
 

1 

Numerical prediction of underwater noise reduction during offshore 
pile driving by a Small Bubble Curtain  

Klaus Marco Göttsche1, Peter Møller Juhl2, and Ulrich Steinhagen3 
1, 2 University of Southern Denmark 

Niels Bohrs Allé 1, DK-5230 Odense M 
3 MENCK GmbH 

Am Springmoor 5a, D-24568 Kaltenkirchen 

ABSTRACT 
Small Bubble Curtains are an effective technique to reduce the underwater noise being emitted during 
offshore pile driving. In order to protect the marine fauna, noise reduction becomes even more important, 
since the increasing contribution of offshore wind energy leads to a rising number of offshore construction 
sites in order to cover the need for clean energy. Within the Bubble Curtain air bubbles are injected into the 
water surrounding the pile. When these are driven by the pressure wave being emitted from the pile, 
reflection, scattering and absorption effects occur. Within this paper, a method is presented in order to predict 
the rate of noise attenuation achieved by a Small Bubble Curtain. For this purpose, the bubble distribution is 
determined with Computational Fluid Dynamics. The noise radiation during pile driving is simulated by 
Finite Element Analysis and an Effective Medium Approach considers the acoustic effects within the Bubble 
Curtain. The pressure level at an arbitrary distance from the pile is determined by a Parabolic Equation 
method. Furthermore, comparisons between simulations and offshore measurements are presented. This 
combination of four methods provides a flexible and efficient noise prediction tool. 
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1. INTRODUCTION 
Noise reduction during offshore pile driving is an important task since the number of offshore 

construction sites is increasing and so does the noise level within the sea. The Federal Maritime and 
Hydrographic Agency of Germany (BSH) set a legal limit for noise emission during offshore pile driving, 
which in general cannot be fulfilled without noise protection. The current limit is 190 dB4 Peak Level 
and 160 dB Sound Exposure Level (SEL), as shown in reference [1]. 

The Bubble Curtain (BC) is a commonly known technique to reduce the noise being emitted during 
offshore pile driving. There are a number of other techniques under development and testing at the 
moment. A good comparison of the state of the technique is given in reference [2]. At a BC, air is 

                                                        
1 klgot12@student.sdu.dk 
2 pmjuhl@iti.sdu.dk 
3 ulrich.steinhagen@menck.com 
4 All pressure levels are of the unit dBre 1µPa  



2 

injected into the water by holes in hoses or pipes, which create a curtain of bubbles enclosing the entire 
pile. The Small Bubble Curtain (SBC) is arranged close to the pile, whereas the Big Bubble Curtain 
(BBC) encloses the entire construction site as shown in reference [2]. The SBC combines three major 
effects reducing the acoustic pressure being emitted. First, the bubbles reduce the impedance within 
the water which leads to partial reflection of the pressure wave. Furthermore, the pressure wave 
running through the curtain forces the air bubbles in to vibration, which lead to thermal and viscous 
absorption. The third effect is scattering of the pressure wave at the bubbles, which is sometimes also 
included in absorption as shown in reference [3-4]. The SBC has the advantage compared to the BBC 
that the pile vibrates in a medium of decreased impedance, which reduces the pressure being radiated. 
BCs have been tested at different sites and it is known that they can reduce the SEL about 12 dB ([2, 
5-6]). 

There have also been some approaches using a Finite Element Method (FEM) to determine noise 
reduction by considering the reduced impedance of the gas and water mixture ([7-9]). This approach is 
only able to consider the effects of reduced radiation and reflection. The method presented in this 
paper is able to consider all the effects described above, which shall lead to more accurate results. This 
can be achieved by performing four steps.  

In the first step, the bubble distribution is determined by Computational Fluid Dynamics (CFD 
using an appropriate multiphase model of ANSYS CFX. Here an Euler-Euler approach is applied with 
water as the continuous and air bubbles as the disperse phase. The volume fraction of air within the 
water is solved and used for further investigations. This approach for analyzing bubble dynamics has, 
for example, been performed in references [10-11], where the behavior of bubbles in a rectangular tank 
was analyzed. The application of this method to compute the bubble distribution can help to 
understand the dynamics within the curtain and to detect for example holes which act as acoustic 
bridges. Within this paper the CFD simulation shall not be dealt with in detail, but it gives the input for 
the following steps.   

In order to determine the near field noise emission during unprotected pile driving, a Finite Element 
Analysis (FEA) is performed. Especially during the last years, this has been the focus of a number of 
researchers using different FE tools. Abaqus/Explicit for example has been used in references [12-13] 
and Comsol Multiphysics in reference [14]. An implicit solver integrated in ANSYS was used in 
references [9, 15-16]. The latter is used as basis for the simulations presented in this paper. 

As the last step, the pressure level and the SEL are determined in a certain distance to the pile, 
especially to compare it to the rules ([1]) and to measurements. Different approaches have been 
performed here. In references [7, 13] a wavenumber integration method has been used. A Parabolic 
Equation (PE) technique was applied in reference [12], which is used in this paper, too. 

In order to consider all effects appearing within the BC, the Effective Medium Approach (EMA) 
shall be used. This method has been developed in a more general form in reference [17] and adopted to 
air bubbles within water in references [3-4]. It describes the acoustic effects within a homogenous 
bubble cloud with a low volume fraction of less than 2%. Beginning with a modified wave number, the 
frequency dependent sonic speed and thereon the transmission and absorption coefficients are 
determined. 

2. The Finite Element Model 

 
Figure 1 – Finite Element model 

The FEA is performed using the implicit solver of ANSYS in the version 14.0 and 14.5. The two 
dimensional axial symmetric model is based on the model used in references [9, 15-16], which is 
supplemented by a more sophisticated soil model shown in Figure 1 in a rotated view. Pile, ram weight 
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and anvil are modeled using structural plane elements with frictional contacts allowing separation 
after the strike. An initial velocity of the ram weight is applied in order to represent its impact energy. 
Water and soil are modeled by two dimensional fluid elements which solve the linear acoustic wave 
equation of compression waves. This leads to a certain inaccuracy within the soil since shear waves are 
neglected. The soil is horizontally layered representing offshore conditions.  

The pile vibrations are strongly coupled to the fluid pressure for computing the transient sound 
pressure distribution in the water and soil. The pile itself is supported by the stiffness of the fluid 
elements. At the radial and lower boundaries an absorbing boundary condition is applied. A pressure of 
0 Pa is defined at water level which leads to full reflection. 

The FE model consists of about 7700 solid and 62800 fluid elements. The simulation time is 50 ms 
and the time step size is 0.01 ms. 

3. Transfer of the results to the far field 
In this section, the general approach for computing the pressure level and SEL in a certain distance 

from the pile based on the results of the FEA is described. 
First, the time dependent pressure is exported from the transient FEA at certain points. These are 

located in 10 m distance to the pile axis and have an equal vertical spacing of 1 m. Since the attenuation 
is frequency dependent, an octave or third octave spectrum of the signal is determined at each point by 
Fast Fourier Transformation (FFT) and energy equivalent summation. These spectra are then 
transferred to 1 m distance from the pile axis. Since only attenuation due to spreading is considered 
within the FEA, the logarithmic law of �� = � log(r
/r�)	([18]) can be applied in order to determine 
the Transmission Loss (TL) from the pile to the measurement points. � is a factor being 10 for 
cylindrical and 20 for spherical spreading ([18]). Here, none of both assumptions fits, since the 
pressure wave has a conical shape. So, the factor is determined by logarithmic approximation of the TL 
of horizontally arranged points within the FEA. This leads to the law of �� = 11	 log(r
/1	m	)	, since �� = 1� and � = 11. Using this procedure, an array of vertically equal spaced sources has been 
created in 1m distance from the pile axis representing the acoustic radiation of the pile into the water 
and soil.  

In order to determine the SEL at 750 m distance, the frequency dependent TL has to be determined 
for each source. For this purpose, the Parabolic Equation (PE) method within the acoustic toolbox 
(AcTUP) in the version v2.2 ([19]) is used. AcTUP was implemented into Matlab in the version of 
2011. The PE in AcTUP uses a split-step Padè solver, described in detail in references [20-21], which 
makes it appropriate even for wide propagation angles. Within AcTUP, the layered soil has to be 
defined.  

In order to determine the acoustic material properties of the soil, the method described by 
Buckingham in references [22-23] is used. Within this linear theory, only three parameters (porosity, 
grain size and depth below the mud line) are needed in order to determine the acoustic properties 
within the soil, namely the speed and attenuation of the compression and shear wave. This is important, 
since the soil expertise performed at the construction site usually contains mechanical and no 
acoustical data. Using Buckingham's theory, the depth within the sediment of the different layers is 
known due to the soil expertise. The porosity can be determined depending on the unit weight given 
within the soil expertise by interpolating measurements published in reference [23]. The grain 
diameter has to be estimated.  

Using these input data for AcTUP, a complex transfer function can be determined for each source, 
one common receiving point and each frequency. This is only valid with the assumption, that the 
sources have no effect on each other except of the superposition at the common receiving point which 
is included manually. The transfer function can be converted into the TL and corresponding phase. The 
complex transfer functions are applied to the effective values of the corresponding source spectrum. 
The complex pressure values resulting from this are than superposed to create a common pressure 
spectrum for the receiving point. The phase shift between the different sources is already included in 
the imaginary part. The phase shift due to the time the pressure wave needs to run through the pile 
might be additionally applied. 

 The SEL is determined by summing the frequency dependent pressure level �(�)	over the 
frequency  

��� = 10 log�∑�(�)
	 ����2	����
 	d�	 � (1) 
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where ���� = 1	 !"	is the reference pressure, d� is the frequency step resulting from the FFT and 
���� = 1	#$ is the reference frequency. 

4. Attenuation within the Bubble Curtain 
Within a Bubble Curtain different effects appear which can be summarized in three categories. The 

first are hydrodynamic effects of the bubbles due to injection, buoyancy and current. These are 
included by CFD using ANSYS CFX. The result is a three dimensional field of the air volume fraction 
at steady state. The volume fraction %& is the ratio of the volume of all bubbles ' ∙ %)*) per unit 
volume %*+,-  considering ' bubbles having each the volume %)*) : %& = ' ∙ %)*)/%*+,- = . ∙ %)*) 
where . is the number of bubbles per unit volume. 

 
The second category describes the effects of the bubbles within the curtain on the acoustic 

properties. The mixed density is defined as: /0 	= %& ∙ /1 + (1 − %&) ∙ /4. Here, /1  and /4 are the 
densities of air and water, respectively. The index � indicates properties of the mixed fluid. 

In order to determine the sonic speed within the mixture, the EMA as published in reference [3] is 
applied. Here, an equation for the modified wave number is derived from Keller's equation. The 
natural circular frequency 56 is given by 

where Re{Φ} is the real part of the complex function Φ describing the thermodynamic effects within 
the oscillating bubble. �6 is the undisturbed pressure within the bubble, < is the surface tension and " is the unit radius of the bubbles. 

The complex wave number within the mixture of fluid and scatterer =0 is  

=0
 = 5

>
 + 4	@	5
 	A " .(")

56
 −5
 + B	C 	d"
D
6

 (3) 

where .(") is the bubble distribution function describing the number of bubbles depending on the 
radius. Damping is summarized in  

C = 4	 	5
/	"
 + �6	Im{Φ}

/	"
 +5
=	"		 (4) 

and contains viscous, thermal and acoustic damping, each represented as one summand. 
Kargl ([4]) notices, that these components are only valid in pure liquid. For more accurate results, 

the properties of the mixture have to be included. For the thermal and viscous damping, this influence 
is of minor importance, because the density and viscosity can be assumed to remain nearly unchanged 
for a small volume fraction. For the acoustic damping, the wave number of the mixture =0 has to be 
used for the computation of C10 = 5
	=0	"	. When this effect is included, equation (3) would have to 
be solved iteratively. In this paper, only the linear approach is applied. 

The sonic speed of the mixture >0 can than be determined by >0 = 5/=0	.  
As a last step, the transmission coefficient 

� = |GH|
	 (5) 

is computed by applying the length of the homogenous bubble cloud I and the fraction of the global 
and modified sonic speed in 

GH = exp(B	=	I)
cos(=0	I) + B/2(>/>0 	+ >0/>) sin(=0	I)	. (6) 

In order to apply this method to the bubble curtain, the curtain is divided into two dimensional 
elements. The vertical spacing is chosen, so that one source point described in the previous section is 
in the middle of one layer each. The radial spacing can be chosen as a compromise of accuracy and 
computation time. Within each element, the volume fraction determined in the CFD analysis is 
assumed to be constant. The normalized bubble distribution is assumed to be constant over the entire 
domain, which is only valid as a first approximation until better simulations or measurements have 
been performed. The normalized bubble size distribution can be applied as a delta function leading to 
a unit radius and a symmetric Gaussian distribution, which is sketched in Figure 2. Here, a mean 
bubble radius of 10 mm and a standard deviation of 3 mm are assumed. Together with the volume 

560
 = �6/0"
 QRe{Φ} −
2<
"	�6	R (2) 
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fraction, the number of bubbles of each size within each element can be determined. This method leads 
to a representation of the real bubble curtain in two dimensions. When the distribution is known, the 
transmission coefficient can be determined for each element individually and for each frequency of the 
applied spectrum. These can be combined to a total frequency dependent transmission coefficient for 
each horizontal layer. This procedure is reasonable since only attenuation due to the influence of the 
bubbles and no geometrical spreading is included in this approach.  

For each layer, the transmission coefficient is then transferred to the far field computation 
described above by multiplied to the spectrum of the corresponding sources. So, the effect of the 
bubble curtain is considered as a reduction of the source strength. 

 
Figure 2 – Normalized Gaussian bubble distribution 

 
Figure 3 – Fraction of radiated pressure in mixed 

and pure water 

The third category comprises the influence of the bubbly water on the noise radiation of the pile. 
The noise radiation of a vibrating cylindrical shell is described in reference [24]. Since all effects 
occurring within the curtain are included in the application of the EMA, only the ratio of the pressure 
being emitted into mixed and pure water is needed for an additionally reduction of the source strength. 

For this purpose, a simplified example described in reference [24] can be used. It considers a 
cylindrical shell vibrating in the zero order breathing mode with a surface velocity 5S  being 
independent of the axial direction and radiating into a homogenous fluid. Since the last condition is not 
valid here, this can only be seen as a first assumption neglecting the influence of the radial and vertical 
inhomogeneity of the bubble curtain. The pressure being emitted can be described as 

Here, > and / are the speed of sound and density of the acoustic medium, = = 5/> is the wave 
number, � is the distance from the pile axis and T is the pile radius. H6 is the Hankel function of 
zero order and H′6 is its derivation with respect to the argument. 

Inserting the index � for gaseous and 0 for pure water and assuming the density and surface 
velocity of the pile to remain unaffected for small volume fractions, equation (7) can be rewritten for 
the pressure ratio at the surface of the shell (� = T) as 

The fraction of the pressure shown in equation (8) is plotted in Figure 3 over the frequency for 
different ratios of pure and mixed speed of sound. With increasing frequency, the second factor of 
equation (8) tends towards one. This can also be shown using the asymptotic case of the Hankel 
function and its derivative, which is valid for large ranges or high frequencies. For low frequencies, the 
fraction of the radiated pressure in gaseous and pure water approaches one. This effect for low 
frequencies is neglected here. The second factor is assumed to be one and the fraction of the radiated 
pressure is assumed to be equal to the fraction of the speeds of sound.  

Since the sonic speed of the mixture is known as a function of the water depth and frequency, the 
ratio of the pressure being emitted in pure and gaseous water can be included as an additional factor 
reducing the source strength for the far field prediction. 

�(�, =) = B	/	>	5S 	 H6(=	�)H′6(=	T)	. (7) 

�0(T, =)�6(T, =) =
>0>6 	

H6(=0	T) H′6(=0	T)⁄
H6(=6	T) H′6(=6	T)⁄ 	. (8) 
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5. Simulation results and comparison to offshore measurements 
The companies MENCK and Bard investigated within the framework of a joint research project two 

bubble curtain systems during pile driving. The systems were tested under real offshore conditions at 
the wind farm construction site Bard Offshore 1 in the North Sea with a water depth of 40m. Figure 4 
shows the first test system which consists of 56 vertical pipes with little holes to generate the air 
bubbles. The pipes are supplied with compressed air. Since the dimensions of the test system are only 
slightly larger than the pile, the bubble curtain is generated close to the pile. The results presented in 
this paper are related to the first offshore test which took place in the beginning of November 2011. 
The pile of 3.35 m diameter was installed with the hydraulic MENCK hammer MHU 1900S at an 
impact energy of approx. 1400 kJ. The free air delivery (FAD) of the four air compressors (Atlas 
Copco PTS 916) was approx. 147 m³/min.  

 

 

Figure 4 – Bubble curtain for offshore test 

 

 

Figure 5 – Contour plot of radiated pressure in Pa 

For the numerical simulation, the offshore conditions are represented. The penetration depth of the 
pile during the measurements is 25 m. The final penetration depth is approx. 50 m. The FE-model is 
shown in Figure 1 in a rotated view. Surrounding the pile, a uniform speed of sound is assumed for the 
water. The soil is horizontally layered and represents the offshore conditions, where the saturated 
density varies between 1886 kg/m³ and 2441 kg/m³. As an external load, the initial velocity of the 
hammer is defined in order to represent the kinetic energy of the hammer. The simulation time is 50 ms 
with a mean time step of 0.01 ms. In 10 m distance from the pile axis, the time dependent pressure is 
exported for 65 points with an equal vertical spacing of 1 m.  

Figure 5 shows a contour plot of the pressure in Pascal at the time 20 ms. The angle of the wave 
front results from the difference between the speed of sound in the pile and the surrounding medium. 
This has been discussed in detail in reference [14]. 

Figure 6 – Volume fraction within the water Figure 7 – Speed of sound within the BC in 20 m 
depth 
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The material properties for the PE-analysis correspond to the FE-simulation and are extended by 
the compression speed and damping of the compression and shear speed. For each of the 65 points the 
frequency dependent TL is determined. The distribution of the volume fraction from the CFD 
simulation is shown in Figure 6 for different water depths. 

The natural frequency of the bubbles is 464 Hz at high volumes fraction close to the pile and 456 Hz 
in 20 m distance due to the dependency of equation (2) on the mixed density. 

Figure 7 shows the sonic speed within the SBC in 20 m depth plotted over the radial distance for 
several frequencies. A uniform bubble size is assumed. The speed of sound within the mixture is 

>0
 = 1
1>
 + 4	@	'	"56
 −5
 + B	C

	. 
(9) 

It is derived from equation (3) by applying >0 = 5/=0 and =
 = 5
/>
	. With increasing radial 
distance, the number of bubbles per element ' reduces and approaches zero. The dependency of 56 
on the range can be neglected compared to the influence of '. This is reasonable since the natural 
frequency depends on the density, which can be considered as constant for small changes in the volume 
fraction. For a volume fraction approaching zero, the second summand below the fraction bar 
approaches zero, and the mixed sonic speed is equal to the speed in pure water in this limit. This is can 
be seen in Figure 7 for all frequencies. When the forcing frequency is higher than the natural frequency, 
as for the curves of frequencies being 500 Hz or more in Figure 7, the real part of this second summand 
becomes positive and for certain volume fractions, depending on the forcing frequency, the mixed 
sonic speed becomes larger than in pure water. For higher volume fractions, the speed of sound tends 
sharply towards a value being nearly zero. For forcing frequencies being smaller than the natural 
frequency the speed of sound decreases slowly with increasing volume fraction. 

 

Figure 8 – Transmission coefficient within the BC in 20 m depth 

 

Figure 8 shows the transmission coefficient in 20 m water depth depending on the range for 
different frequencies. For low numbers of bubbles, the ratio of the sonic speed for pure and mixed 
water becomes one and =0 tends towards =. So, GH and � in equation (5) and (6) become one for all 
frequencies. Despite of that, the transmission loss depends highly on the driving frequency. For 
forcing frequencies being close to the natural frequency (for example 500 Hz in Figure 8), the 
transmission coefficient decreases sharply towards zero. For forcing frequencies being smaller or 
higher than the natural frequency, the decrease of the coefficient is much slower and the minimum 
value becomes higher.  

The total transmission coefficient of the bubble curtain depending on the depth and frequency is 
plotted in Figure 9 for a uniform bubble distribution of radius 10 mm and for a Gaussian distribution 
with a mean radius of 10 mm and a standard deviation of 3 mm. The factor describing the reduced 
pressure radiation due to the decreased impedance surrounding the pile is included. For low water 
depths, the coefficient is nearly zero for all frequencies. This is due to the large spreading of the bubble 
cloud. For larger depths, the high dependency on the frequency can be seen. For all depths, the 
transmission coefficient is nearly zero for forcing frequencies close to the natural frequency being 
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about 460 Hz for unit bubble radius. The difference between the distribution functions is quite small. 
The Gaussian distribution leads to a wider shape due to the consideration of different bubble sizes and 
thus natural frequencies. The further simulation results in this paper are based on the Gaussian bubble 
distribution.  

 

Figure 9 – Total transmission coefficient fir a uniform (left) and Gaussian (right) bubble size distribution 

 

In order to validate the simulations the pressure spectra and SEL are compared to the measurements 
of a single blow in 250 m and 750 m distance. The third octave spectra of the simulations and 
measurements are shown in Figure 10. Both subfigures show, that the spectra of the simulations 
without SBC fit the shape of the measurements well.  

 
Figure 10 – Sound pressure level of measurements and simulations in 250 m (left) and 750 m (right) 

 
Figure 11 – Attenuation coefficient of measurements and simulations in 250 m (left) and 750 m (right) 
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In Figure 11, the attenuation coefficient due to the bubble curtain is compared to the measurements 
at 250 m and 750 m. It is determined by dividing the pressure of the case with SBC by the values 
without SBC and represents the rate of noise reduction. In 250 m distance, the values for frequencies 
below 800 Hz fit well. For frequencies above, the attenuation due to the simulations is a little too high. 
In 750 m distance, the minimum close to the natural frequency, as discussed above, can be recognized 
due to the minor influence of the transmission through the soil compared to 250 m. At these freqiencies, 
the attenuation is a little too high. Despite of that, the shape of the attenuation coefficient fits the shape 
of the measurements, especially in 750 m. This shows that the frequency dependence of the attenuation 
is represented in a correct way. 

 
The SEL is determined using equation (1) for the simulations. The measured SEL is the mean value 

of a 30 blows sequence and determined in time domain. The standard deviation is approx. 0.5 dB. As 
shown in Table 1 the calculated SEL is slightly higher than the measured ones in most cases. The same 
applies for the attenuation. Note that the simulation time of the FEA was only 50 ms to reduce to total 
computation time. Hence the vibration of the entire system is not entirely covered in the simulated time 
window which might introduce an error on the FFT. 

 

Table 1 – Calculated and measured Sound Exposure Levels (SEL) in dB 

Distance 
Without SBC With SBC Attenuation 

Simulation Measurement Simulation Measurement Simulation Measurement 

250 m 184  179  168  165  16  14  

750 m 174  173  157  160  17  13  

 

6. Conclusion 
The method presented in this paper is able to predict the noise being radiated during offshore pile 

driving and the attenuation due to the use of a small bubble curtain realistically. The model consists of 
the hydraulic hammer, pile, water, soil and a realistic bubble distribution. This allows the simulation to 
represent the specific condition at the individual offshore construction site. 

The acoustic model represents the simulated bubble distribution and is able to determine the 
attenuation due to the bubble curtain and its dependency on the frequency. 

Comparing the simulations with offshore measurements showed good agreement for different 
distances from the pile. The spectra of the ramming process and the attenuation are represented well.  

Further research is needed in improving and validating the models. 
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