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https://grow-offshorewind.nl/project/bubbles-jip


 

 

 



 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 



 



 

 





 

 

𝐿𝐸

IL = LE,screen − LE,ref

𝐿𝐸 = 10 log10
𝐸

𝐸0
 dB

𝐸0 = 1 μPa2s 𝐸

𝐸 = ∫ 𝑝(𝑡)2𝑑𝑡
𝑡1

𝑡0

𝑝

 



 

 

 

 



 

𝜌 𝑐

𝜌

𝑐 𝛽

𝜌eff =  𝜌𝑤(1 − 𝛽) + 𝜌𝑔𝛽

𝑤 𝑔

𝑐2 = 𝐾/𝜌

𝐾 =
1−β

𝐾𝑤
+

𝛽

𝐾𝑔

𝐾 =
1−β

𝜌𝑤𝑐𝑤
2 +

𝛽

𝜌𝑔𝑐𝑔
2

𝑐eff = {
(1−𝛽)2

𝑐𝑤
2 +

𝛽2

𝑐𝑔
2 +

𝛽(1−𝛽)(𝑐𝑔
2𝜌𝑔

2+𝑐𝑤
2 𝜌𝑤

2 )

𝑐𝑔
2𝜌𝑔𝑐𝑤

2 𝜌𝑤
}

−1/2



𝛽

𝑐eff ≈ 𝑐𝑔√𝜌𝑔/𝜌𝑤𝛽(1 − 𝛽)

𝜌𝑐



 

𝑘𝑚

𝑛(𝑎)d𝑎

𝑎 𝑎 + d𝑎

𝑘eff
2 = 𝑘𝑤

2 + 4𝜋𝜔2 ∫
𝑎𝑛(𝑎)d𝑎

𝜔0
2−𝜔2+2i𝜔(𝑏𝑣+𝑏𝑡+𝑏𝑎)

∞

0

𝑏𝑣 𝑏𝑡 𝑏𝑎

𝑏_𝑡) 𝜔



𝑏𝑣 =
2𝜇𝑤

𝜌𝑤𝑎2

𝑏𝑡 =
𝑝0

2𝜌𝑤𝑎2𝜔
(Φ)

𝑏𝑎 =
𝜔2𝑎

2𝑐𝑤

𝜇𝑤 𝑝0 = 𝑝∞ +
2𝜎

𝑎
𝑝∞

𝜎

Φ

Φ =
3𝛾

1−i3(𝛾−1)χ{(i/𝜒)1/2 coth[(i/𝜒)1/2]−1}

𝛾 = 𝐶𝑃/𝐶𝑉 𝜒 = 𝐷/𝜔𝑎2 𝐷 = (𝛾 − 1)𝐾𝑇𝑇/(𝛾𝑝0)

𝑇 𝐾𝑇

𝜔0
2 =

1

𝜌𝑤𝑎2 [𝑝0Re(Φ) −
2𝜎

𝑎
]

𝑛(𝑎)d𝑎 𝛽

𝛽 =
4

3
𝜋 ∫ 𝑎3𝑛(𝑎)d𝑎

∞

0

 

𝛽 >

10−4

𝑘𝑚

𝑘𝑚

𝑘𝑚
2 = 𝑘𝑤

2 + 4𝜋𝜔2 ∫
𝑎𝑛(𝑎)d𝑎

𝜔0𝑚
2 −𝜔2+i(𝑏𝑣𝑚+𝑏𝑡𝑚+𝑏𝑎𝑚)

∞

0

𝑏𝑣𝑚 𝑏𝑡𝑚 𝑏𝑎𝑚 𝜔0𝑚

𝑏𝑣𝑚 =
2𝜇𝑚

𝜌𝑚𝑎2

Φ ≈ 3𝛾 𝜔0
2 ≈

3𝛾𝑝0

𝜌𝑎2

𝑓0 =
1

2𝜋𝑎 
√3𝛾𝑝0/𝜌



𝑏𝑡𝑚 =
𝑝0

2𝜌𝑚𝑎2𝜔
(Φ)

𝑏𝑎𝑚 =
𝜔2𝑎

2𝑐𝑚

𝜔0𝑚
2 =

1

𝜌𝑤𝑚𝑎2 [𝑝0Re(Φ) −
2𝜎

𝑎
]

𝑚

𝜔0𝑚 ≈ 𝜔0 𝑏𝑣𝑚 ≈ 𝑏𝑣 𝑏𝑡𝑚 ≈ 𝑏𝑡

𝜌𝑚 = 𝜌𝑤 𝜇𝑚 = 𝜇𝑤

𝑏𝑎𝑚

𝑐𝑚 =
2𝜋𝑓

𝑘𝑚

𝑘𝑚 𝑘𝑚

𝑘𝑚 𝑘𝑚

𝑘𝑚

𝑘𝑚

|𝑘𝑚| ≤

0.001

 

𝑘𝑇
2 = 𝑘𝑤

2 +
𝐹

1−𝐹 ∫ 𝑟𝑒−𝑖𝑘𝑟𝑑𝑟
∞

0

𝐹

𝐹 = 4𝜋𝜔2 ∫
𝑎𝑛(𝑎)𝑑𝑎

𝜔0
2−𝜔2+2𝑖𝜔(𝑏𝑣+𝑏𝑡+𝑏𝑎) 

∞

0

𝛽 = 0.01 𝜌
𝜇



𝑓(𝑎) 𝜔0 𝑏𝑣 𝑏𝑡 𝑏𝑎

𝑘

𝑘

𝑘

𝑘𝑇
2 = 𝑘𝑤

2 +
𝐹

1−𝐹 ∫ 𝑟𝑒−𝑖𝑘𝑟𝑑𝑟
𝑅

0

𝑅

𝑟0

𝑅

𝑟0

𝑅 = 1.272𝑟0

𝛽 𝑎

𝑟0  =  (
𝛽

4

3
𝜋𝑎3

)

−
1

3

𝑘𝑇
2 = 𝑘𝑤

2 + ∫
𝐺(𝑎)

1−∫ 𝐺(𝑎)𝑑𝑎
∞

0 ∫ 𝑟𝑒−𝑖𝑘𝑟𝑑𝑟
𝑅(𝑎)

0

𝑑𝑎 
∞

0



𝐺(𝑎) = 4𝜋𝜔2 𝑎𝑛(𝑎)

𝜔0
2−𝜔2+2𝑖𝜔𝑏 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 
𝑝i

𝛼𝑡

𝑝𝑡

𝛼𝑡 = |𝑝𝑡
2/𝑝𝑖

2|

𝛼𝑡 =
4

4 cos2(𝑘 𝐿)+(
𝜌 𝑐

𝜌𝑤𝑐𝑤
+

𝜌𝑤𝑐𝑤
𝜌 𝑐

)
2

sin2(𝑘 𝐿)

𝑘eff 𝐿

𝑘 = 𝜔/𝑐 𝜔 𝜔 =

2𝜋𝑓 𝑓



𝑇𝐼 =
1

1+
1

4
(

𝜌eff𝑐eff
𝜌𝑤𝑐𝑤

−
𝜌𝑤𝑐𝑤

𝜌eff𝑐eff
)

2
sin2(𝑘eff𝐿)

𝛼𝑡 = 𝑇𝐼

𝛼𝑡 = |
2

2 cos(𝑘𝐿)+𝑖(
𝑟2
𝑟1

+
𝑟1
𝑟2

) sin(𝑘𝐿)
|

2

𝑟1 = ρw𝑐𝑤 𝑟2 = ρeff𝑐eff

𝑧 = 𝑥 + 𝑖𝑦 𝑟1 𝑟2 𝑘

|𝑧|2 = |𝑥 + 𝑖𝑦|2 = 𝑥2 + 𝑦2

𝑟1 𝑟2 𝑘

𝑧 = 𝑥 + 𝑖𝑦

Δ𝐿

Δ𝐿 = −10 log10(|𝛼𝑡|)  dB

 

𝑘𝐿 ≪ 1

𝑘𝐿 = 𝜋, 2𝜋, 3𝜋, …



𝛽

𝜌𝑤 = 1000 kg/m3 𝑐𝑤 = 1500 m/s 𝜌𝑎 = 1.2 kg/m3 𝑐𝑤 = 344 m/s 𝛾 = 1.4

𝑐eff =
𝑐r,eff

(1+iαp)

𝑐𝑟,reff 𝑐eff

𝛼𝑝

𝜆

|e−i𝑘eff𝑥| = |e
−i

ω

𝑐eff
𝑥

| = |e
−𝑖 

𝜔

cr,eff
𝑥 

| 𝑒
− 

𝜔𝛼𝑝

cr,eff
𝑥 

𝛼𝑝 = 3 𝜆



°
αp = 3 𝜆 𝛽

𝜌𝑤 = 1000 kg/m3 𝑐𝑤 = 1500 m/s 𝜌𝑎 = 1.2 kg/m3 𝑐𝑤 = 344 m/s 𝛾 = 1.4

 

°



°

T

P

ρw

cw

μw

σ

ρg

cg

μg

γ

KT

2𝜎/𝑎)
𝑝0

𝑎

𝑉𝑎 =
4

3
𝜋𝑎3 𝛽

𝑛𝑎 = 𝛽/𝑉𝑎

𝑓𝑎 =
1

2𝜋𝑎 
√3𝛾𝑃/𝜌𝑤

𝑎 𝑓𝑎

𝑎



𝛽 𝑎
𝛿𝑚 = 𝑏𝑚/ω0m

2



𝑐eff = 𝜔/𝑘eff

𝛽 𝑎

10 log10 𝛽



𝑎 𝛽



 

𝑓(𝑎, 𝜇ln(𝑎), 𝜎ln(𝑎)) =
1

𝑎𝜎ln(𝑎)√2𝜋
𝑒−(ln(𝑎)−𝜇ln(𝑎))

2
/2𝜎ln(𝑎)

2

𝜇ln(𝑎) 𝜎ln(𝑎)

(𝑎) =
𝑓(𝑎)

∫ 𝑓(𝑎)𝑑𝑎
∞

0

𝑛(𝑎)

𝑛(𝑎) = (𝑎)𝑁

𝑁

𝐵

𝑁 =
𝛽

4

3
𝜋 ∫ 𝑎3 (𝑎)d𝑎

∞
0

𝜇ln(𝑎) = −6.70 𝜎ln(𝑎) = 0.67



°

T

P

ρw

cw

μw

σ

ρg

cg

μg

γ

KT



𝜇ln(𝑎) = −6.5 𝜎ln(𝑎) = 0.25 𝛽 = 0.1



𝑎 = 1.5

𝑎 = 1.41 𝑓0 ≈

2.27 kHz 𝑓0 ≈ 2.42 kHz

𝜇ln(𝑎) = −6.5 𝜎ln(𝑎) =

0.25 𝛽 = 0.01



𝜇ln(𝑎) = −6.5 𝜎ln(𝑎) = 0.25 𝛽 = 0.01

 



𝛽(𝑟) = 𝑁
1

𝜎𝑟√2𝜋
𝑒

−
1

2
(

𝑟−𝜇𝑟
𝜎𝑟 

)
2

𝜇𝑟 𝜎𝑟

𝑁 max(𝛽(𝑟)) = 𝑁/(𝜎𝑟√2𝜋)

 

𝛽 = 0.01 

𝜎𝑟



𝜎𝑟

𝛽 = 0.01





 



𝜎 = 0.0125





 



 



𝛽 = 0.01



 

 

 

 



 

 

 

 



 

 



 

 

𝑧

 

𝑦

𝑦

𝑦

 𝑥

 𝑥

𝑧 𝑦

 

 1/√𝑟 1/𝑟

𝑦

 

𝑥𝑧 𝑥𝑦



 

 

𝑧

 

𝜃

𝜃

𝑟

𝑦

360

 

𝑟 𝑧 𝜃

 



𝑥
𝑟

𝑥

𝑟



 

𝑦

𝑦

𝑘𝑎 𝑘𝑥𝑧

𝑘𝑎
2 = 𝑘𝑥𝑧

2 − 𝑘𝑦
2

𝑘𝑦 𝑦

𝑦

𝑦

𝑘𝑎 𝑘𝑥𝑧 𝑘𝑎

𝑥𝑧



𝑦

𝑘𝑦 𝑘𝑥𝑧

𝑘𝑎 𝑘𝑥𝑧

𝑘_𝑎 𝑘𝑦 > 𝑘𝑥𝑧 𝑘𝑦 > ℜ(𝑘𝑥𝑧)

𝑚

𝑘𝑦(𝑚) = 𝑘𝑥𝑧 𝑤 𝑐𝑤

𝑓𝑚 𝑚

𝑓𝑚 =
𝑐

2𝑤
𝑚

𝑚 = [0,2,4,6,8]

𝑚 = 8



 

𝑥
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Carthesian, incl. modes (0,2,4,6,8), decidecade bands
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Carthesian, incl. modes (0,2,4,6,8), Difference Model and Measurement
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Carthesian, incl. modes (0,2,4,6,8), Difference between Flow Speeds
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Carthesian, incl. modes (0,2,4,6,8), Difference between Bubble Screen Types



 

𝐹 𝐾

𝑟 1/(𝑘 + 𝐾)

𝐹 𝐾 1/(𝑘 + 𝐾)

1/(𝑘 + 𝐾)

1/(𝑘 + 𝐾)





 



 

kg/m3

𝑅𝐼 = (
𝑟2−𝑟1

𝑟2+𝑟1
)

2

𝑟1 𝑟2

𝑅𝐼 = |
(1−𝑟1/𝑟3) cos(𝑘𝐿)+𝑖(

𝑟2
𝑟3

−
𝑟1
𝑟2

) sin(𝑘𝐿)

(1+𝑟1/𝑟3) cos(𝑘𝐿)+𝑖(
𝑟2
𝑟3

+
𝑟1
𝑟2

) sin(𝑘𝐿)
|

2

𝑟1 𝑟3 𝑟2

𝑘



𝑘

𝑐 = 1500 m/s 𝜌 =

1000 kg/m3 𝑐 = 3700 m/s 𝜌 = 2400 kg/m3

𝑐 = 1500 m/s 𝜌 = 1000 kg/m3 𝑐 = 260 m/s 𝜌 =

1510 kg/m3 𝑐 = 1275 m/s 𝜌 = 1990 kg/m3
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𝑝𝑠𝑞,𝑎𝑣 = |
1

n
∑ pi

𝑖=1
𝑛 |

2
  𝑝𝑎𝑣,𝑠𝑞 =

1

n
∑ |pi|

2𝑖=1
𝑛

 

(
𝑐𝑤

𝑐
)

2

= (1 − 𝛽 +
𝛽𝐸𝑤

𝑃0
) (1 − 𝛽 +

𝛽𝜌𝑔

𝜌
)



𝐸𝑔 = 𝑃0

𝜌 = 𝜌𝑤

𝛽 ≪ 1
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𝐹 𝐹 = 0

∫ 𝑟𝑒−𝑖𝑘𝑟∞

0 
𝑑𝑟 𝑖/(2𝑘) 





 

∫ 𝑟𝑒−𝑖𝑘𝑟∞

0 
𝑑𝑟 𝑖(𝐾 − 𝑘)/(4𝜋𝑁)

𝑓2

𝑓

𝑓3

𝑓



𝐹 𝐾

𝑟 1/(𝑘 + 𝐾)

𝐹 𝐾

1/(𝑘 + 𝐾)



𝑟 = 1.77 𝛽 = 0.22

𝛼



𝛼

𝑟 = 1.77
𝛽 = 0.22

𝑓 < 1300



𝐾2

 

𝛼



|𝑓𝑒𝑖𝑘𝑑/𝑑| ≪ 1

 



 

 





𝑐eff = {
(1−𝛽)2

𝑐𝑤
2 +

𝛽2

𝑐𝑔
2 +

𝜌𝑤𝛽(1−𝛽)

𝑃
}

−1/2

𝑃

𝛽 = 0 𝛽 = 1
𝑐𝑔

2𝜌𝑔
2

𝑐𝑤
2 𝜌𝑤

2

𝑐eff = {
(1−𝛽)2

𝑐𝑤
2 +

𝛽2

𝑐𝑔
2 +

𝜌𝑤𝛽(1−𝛽)

𝑐𝑔
2𝜌𝑔

}
−1/2

𝑝 = 𝑐𝑔
2𝜌𝑔

𝑐 𝜌 𝑝

𝑝 =
c2ρ

γ
 

𝛾

https://en.wikibooks.org/wiki/Engineering_Acoustics/Speed_of_sound


𝜀

𝑚𝜀̈ + 𝑏tot𝜀̇ + 𝑘𝜀 = 𝐹

𝑚 kg 𝑘 kgs−2 𝑏tot kgs−1

𝜀̂(𝑓) = ∫ 𝜀(𝑡)e−i2𝜋𝑓𝑡d𝑡
∞

−∞

(−𝑚𝜔2 − i𝜔𝑏tot + 𝑘 )𝜀̂ = 𝐹̂

𝜔 = 2𝜋𝑓 𝜔0 = √𝑘/𝑚

𝜀̂

𝐹̂
=

1

𝑚
(𝜔0

2 − 𝜔2 − i𝜔𝑏tot/𝑚)−1

𝛿tot = 𝜔𝑏tot/𝑚𝜔0
2

𝜀̂

𝐹̂
=

1

𝑚𝜔0
2 (1 − (

𝜔

𝜔0
)

2

− i𝛿tot)
−1

𝑚 𝑘 𝑏tot 𝜔0 𝛿tot

𝛿tot < 1

𝛿tot = 𝑏tot/𝑚𝜔0

 𝛽 =
1

2
𝛿tot𝜔0 s−1

 𝛬 =
2𝜋𝛽

𝜔0
= 𝜋𝛿tot

 𝑄 =
𝜋

𝛬
=

1

𝛿tot

 𝜁 =
𝑏tot

2√𝑘𝑚
=

𝛿tot

2

𝑚 𝑘 𝑏tot 𝜔



𝑏

𝑏C&P =
2𝜇𝑤

𝜌𝑤𝑎2 +
𝑝0

2𝜌𝑤𝑎2𝜔
Im(Φ) +

𝜔2𝑎

2𝑐𝑤

𝝎

𝑏C&P s−2 𝑏tot kgs−1

𝑏C&P = 𝑏tot/2𝑚

𝛿tot
C&P = 2𝜔𝑏C&P/𝜔0

2

2𝜔𝑏C&P 𝑏tot
Kargl

= 𝑏𝑣
Kargl

+ 𝑏𝑡
Kargl

+ 𝑏𝑎
Kargl

𝑏𝑣
Kargl

=
4𝜇𝑤𝜔

𝜌𝑤𝑎2 𝑏𝑡
Kargl

=
𝑝0

𝜌𝑤𝑎2 Im(Φ) 𝑏𝑎
Kargl

=
𝜔3𝑎

𝑐𝑤

𝛿tot
Kargl

= 𝑏tot
Kargl

/𝜔0
2



𝑟𝑖 = 𝜌𝑖𝑐𝑖

[𝑀]𝑝 = 𝑝𝑖

𝑝 = [

𝑝𝑟

𝑝𝑠+ 
𝑝𝑠−

𝑝𝑡

]

𝑝𝑟 𝑝𝑠+ 𝑝𝑠−

𝑝𝑡

𝑀 = [

1 1 1 0
𝑟1 −𝑟2 𝑟2 0

0 𝑒−𝑖𝑘𝐿 𝑒𝑖𝑘𝐿 1
0 −𝑟2𝑒−𝑖𝑘𝐿 𝑟2𝑒𝑖𝑘𝐿 −𝑟3

]



𝑝𝑖

𝑝𝑖 = [

−1
𝑟1

0
0

]

𝑝 𝛼𝑡

𝛼𝑡 = |𝑝𝑡|2 = |𝑝𝑡
2|

𝑀

A

det(A)



𝑏𝑖𝑗

𝑀

det 𝑀 =

(   𝑟2𝑟3𝑒𝑖𝑘𝐿   −𝑟2
2𝑒−𝑖𝑘𝐿 +0

+𝑟1𝑟2𝑒𝑖𝑘𝐿 +0 +0

−𝑟1𝑟3𝑒−𝑖𝑘𝐿 +0 +0
+0 +0 +0

+𝑟2
2𝑒𝑖𝑘𝐿 𝑟2𝑟3𝑒−𝑖𝑘𝐿 +0

+𝑟3𝑒𝑖𝑘𝐿 +0 +0

+𝑟1𝑟2𝑒−𝑖𝑘𝐿 +0 +0
+0 +0   +0)

Det(𝑀) = 
𝑟2𝑟3𝑒𝑖𝑘𝐿 − 𝑟2

2𝑒−𝑖𝑘𝐿 + 𝑟1𝑟2𝑒𝑖𝑘𝐿 − 𝑟1𝑟3𝑒−𝑖𝑘𝐿 + 𝑟2
2𝑒𝑖𝑘𝐿 + 𝑟2𝑟3𝑒−𝑖𝑘𝐿 + 𝑟1𝑟3𝑒𝑖𝑘𝐿 + 𝑟1𝑟2𝑒−𝑖𝑘𝐿

det(𝑀) = 𝑟2𝑟3(𝑒𝑖𝑘𝐿 + 𝑒−𝑖𝑘𝐿) + 𝑟2
2(𝑒𝑖𝑘𝐿 − 𝑒−𝑖𝑘𝐿) + 𝑟1𝑟2(𝑒−𝑖𝑘𝐿 + 𝑒𝑖𝑘𝐿) + 𝑟1𝑟3(𝑒𝑖𝑘𝐿 − 𝑒−𝑖𝑘𝐿)

det(𝑀) = 2(𝑟2𝑟3 + 𝑟1𝑟2) cos(𝑘𝐿) + 𝑖2(𝑟2
2 sin(𝑘𝐿) + 𝑟1𝑟3 sin(𝑘𝐿))

𝑝𝑡 𝑏41 𝑏42

𝑏41 = −𝑟1𝑟2𝑒𝑖𝑘𝐿𝑒−𝑖𝑘𝐿 + 0 + 0 − 𝑟1𝑟2𝑒𝑖𝑘𝐿𝑒−𝑖𝑘𝐿 − 0 − 0 = −2𝑟1𝑟2

𝑏42 = 𝑟2𝑒−𝑖𝑘𝐿𝑒𝑖𝑘𝐿 + 0 + 0 + 𝑟2𝑒−𝑖𝑘𝐿𝑒𝑖𝑘𝐿 − 0 − 0 = 2𝑟2



det (𝑀) 𝑏41 𝑏42

𝑝𝑖

𝑝𝑡 = [𝑀]−1𝑝𝑖 =
−𝑏41+𝑏42𝑟1

det 𝑀
=

4𝑟1𝑟2

2(𝑟2𝑟3+𝑟1𝑟2) cos(𝑘𝐿)+𝑖2(𝑟2
2+𝑟1𝑟3) sin(𝑘𝐿)

𝑝𝑡 =
2

(
𝑟3
𝑟1

+1) cos(𝑘𝐿)+𝑖(
𝑟2
𝑟1

+
𝑟3
𝑟2

) sin(𝑘𝐿)

𝑟1 = 𝑟3

𝑝𝑡 =
2

2 cos(𝑘𝐿)+𝑖(
𝑟2
𝑟1

+
𝑟1
𝑟2

) sin(𝑘𝐿)

𝛼𝑡

𝛼𝑡 = |𝑝𝑡|2 = |
2

2 cos(𝑘𝐿)+𝑖(
𝑟2
𝑟1

+
𝑟1
𝑟2

) sin(𝑘𝐿)
|

2

𝛼𝑡 =
4

|2 cos(𝑘𝐿)+𝑖(
𝑟2
𝑟1

+
𝑟1
𝑟2

) sin(𝑘𝐿)|
2

𝑟1 𝑟2 𝑘

𝑧 = 𝑥 + 𝑖𝑦

𝑥 = 2 cos(𝑘𝐿) 𝑦 = (
𝑟2

𝑟1
+

𝑟1

𝑟2
) sin (𝑘𝐿)

|𝑧|2 = |𝑥 + 𝑖𝑦|2 = 𝑥2 + 𝑦2

𝛼𝑡

𝛼𝑡 =
4

4 cos2(𝑘𝐿)+(
𝑟2
𝑟1

+
𝑟1
𝑟2

)
2

sin2(𝑘𝐿)

𝑟1 𝑟2 𝑘

𝑧 = 𝑥 + 𝑖𝑦
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