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Abstract. In this work results from an underwater experiment on flow-induced noise in the interior of a
towed body generated from a surrounding turbulent boundary layer are presented. The measurements were
performed with a towed body under open sea conditions at towing depths below 100 m and towing speeds
ranging from 2.4 m/s to 6.2 m/s (4 kn to 12 kn). Focus is given in the experiments to the relation between
(outer) wall pressure fluctuations and the (inner) hydroacoustic near-field on the reverse side of a flat plate.
The plate configuration consists of a sandwich structure with an (thick) outer polyurethane layer supported
by an inner thin layer from fibre-reinforced plastics. Parameters of the turbulent boundary layer are
estimated in order to analyse scaling relations of wall-pressure fluctuations, interior hydroacoustic noise, and
the reduction of pressure fluctuations through the plate.
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1. Introduction

Turbulent pressure fluctuations are noise sources that can radiate into the far-field (Camussi
2013), but can also have impact as wall pressure fluctuations (Willmarth 1975, Farabee and
Cassarella 1991) on the interior of a moving body due to a boundary layer flow (Schlichting
1965). In particular, the excitation of mechanical structures by turbulent wall pressure fluctuations
provides a crucial mechanism of flow-noise generation (Blake 1986, Hambric 2004, De Rosa
2008, Ciappi 2013, Ciappi 2015). Interior flow-induced noise is of relevance, for instance, as cabin
noise in automotive and aircraft applications (see e.g., Becker 2013, Hu 2013), but also in
underwater systems (see e.g. Dowling 1998, Elboth 2012, Abshagen 2014). Here, flow-induced
noise contributes to the so-called sonar self-noise which limits the hydroacoustic performance of a
sonar system (Urick 1975).

Several open-sea experiments on flow-induced noise near the wall of underwater systems have
been performed, for instance, with a towed body (Nishi 1969, Abshagen 2014), a lifting body
(Galib 1994), and a towed array (Keith 2009, Elboth 2012). Hydrophones in the interior of a sonar
system are often shielded by a mechanical structure which is entirely immersed into water.
Suitable materials for a hull structure need to fulfil specific requirements with respect to stability,
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(a) FLAME towed body (b) sound speed profile

Fig. 1 (a) Picture of FLAME towed body with flat plate configuration (measurement area: white
rectangle) during release from towing vessel RV ELISABETH MANN BORGESE, (b) sound velocity
profile measured in Sognefjord, Norway, directly before the towing experiment

hydroacoustic performance, and vibroacoustic properties. Ideally such materials should be
transparent to underwater far-field sound, but shield the flow-induced noise generated from the
turbulent boundary layer.

In this work the behaviour in the hydroacoustic near-field on the reverse side of a submerged
plate excited by an (outer) turbulent boundary layer flow is investigated. Particular focus is given
to the relation between hydrodynamic wall pressure fluctuations and (interior) hydroacoustic
pressure fluctuations. The plate configuration considered in this work consists of an (thick) outer
layer made of polyurethane supported by an (thin) inner layer from fibre-reinforced plastics.
Polyurethane has preferable hydroacoustic properties, because the impedance is close to that of
water. The flat plate was laterally attached to a towed body designed for flow noise measurements
and the towing experiments were performed under open sea conditions for different towing speeds
at towing depths below 100 m.

2. Underwater experiments with towed body

The research cruise was performed with RV ELISABETH MANN BORGESE from the
Institute of Baltic Sea Research (IOW), Germany, in the Sognefjord, Norway, in September 2014.
The so-called FLAME (FLow Noise Analysis and Measurement Equipment) towed body
measurement system used during this research cruise was designed by the company ATLAS
Elektronik (Bremen, Germany) in cooperation with FWG for flow noise measurements under open
sea conditions. The towed body has a length of 5.26 m, a width of 1.353 m (0.935 m without fins),
and a total height of 1.715 m. The weight in air is about 2800 kg and the total mass of the body
flooded with water amounts roughly 3500 kg. A picture of the FLAME towed body during release
from the research vessel is shown in Fig. 1(a). The body was towed at a speed between U=2.4 m/s
t0 6.2 m/s (4 to 12 kn) below the local thermocline at depths of more than 100 m in order to reduce
disturbing oceanic inflow turbulence. The sound velocity profile measured directly before the
towing experiment in Sognefjord with the integrated CTD probe on-board RV ELISABETH
MANN BORGESE is depicted in Fig. 1(b). The sound velocity profile is almost constant below
100 m. The distance between towing vessel and towed body was between 400 and 600 m in order
to reduce hydroacoustic disturbances from the towing vessel. The GPS track of RV ELISABETH
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Fig. 2 Sandwich plate configuration of thick polyurethane (PU) layer supported on the inside by a thin
fibre-reinforced plastic (FRP) layer and surrounded by water. The position of the hydrophones
(N=1,...,16) in the interior of the towed body are given (unit of length in mm). Flow direction is from
right to left

MANN BORGESE is recorded for each measurement run and the average speed over ground
(SOQ) is calculated as an estimated value for the average flow speed for each track. A single run
typically requires 360 s of data recording time.

The measurement area within the flat plate region of the towed body is a rectangle of 300 x 575
mm in vertical and horizontal direction, respectively. It appears as a white rectangle inside of the
(brown) plate in Fig. 1 (a). The white rectangle is made of a layer of polyurethane (PU) with a
thickness of 12.75 mm that is supported by a layer of 2 mm thickness made of fibre-reinforced
plastic (FRP) on the inner side of the towed body. Since the interior of the towed body is flooded,
the sandwich structure is surrounded by water. The plate configuration can be seen in Fig. 2.

The measurement area is baffled by a steel plate which is covered by a hard foam from the
outside (brown area in Fig. 1 (a)). The plate is not mounted flush to the towed body but it is
elevated by 10 mm in wall normal direction. Leading and trailing edges of the plate are smoothed
with an entrance length of 800 mm at the leading edge. Wall pressure fluctuations are measured
with a RESON 4050 flush-mounted hydrophone (fmh), which is located on the horizontal centre
line 65 mm downstream from the measurement rectangle within the steel plate baffle. The
hydroacoustic noise in the interior is measured with an array of 16 RESON 4013 hydrophones,
which are positioned with a spacing of 11.5 mm on the horizontal centre line behind the plate at a
distance of 5 mm from the (inner) wall (Fig. 2). The hydrophone array is mechanically shielded
from the internal structure of the towed body in order to reduce the impact of internal structural
vibrations and hydroacoustic background noise. The rigid body motion of the towed body was
stabilised before each measurement run by a motion control on-board RV ELISABETH MANN
BORGESE to only a few degrees in pitch and roll. During data recording the towed body went on
a straight track without further active control.

3. Results

3.1 Interior and exterior hydroacoustic noise

A wavenumber-frequency spectrum of the noise in the interior of the towed body,
corresponding to the measurement at U=4.2 m/s is depicted in Fig. 3(a). The wavenumber-

frequency spectrum and all power spectral densities (PSD) in this work are calculated with a
bandwidth of Af=1 Hz from an average over 360 short-time (Hamming windowed) 2-d and 1-d
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Fig. 3 (a) Wavenumber-frequency spectrum of interior hydroacoustic noise (the speed of sound, ¢, and an
approximate convective speed 0.65 U,, is indicated), (b) Power spectral densities of interior hydroacoustic
noise, @44y, and of (averaged) hydroacoustic noise, @, measured on the opposite side of the towed body
with several reference hydrophones. Vertical lines correspond to peaks from external noise sources

Fast Fourier transforms, respectively. Because the spacing between the hydrophones is 11.5 mm,
the maximum resolved wavenumber yields k~+40 m™ (due to spatial sampling). The speed of
sound at towing depth and an approximate convective speed 0.65 U, are indicated in the
wavenumber-frequency spectrum. The acoustic length of the array is 184 mm and this limits the
wavenumber resolution to Ak=5.4 m™. Because of the large wavelengths of (hydroacoustic) sound
in the considered frequency regime, the direction of underwater sound is not resolved in Fig. 3(a).
It can be seen from Fig. 3(a) that other than hydroacoustic noise sources, such as the convective
ridge of turbulent wall pressure fluctuations, do not contribute directly to the noise in the interior
of the towed body. Non-acoustic sources would induce a significant spectral contribution at higher
wavenumbers. Wavenumber-frequency analysis has been established as a powerful tool for
investigations of the physical properties of flow-induced noise sources, which may reduce the
performance of sonar antennas. Details of the method can be found in (Abshagen 2014).

The sea is a noisy environment and disturbances from external noise sources in free-field
experiments need to be identified. Ambient noise induced from environmental sources, such as
wind, waves, or rain, has generally a broadband character (Carey 2011) and is not masking the
measurement signal in the low-frequency regime considered in this work. Spectral peaks resulting
e.g., from the towing vessel, on the other hand, disturb the measurements in this regime. Several
peaks which originate from external noise sources can be identified in the power spectral density
®r¢ shown in Fig. 3(b) (marked by vertical lines). @ is obtained from an average over several
reference hydrophones located on the opposite side of the towed body (Abshagen 2014). Some of
the peaks from external sources in @, can also be found in the power spectral density ®grray,
which is calculated from an averaged over all 16 array hydrophones in the interior of the towed
body. Noise from external sources therefore contaminates the measurement.

3.2 Wall pressure fluctuations and interior hydroacoustic noise

The PSD of wall pressure fluctuations (®sm) and of interior hydroacoustic noise (®array) is
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Fig. 4 Power spectral density (PSD) of wall pressure fluctuations @y, (dashed line) and interior
hydroacoustic noise @4y (Solid line) for three different towing speeds U=2.4 m/s, 4.1 m/s, and 6.2 m/s
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Fig. 5 (a) Coherence between interior noise measured with hydl and wall pressure fluctuations,
#(fmh,hyd1), between interior noise and a references hydrophone on the opposite side, /*(hyd1, hydy),
and between two different positions along the array in the interior, /*(hyd1, hyd9) of the towed body for
U=4.2 m/s, (b) spatial coherence »(f,x) along the array in the interior of the towed body (the horizontal
white line correspond to 7(hyd1, hyd9)). The vertical lines correspond to external source in (a) and Fig. 3(b)

shown in Fig. 4 for the three different towing speeds U=2.4 m/s, 42 m/s,and 6.2 m/s. It can be seen
that @, contains several peaks for all towing speeds, whereas ®r,, generally displays a
broadband behaviour. A substantial increase of spectral power with towing speed can be seen in
Fig. 4, which is typical for both wall pressure fluctuation and interior noise. For each towing speed
the spectral level of wall pressure fluctuations is in general significantly higher than that of interior
hydroacoustic noise.

In Fig. 5(a) the (spatial) coherence » between wall pressure fluctuations and interior noise
measured with a single hydrophone at position (1), i.e., (fmh, hyd1), as well as between two
hydrophones from the array, i.e., /*(hydl, hyd9), is depicted for U=4.2 m/s. Furthermore the
coherence between interior noise and underwater noise measured at the opposite side of the towed
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Fig. 6 Comparison of wall pressure fluctuations (@) with (a) hydroacoustic noise (@) and (b)
incoherent hydroacoustic noise (®nyq1.inc) in the interior of the towed body. Pressure and time are scaled by
boundary layer parameters. A f*-decay is shown for comparison

body with a single reference hydrophone, i.e., 7(hydl, hyd.), is depicted. It can be seen that,
though the level of coherence is generally lower, most of the peaks found in »(hyd1, hyd9) exist
also in #(hyd1, hyd,). This gives rise to external noise as the origin of spatial coherent signals. In
Fig. 5(b) the spatial coherence 7 (x,f) along the array in the interior of the towed body is shown.
#(x.f) is calculated from #(hyd1, hydN) (N=1,...,16). It can be seen from Fig. 5(b) that the
frequency peaks of external noise sources, which are identified in Fig. 3(b) and 5(a), are
characterized by large coherence lengths. This is a typical property of underwater sound in the
frequency range considered here (Urick 1975).

Interior hydroacoustic noise, on the other hand, decays along the array and signatures from
panel modes are not evident in the spatial coherence shown in Fig. 5(b). This allows a separation
of (spatially coherent) external noise sources, e.g., of underwater sound, from (spatially
incoherent) interior hydroacoustic noise. The (spatially) incoherent part of the PSD of interior
hydroacoustic noise is calculated from cIDthl,m;@hydl(l-yz(hyd1, hyd9) ). ®pe: is the PSD obtained
from measurements with a single hydrophone at position (1).

The flow field was not directly accessible in the experiments, but the outer flow velocity U,
and boundary layer quantities have been estimated from a two-dimensional potential flow around a
symmetric body with semi-elliptical nose and tail having the same contour as the towed body at
the vertical position of the hydrophones (the tail of the 2-d body was assumed to be identical to the
nose for simplicity). The method is described in detail in (Abshagen 2015).

The potential flow U, in arc-length coordinates is calculated from the von Karman s singularity
method and from U, the laminar momentum thickness @y is determined by Thwaites’ method
(Schlichting 1965, Cebeci 1999). This yields an estimation of the laminar boundary layer thickness
and the displacement thickness under the assumption of flat plate conditions, i.e., dan=5 Ojam
/0.664 and & 14n=1.7208 Oy, /0.664, respectively (Schlichting 1965). Laminar-turbulent transition
in the boundary layer flow is determined from an extension of Michel § method (Cebeci 1999) and
the turbulent boundary layer thickness & is estimated from the flat plate relations (Schlichting
1965).
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Table 1 Estimated values of boundary layer quantities. In brackets the values of the towing speeds U are
given additionally in knots

U (m/s) 2.4 (4.7) 3.1(6.1) 42 (8.1) 5.1(9.9) 6.2 (12.0)

U.. (m/s) 2.8 3.6 4.8 5.9 7.1

u, (m/s) 0.098 0.125 0.163 0.196 0.234
5 (m) 0.0397 0.0377 0.0356 0.0339 0.0326
7 (N/m) 9.8 16.1 27.2 39.9 56.3
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Fig. 7 (a) Power spectral density of wall pressure fluctuations scaled by boundary layer parameters with
(Dmn.corr) @nd without (Dyy) Corcos corrections. (b) Corcos correction H?

Wall pressure fluctuations have been investigated at five different towing speeds U=2.4, 3.1,
4.2, 5.1, and 6.2 m/s. The estimated boundary layer quantities evaluated at the position of the
flush-mounded hydrophone are given in Table 1.

A comparison of PSD of wall pressure fluctuations @, with those of interior hydroacoustic
noise ®ga and of incoherent noise ®nyq1inc IS Shown in Fig. 6 (a) and (b), respectively. Here,
pressure and time are scaled by the estimated boundary layer parameters. It can be seen that the
PSD of the wall pressure fluctuations @y, collapse onto each other in particular in the mid-
frequency regime. Departures at lower frequencies result from disturbances, such as e.g., external
noise, which are not related to the turbulent boundary layer flow. The collapse of the PSD of
interior noise is in both cases not as good as for the wall pressure fluctuations, because a
hydrodynamic scaling without any reference to the plate properties is used (Ciappi 2013). This can
be seen in Fig. 6(a) for Mgay and in (b) for dpy1ine. The spectral decay of Dpygrine, however, is
much smoother in the mid- and high-frequency regime than that of ®,. The decay behaviour is
close to a f*-law.

3.3 Corcos-correction of wall pressure PSD

In order to evaluate the reduction of pressure fluctuations through the plate the filtering of wall
pressure fluctuations due to finite transducer size has to be determined (Corcos 1963, Lueptow
1995). For simplicity a Corcos correction with an assumed convective speed U.=0.65 U, an
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Fig. 8 Ratio between (Corcos-corrected) PSD of wall pressure fluctuations (®smncorr) and (a, ¢) interior
hydroacoustic noise (®,ra) Or (b, d) incoherent noise (®ny1inc): (@, b) Dependence on normalized
frequency ws, (dashed and dashed-dotted line correspond to a f* and a f*-law, respectively) and (c,d) on
the frequency f. A theoretical reduction index Ry, (solid line) and the mass law for (incident) sound waves

(dashed line) is plotted for comparison

effective transducer radius of r=4 mm, and Corcos parameters a;3=0.7 and 0.11 in stream- and
spanwise direction is applied. The scaled PSD of wall pressure fluctuations are depicted in Fig.
7(a) without (®mn) and with (@sn corr) Corcos correction. Here, the frequency interval is limited to
a physically reasonable value at an upper bound. The Corcos correction H? is shown in Fig. 7(b)
for different outer flow velocities. It can be seen that the filtering becomes relevant already for wd/

u>10%
3.4 Reduction index for pressure fluctuations

The transmission loss (TL) of an incident sound wave through a panel can be described by a
sound reduction index Rsung=10log(1/7), where the transmission coefficient rso.md=|pT/p.|2 is
calculated from the ratio of pressure of transmitted (pr) and incident (p;) sound wave. In analogy to
that, a transmission coefficient of wall pressure fluctuations through the panel can be defined by
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the ratio of the PSD of interior hydroacoustic noise and wall pressure fluctuations, i.e., by
Tup=(DParray/Prmn,corr) OF Tt inc=(Phyar,ine/Pimn.corr)- NOtE, that here the outer pressure is not separated
into an incident and a reflected part, as this is done for sound waves.

The reduction index Ry, of wall pressure fluctuations found in the experiments is depicted in
Fig. 8. In (a) and (b) Ry is plotted versus the normalized frequency wo,, while in (c) and (d) the
dependence on the frequency f is shown. In (a, c) the PSD of interior hydroacoustic noise ®,ray
and in (b, d) the PSD of incoherent noise, i.e., ®nyq1, inc, IS Used. Corcos correction is applied to all
PSD of wall pressure fluctuations, i.e., @smn corr IS USEM.

A significant increase of Ry, by a f*-law with an exponent o between a=1 and =2 can be seen
in all four cases. A f-behaviour is typical for the sound reduction index R, if Sound
transmission is governed by the mass law, i.e., by zoung= 1/] 1+ (@m/2 pc)? | (for normal
incidence), with density of the medium p, sound speed c, mass of the panel (per unit area) m, and
angular frequency w. In order to illustrate the transmission behaviour of the panel for underwater
sound the sound reduction index Rsung according to the mass law is plotted in Fig. 8 (c) and (d).
Here, idealized values of the density for the polyurethane (p=po) layer of thickness 12.75 mm and

the fibre-reinforced plastic layer (p=2po) of thickness 2 mm are assumed (Fig. 2). po=1026 kg/m®

is the density of sea water.

It can be seen from Fig. 8 (c, d) that according to the mass law the panel is almost transparent
to (normal incident) underwater sound. In Fig. 8(c) several collapses of the measured reduction
index Rupt~ 0 can be seen. This provides evidence that the behaviour of Ry is dominated by
(external) underwater sound for those frequencies. The disturbances from external noise sources,
such as underwater sound, is removed in (d) and the increase of R, is much smoother. It basically
follows a f*-law, which suggests a mass-controlled process to be involved in the reduction of wall-
pressure fluctuations. Considering a general transmission coefficient =1/ | 1+ (Zp, c)?|, with plate
impedance Z=p/v (p pressure, v panel velocity), than Z would be three orders of magnitude larger
for Ruptthan for Rsoung. In Fig. 8 (c), (d) a curve with Z=2500 @ m is plotted for comparison.

5. Conclusions

The specific environmental conditions (Carey 2011) at open sea make it necessary to evaluate
the applicability and robustness of concepts gained from numerical and laboratory studies by
underwater experiments. Towed body experiments on flow-induced noise are performed with RV
ELISABETH MANN BORGESE in Sognefjord, Norway. The focus of the work was on the
relation between wall pressure fluctuations and interior hydroacoustics noise in the presence of a
solid wall structure having preferable hydroacoustics properties. In contrast to sound transmission,
wall pressure fluctuations excite a wall structure of an underwater system typically at a much
higher wavenumber than those of a sound wave at a comparable frequency. So, in general no
coincidence between plate vibrations and wall pressure fluctuations can be expected for those
systems.

Due to a coherence analysis the (spatially incoherent) interior hydroacoustic noise is separated
from (spatially coherent) external sources, such as underwater sound. Evidence for a f%-law in the
reduction index of wall pressure fluctuations is found. The magnitude of the reduction index of
wall pressure fluctuations, however, differs significantly from that of underwater sound for the
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same frequency. This result is in general agreement with the transmission behaviour of panels for
aircraft fuselage at much higher flow speeds (Orrenius 2009). The reduction of flow noise induced
from a turbulent boundary layer by a mechanical structure along with hydroacoustic transparency
is crucial in underwater applications.
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