ± 2)
Maximum noise reduction ∆1−2 30 35

Estimation of noise reduction ∆1−3 21 21
Computed noise reduction ∆1−DBBC 20 21

The summary of the noise prognosis for the offshore campaign is given in Table 5 in
terms of the SEL and the Lpeak. The difference between the noise reductions for scenario 2
and 3 is due to the 1 m gap in the fluid, which can lead to the channeling of great energy in
the vicinity of the seabed back into the water column as indicated in Figure 10. The noise
reduction for SEL achieved by DBBC is slightly lower than the reduction by scenario 3,
as scenario 3 leads to a more conservative estimation by assuming the full blockage of
the transmission in the fluid domain except the 1 m gap close to the seabed. Because
the air bubble curtain system has a much higher damping coefficient higher frequencies,
the system works more efficient in reducing the impulsiveness of the incoming waves
as evaluated by Lp,pk. The deviation (3 ± 2 dB) in the measured SEL and Lp,pk from
hydrophones at different angles indicates the influence of the ocean currents and three
dimensional effects of the ocean environment on the sound propagation. The ocean
currents can modify the local air bubble distribution along the entire water depth, which
can significantly influence the transmission coefficients of the air bubble curtain. The
angle-dependent varying bathymetry may also result in various sound transmission paths
at different angles of the field. The deviation of 2 dB is considered as measurement errors
from the set-up of the test equipment, including the hydrophones and calibrators. The
prediction of SEL by scenario 4 including the DBBC (∆1−DBBC =20 dB) and the scenario 3
(∆1−3 = 21 dB) are around 3 and 4 dB above the upper bound of the measured data (∆1−m =
15 + 2 = 17 dB), respectively. The noise reduction Lp,pk from the measurement data is much
lower compared to both scenario 3 and the scenario 4 (DBBC), which indicates that both
scenarios lead to conservative predictions. Further investigations regarding the sensitivity
of the parameters of air bubble curtain system and the influence of currents and other
environmental factors are needed to provide a better estimation of the sound pressure
levels and to optimize the use of the air bubble curtain system.

7. Conclusions

This paper establishes a computationally efficient approach for noise reduction pre-
diction in offshore pile driving with the application of a single or double air bubble curtain
system. The complete model consists of two modules: the noise prediction module that
describes the vibroacoustic behavior of the pile–soil–water interaction and propagates the
wave field at larger distance from the pile, and the noise reduction module that describes
the acoustic properties of an air bubble curtain. The solution approach is presented with
the complete mathematical statement of the coupled vibroacoustic pile–water–soil system
including the dynamics of the air bubble cloud. The direct boundary integral equation
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(BIE) formulation is used to couple the three modules and propagate the wavefield from
the vicinity of the pile to the location of the inner and outer bubble curtains and to the
larger distances. The validation of the local effective wavenumber model is performed by
comparison to available numerical solutions and reported experimental data sets. Noise
predictions are then performed for a pile installation campaign with the use of DBBC in
2018 and the results are compared to measurement data. The maximum noise reduction
level of an ideal noise mitigation system is studied by eliminating the waterborne trans-
mission path. The results indicate the maximum potential of the noise mitigation systems
applied in the water column. The model can latter be used for optimization of the air
bubble curtain system in order to improve the deployment strategy of the system. The mod-
eling approach can be applied for modeling different noise mitigation techniques, which
provides possibilities to examine the optimal combination of various noise mitigation
techniques and position of the deployment of the system.
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